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ABSTRACT

This thesis was developed through a collaboration between the Department of Industrial
Engineering of the University of Bologha and the Paediatric Orthopedics and Traumatology
Unit of the Rizzoli Orthopaedic Institute in Bologna, to integrate CAD and 3D printing
technologies into a hospital-based point-of-care (POC) model for Virtual Surgical Planning
(VSP) and in-house production of personalized surgical instruments using scalable and cost-
effective technologies.

The work focused on optimizing the VSP workflow for paediatric musculoskeletal deformities
and bone tumours by combining structured deformity analysis, virtual simulation, and FDM
3D printing of Patient-Specific (PSI) and Graft-Specific (GSI) instruments in HTPLA. A
standardized deformity analysis protocol was defined to formalize the planning process from
geometric assessment to surgical simulation.

The manufacturing phase was systematically investigated to improve dimensional accuracy
and process stability. Printing optimization demonstrated that low fan speed combined with a
45° infill pattern minimized 3D deformation, with a standard deviation of 0.47 mm in 3D
distance maps. A regression-based compensation model was developed to adjust fixation-
hole diameters, according to the manufacturing process, ensuring reliable transfer from
digital planning to physical surgical guides.

The consolidated workflow was applied to 144 procedures in 114 patients, including 22
oncological cases. Angular correction was achieved in 91 procedures (mean 26.3°, range 3-
151°), while bone grafts or massive allografts were used in 58 procedures, 22 of which were
shaped using GSls. Sterilizable PSls were employed in 93 procedures, with a total of 199
guides produced (mean 2 per procedure). Complication rates were comparable to traditional
surgery. Operative time was the only independent predictor of complications, while PSI-
related technical issues were infrequent (6%) and mainly related to suboptimal imaging
quality.

Finally, an international research experience expanded the approach toward soft-tissue—
aware and functional VSP models, outlining future developments toward prognostic
applications in paediatric orthopaedics.
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1.INTRODUCTION

1.1. Collaboration between the University of Bologna and the IRCCS Rizzoli
Orthopaedic Institute

The application of design, modelling, and 3D printing technologies to orthopaedics at the
Rizzoli Orthopaedic Institute originated in 2018 with the establishment of a collaboration
between the Department of Industrial Engineering at the University of Bologha and the
Paediatric Orthopaedics and Traumatology Unit. However, the experience, workflows, and the
majority of the applicative and process-related data presented in this thesis were developed
directly by the author during the PhD programme, which started in 2022.

Since 2018, various research projects have been carried out between these two institutions in
Bologna, gradually evolving from basic understanding of how to obtain skeletal models from
CT (Computed Tomography) or MRI (Magnetic Resonance Imaging) scans [1]. Over time, the
process has been progressively refined step by step into a well-established workflow [2-5],
schematically illustrated in Figure 3 of Chapter 2. Today, this workflow enables the virtual 3D
reconstruction of patient anatomy from CT or MRI scans, the 3D printing of patient-specific
bone models, personalized preoperative planning, and the design and 3D printing of Patient-
Specific Instruments (PSls) [6-9]. Furthermore, thanks to the Musculoskeletal Tissue Bank
(BTM) at the IRCCS Rizzoli Orthopaedic Institute in Bologna, the collaboration has expanded to
include research activities involving the reconstruction of 3D anatomical models from CT
scans taken from cadaveric bones from donors. When necessary, this also includes
preoperative planning and the design and 3D printing of Graft-Specific Instruments (GSls)
tailored to the donor bone.

All developments and applications have been conducted under the framework of three clinical
protocols approved by the Area Vasta Emilia Centro Ethics Committee (CE-AVEC) of the Emilia-
Romagna Region. The first, now completed, was the 3D MALF study (CE-AVEC
356/2018/Sper/IOR). This was followed by two ongoing protocols, 3D MALF Il (CE-AVEC:
301/2022/Sper/IOR; ClinicalTrials.gov ID: NCT05700526,
https://clinicaltrials.gov/study/NCT05700526) and SIMULA (CE-AVEC: 643/2023/Sper/IOR;
ClinicalTrials.gov ID: NCT06380530, https://clinicaltrials.gov/study/NCT06380530), each
focusing on increasingly advanced aspects of virtual planning and surgical simulation, as well
as on the design and 3D printing of PSIs and GSls.

What began as a collaboration with the Paediatric Orthopaedics and Traumatology
Department has gradually attracted growing interest. An increasing number of surgeons from
other units of the Rizzoli Institute are becoming involved, and the range of clinical applications
continues to expand. While initially the focus was solely on the treatment of paediatric lower
limb deformities, the workflow is now frequently applied to upper limb and other anatomical
area cases as well. Most notably, there is increasing interest in complex oncological cases
involving paediatric patients undergoing tumour resection and limb reconstruction, where the
BTM plays a central role in the process [10].


https://clinicaltrials.gov/study/NCT05700526
https://clinicaltrials.gov/study/NCT06380530

1.2. Musculoskeletal disorders in paediatric age

Paediatric care focuses on the dynamic growth of each individual from birth to adolescence.
During this period, growth and development takes place for different aspects, such as gross
and fine motor skills, body size, gait, sexual characteristics and social and verbal skills. Many
paediatric orthopaedic problems results from disorders or conditions that adversely affect
normal growth and development. The four major failures of normal growth and development
are malformations, deformations, disruptions and dysplasia [11].

Long bone growth occurs through endochondral ossification at the epiphyseal growth plates
(physes), where cartilage is progressively replaced by bone. Each physis contributes a specific
proportion to longitudinal growth in the upper and lower limbs [11]. This process is regulated
by systemic hormones, local growth factors, and nutritional status [12,13]. During puberty,
growth plates progressively mature and close through epiphyseal fusion, a process largely
driven by sex hormones, particularly estrogen in both sexes, marking the end of longitudinal
growth, typically between 12-16 years in females and 14-18 years in males, with relevant
individual variability [14]. Alterations of this mechanism may lead to clinically significant
growth abnormalities.

Bothin children and adults, bone is capable of regeneration after fractures or osteotomies, and
it can also be lengthened in a controlled manner through distraction osteogenesis
(approximately 1 mm/day), a principle introduced by Codivilla and later popularized by Ilizarov,
now widely used for limb length discrepancies, deformities, and bone defects [15-18].

Paediatric musculoskeletal diseases may involve bone deformities and bone tumours. This
thesis focuses on the use of 3D technologies in treating mainly skeletal deformities and bone
tumours of the long bones, with particular emphasis on those of the lower limbs [19].

1.2.1. Musculoskeletal deformities

Bone deformities can develop in different areas of the body and present in various types. A
bone deformity is defined as the deviation of a bone from the parameters and limits of normal
alignment, shape or size [20]. Deformities can arise from various causes, such as congenital
factors (present at birth), developmental factors (resulting from abnormal growth during
childhood) and acquired conditions, such as infections, trauma, or tumours [11].

Despite the complex three-dimensional structure of bones and joints, all bone deformities can
be analysed as a combination of four fundamental parameters: angulation (bending of the
bone), rotation (twisting of the bone), translation (displacement of bone segments), and length
discrepancy (abnormal bone length). The last two parameters, although geometrically
equivalent as they both describe a spatial translation, must be distinguished, since from a
biological perspective softtissues (muscles, nerves, blood vessels) impose limits on the extent
to which a body segment can be lengthened or shortened. This framework represents the
current universal approach to deformity analysis, offering a standardized system for accurate
description and surgical planning [21].

Various surgical techniques are available, including growth modulation, which involves the
temporarily or permanently stopping growth by the pinning of the physis, gradual correction
through distraction osteogenesis, using external or internal lengthening devices that can
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address all parameters of the deformities including length discrepancies, and acute
correction, typically performed with osteotomies.

To better understand these 3D complex characteristics, bone and joint are simplified to basic
line drawings that are the mechanical and anatomic bone axes. Each long bone has a
mechanical and an anatomic axis. The mechanical axis of a bone is always defined as the
straight line connecting the joint centre points of the proximal and distal joints, whether in the
frontal or sagittal plane. The anatomical is defined as the mid-diaphyseal line, which can be
straight in the frontal plane but curved in the sagittal, as in the femur (Figure 1) [15].
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Figure 1. Mechanical and anatomic axes of bones. (a) In straight bones like the tibia, the anatomical axis follows a straight
mid-diaphyseal path and the tibial mechanical and anatomical axes are parallel but not coincident. (b) In curved bones like
the femur, the anatomical axis follows a curved mid-diaphyseal path, and the mechanical and anatomical axes are not
parallel.

1.2.2. Musculoskeletal tumours

Primary bone tumours are rare (<1% of all cancers). Symptoms include pain and swelling in a
bone or joint, with symptoms that may initially be mistaken for sports injuries in active
adolescents. However, night pain, systemic fever, weight loss, or failure to respond to
conservative treatment should raise suspicion of a more serious underlying condition. Among
malignant bone tumours in children and adolescents, osteosarcoma has an incidence of 4.4
per million [22], with a peakin the second decade of life, while Ewing sarcoma has anincidence
of 2.9 per million [23].

The treatment of these pathologies must be approached in a multidisciplinary manner [24]. For
example, both chemotherapy planning and biopsy procedures require close coordination. In
the case of biopsy, the needle used for diagnosis should be positioned so that its path can be
included in the final surgical excision, and its planning must be jointly coordinated by the
radiologist and the surgeon [25]. The initial evaluation typically includes radiography and MRI
or CT to assess the primary tumour, followed by additional investigations to detect possible
metastatic disease. Curative treatment generally requires surgical removal of the entire
tumour, usually through wide excision. Advances in imaging and surgical techniques have
significantly increased the feasibility of limb-salvage procedures, reducing the need for
amputation [26].

Surgical resection of bone tumours during growth presents several challenges. Most tumours

arise in the metaphyseal region and may involve the growth plate. As a result, tumour removal
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can lead to limb length discrepancies in growing children. This issue can be managed through
preventive lengthening during resection, shoe lifts, or, in cases of greater discrepancies, the
use of expandable prostheses [27]. Innovative approaches include, for example, the use of
intercalary allografts, which can lead to excellent outcomes [28].

1.3. Computer-Aided-Design and 3D Printing technologies

1.3.1. Computer-Aided-Design

In general, Computer-Aided-Design (CAD) is a concept which implies all software tools able to
develop digital representations to support the creation, development, and revision of designs.
Originally developed for architectural applications, CAD has its roots in the early 1960s, with
pioneering systems such as Sketchpad, presented in 1963 by lvan Sutherland at the
Massachusetts Institute of Technology [29]. Today, CAD is essential for designing a wide range
of objects and systems, enabling faster development, higher precision, and improved
visualization of objects. It also supports simulations to evaluate the effects that would be
difficult or costly to test in real conditions. Thanks to its versatility, CAD is well suited for
multidisciplinary projects, allowing data integration and process optimization across different
domains [30]. One of the earliest applications of CAD technology in medicine was introduced
in the mid1980s by Vannier et al., who used it for craniofacial surgical planning and evaluation
based on surface contours derived from CT scans [31].

Since then, CAD has been increasingly adopted in medicine, particularly in cranio-
maxillofacial surgery, where it enabled the generation of accurate 3D reconstructions from CT
data [32,33]. These virtual models allowed surgeons to simulate osteotomies, bone
realignment, implant positioning, and tumour resections before the actual operation. Although
transferring such precise virtual plans into surgery remains challenging, CAD applications have
markedly advanced diagnostic accuracy and preoperative planning beyond the limits of
conventional 2D imaging. Similarly, in orthopedics, deformity analysis and correction are
integral to many procedures, traditionally based on standard 2D radiographs and reference
parameters [34,35]. The introduction of CAD and 3D imaging has therefore provided
orthopaedic surgeons with powerful tools for more accurate visualization, simulation, and
preoperative planning, as well as integration with intra-operative navigation systems and the
development of training platforms for surgical education [32,36-38].

1.3.2. 3D Printing

3D printing, or additive manufacturing (AM), is a process based on the layer-by-layer addition
of material to build objects directly from digital models. It first emerged in the 1980s with the
development of stereolithography (SLA) by Chuck Hull, who founded 3D Systems and patented
the technology in 1986 [39]. Since then, 3D printing has rapidly advanced, introducing diverse
techniques and materials that enable high precision, design flexibility, and the fabrication of
complex geometries. Initially applied in rapid prototyping [40], 3D printing is now widely used
in aerospace, automotive, fashion, and, increasingly, medicine [41-45].

3D printing systems include several different processes that can be categorized as follows,
according to the definitions provided by the ISO/ASTM 52900 standard, which classifies AM
technologies into seven main process categories [46]:

4



e Binder Jetting: uses a liquid binding agent, deposited through an inkjet print head, to join
powder materials within a powder bed.

e Directed Energy Deposition: uses focused thermal energy, typically from a laser, to fuse
materials by melting them as they are deposited.

e Material Extrusion: pushes material, typically a thermoplastic filament, through a heated
nozzle onto a platform that moves along horizontal and vertical axes.

e Material Jetting: deposits droplets of build material across the build area using a moving
inkjet print head.

e Powder Bed Fusion: uses thermal energy from a laser or electron beam to selectively fuse
powder particles within a powder bed.

e Sheet Lamination: bonds sheets of material together to form a 3D object.

e Vat Photopolymerization: selectively cures a liquid photopolymer in a vat using a light
source.

The main materials used in 3D printing are plastics and metals, followed by ceramics,
composites, and other less common options. The choice of material defines the most suitable
printing process, and, conversely, the selected process influences the range of applicable
materials.

AM offers several advantages, such as reduced overproduction and transportation costs,
shorter supply chains, and lower material waste. These benefits are particularly evident with
plastic materials, which are ideal for small, customized productions. Among the various 3D
printing technologies, the most accessible and cost-effective is the material extrusion process
known as Fused Deposition Modelling (FDM) [47].

FDM combines design flexibility, low equipment and material costs, and the ability to process
a wide range of thermoplastics [48,49]. Over the past years, this technology has evolved
considerably, with the introduction of numerous filament types and materials that have
improved both manufacturability and aesthetic quality. Acrylonitrile-Butadiene-Styrene (ABS)
and Polylactic Acid (PLA) are among the most commonly used. In particular, PLA, a
semicrystalline biopolymer, finds applications ranging from biodegradable packaging and
disposables to medical implants and personal care products [50].

Extruder

(@ U
N/ Nozzle

Filament

Printed object

\ Build plate

Figure 2. Simplified diagram of the FDM 3D printing process.



The printing principle of FDM is based on the extrusion of a thermoplastic filament through a
heated nozzle. The material is pushed by an extruder and deposited line by line onto the build
plate. After each layer is completed, the platform lowers by the layer height, and the process
repeats until the final object is formed. A schematic representation is shown in Figure 2.

FDM also has some limitations compared to other 3D printing technologies, such as visible
layer lines, reduced surface quality and detail, and part anisotropy due to layer bonding [51,52].

To prepare a model for 3D printing, it must be converted into an STL (Standard Tassellation
Language, or STereoLithography) file format, which can be directly read by the slicer software
used for the slicing process. The slicer divides the model into layers according to the desired
layer height and sets printing parameters such as infill, extrusion temperature, and speed. STL
is the most common file format used in CAD and 3D printing. It represents the 3D geometry of
an object through a surface composed of numerous small triangular facets, which together
form a mesh describing its shape and contours [53,54]. This process, known as tessellation,
gives the file format its name. The model’s resolution determines the number of triangles:
higher resolution provides greater surface detail and smoother geometry representation but
also increases file size [55].

In healthcare, 3D printing has played a pivotal role since its first medical application in the
1990s, when a 3D model of the cranial bones was reconstructed from CT imaging [56]. Since
then, the technology has been increasingly integrated into several surgical specialties,
including oral and maxillofacial, cardiothoracic, plastic, neurosurgical, and orthopaedic
surgery [57-62]. 3D printing enables the cost-effective fabrication of customized prosthetics,
implants, and dental devices, as well as anatomical models to support surgical planning
[45,63]. More recently, it has also facilitated the production of patient-specific surgical guides
and implants, further enhancing precision and personalization in clinical practice [64].

1.4. Integrating CAD and 3D Printing in Healthcare: from design to bedside

The integration of CAD and AM technologies with 3D medicalimaging, such as CT and MRI, has
significantly transformed clinical practice. These imaging modalities provide detailed cross-
sectional views of patient anatomy, containing both quantitative and qualitative information,
including tissue density data [65,66]. Combined with advanced medical image analysis
software, the use of CAD and 3D printing has revolutionized surgical planning, first in
craniomaxillofacial surgery and progressively across almost all medical fields, with consistent
evidence of significant clinical benefits [67]. In orthopedics, and particularly in paediatric
orthopaedic surgery, reductions in operating time, fluoroscopy exposure, bleeding, and
complication rates, together with improved surgical precision, are among the most frequently
reported advantages [68-71].

High-resolution, cross-sectional imaging data from CT and MRI are the main sources used for
3D reconstruction of virtual anatomical models. CT is based on X-ray attenuation, where a
rotating source measures tissue density to produce cross-sectional images [72]. MR, instead,
uses magnetic fields and radiofrequency pulses to detect signals from hydrogen nuclei,
generating highly detailed images of soft tissues [73]. These imaging datasets are typically
stored in the DICOM (Digital Imaging and Communications in Medicine) format, which must be
processed before being used for CAD and 3D printing technologies [74-76]. Each DICOMfile is
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composed of voxels, three-dimensional elements that contain spatial and intensity
information. The images are segmented to isolate the anatomical regions of interest by
outlining tissue boundaries across consecutive 2D slices, from which a 3D reconstruction of
the segmented anatomy is generated, producing a closed surface for each structure. The voxel
data are then converted into a 3D surface mesh, usually in STL format, using interpolation
algorithms that preserve anatomical accuracy, resulting in a 3D digital model of the anatomy
[77-79].

Virtual Surgical Planning (VSP) uses 3D reconstructed models to simulate surgical outcomes
by manipulating patient-specific anatomies. It allows clinicians to perform virtual
osteotomies, bone repositioning, and optimize fixation points while practicing procedures in a
risk-free digital environment. These tools enhance anatomical understanding, support surgical
simulation, and enable the prediction of postoperative outcomes, while simultaneously
allowing the translation of virtual planning into physical 3D printed biomodels, which are
valuable for surgical planning, training, and patient communication [80-83]. The process,
typically developed in collaboration with technical specialists, leads to the design and
fabrication of custom cutting or drilling guides. The impact of medical 3D printing is greatest
when it enables the production of patient-specific, also called custom-made, implants for
cases unsuitable for standard solutions. CAD software plays a key role in ensuring accurate
design of these implants tailored to each patient’s anatomy [77].

3D printed PSls, that is, all systems that guide bone cuts and/or drilling to prepare the bone to
receive the implant or fixation devices (e.g., for osteotomies), assist surgeons, particularly in
orthopedics, by defining screw direction and depth, osteotomy angle and range [84,85], and by
helping achieve adequate margins in bone tumour resections [86-88]. They improve the
precision, safety, and reliability of surgical procedures, simplifying complex steps and enabling
accurate reproduction of the intended outcome. Moreover, these guides support the training
of younger surgeons by providing structured intraoperative assistance and enhancing
confidence during challenging procedures [89-92].

3D printed surgical instruments must undergo sterilization, a key step in producing any device
intended for human contact, in particular in an operating theatre during surgery. The process
must eliminates all microbial life, including viruses, bacteria, and fungi, without altering the
material’s physical, chemical, mechanical, or biocompatibility properties, thus preventing
infections or rejections [93,94]. The most common sterilization methods for medical devices
include ethylene oxide (EtO), gamma irradiation, and steam sterilization. For FDM-printed
plastics, gamma irradiation can degrade polymers, while ethylene oxide is increasingly
restricted due to its toxicity and carcinogenicity [95]. Consequently, steam sterilization
remains the preferred and most widely used method in hospitals for sterilizing 3D printed parts.
Although high temperatures may alter or deform polymeric materials, its use is gaining
relevance in 3D printing applications, where other methods are often less suitable [96].

Efficient sterilization remains one of the main challenges for the clinical use of 3D printed
medical devices, particularly those made of PLA. Interest in PLA-based devices has grown
rapidly, as this bioabsorbable, biodegradable, and biocompatible polymer can be produced
from renewable sources and offers a sustainable alternative to traditional biomaterials [97].
PLA degrades through hydrolysis or enzymatic activity into lactic acid, a naturally occurring

7



compound in the body, thus preventing inflammatory reactions and allowing safe resorption.
Forthesereasons, itis also widely used in tissue engineering, particularly for scaffolds in bone
tissue replacement [98,99]. Its proven biocompatibility has led to FDA (Food and Drug
Administration) approval for various applications, including orthopedics, cardiology, dentistry,
plastic surgery, and drug delivery systems [100].

Among all available materials, PLA is particularly suitable for emerging technologies such as
3D printing, which is increasingly integrated into the biomedical field and now commonly found
in hospitals. Among the available techniques, FDM is the most widespread, enabling the rapid
fabrication of customized, complex, and reproducible structures. It supports personalized
medicine and is widely applied in both research and clinical practice for patient-specific
implants, surgical guides, and instruments, improving surgical outcomes and reducing
radiation exposure [67].

Advances in 3D printing have led to the creation of Point-of-Care (PoC) centres that produce
anatomical models, surgical instruments, and other devices directly in hospitals using patient
imaging data to enhance accessibility and user-friendliness, notably cutting management
costs [101,102]. While 3D PoC printing can improve patient outcomes and reduce operative
time and costs, it also transforms medical device production and remains a regulatory grey
area, as the overlap between hospitals and manufacturers challenges current legislation. PoC
centres should therefore follow key quality system principles applied to medical device
production, implementing internal regulations that cover process monitoring, maintenance
protocols, imaging standards, material selection and documentation, layering and meshing
accuracy, post-processing, sterilization, biocompatibility, and labelling for unique device
traceability [103].

Medical devices manufactured using additive manufacturing (AM) technologies can be either
“mass-produced” or “custom-made”, depending on whether they are designed for the general
population or tailored to the specific needs of an individual patient. AM medical devices can
be classified according to their level of invasiveness, as defined by the Medical Device
Regulation [104,105]. Within the orthopedic field, which is the focus of this work, the following
categories can be identified:

e Anatomical biomodels: bone or bone-soft tissue models used for training, planning, and
patient communication. They are subject to the regulation only when intended to support
diagnostic or therapeutic decisions. In such cases, the reconstruction software must be
certified according to the associated clinical risk.

e External devices: such as braces, orthoses, sockets, insoles, and shoes. These devices
are manufactured based on patient-specific anatomical characteristics and are intended
to be worn by the patient, coming into contact with skin or mucosa for a limited duration.

e Patient-Specific Instrumentation (PSI): devices designed to enable accurate positioning
of surgical instruments or implantable medical devices during surgery. They are
manufactured based on patient-specific anatomy, used intraoperatively for the duration
of the procedure, and removed at the end of surgery, without permanent implantation.

e Fully Custom-Made implants: devices designed to be temporarily or permanently
implanted within the patient for fixation or reconstruction purposes. These implants are



tailored to individual anatomy and are typically manufactured from metallic materials
such as titanium or cobalt-chromium alloys.

Implantable grafts: donor-derived bone grafts that are appropriately shaped and adapted
to match the anatomical and therapeutic requirements of a single patient.

Engineered tissue and scaffolds: trabecular or porous structures fabricated through AM,
combining biomaterials and, in selected applications, living cells to create bioengineered
constructs intended for implantation or in vitro modelling.



2.IN-HOSPITAL 3D PRINTING POINT-OF-CARE FOR
PAEDIATRIC ORTHOPEDICS AT THE RIZZOLI INSTITUTE

2.1. Context and Aims

3D anatomical models derived from CT or MRl have become an integral component of modern
clinical practice, particularly in surgery. They support diagnosis, education, patient
communication, VSP, and the design of personalized implants and instruments such as PSls
and GSls. To facilitate these applications, many hospitals are establishing in-house 3D printing
facilities, commonly referred to as Point-of-Care (POC) centres. Compared to outsourcing,
POC settings enable faster and more cost-effective production while fostering close
collaboration between surgeons, clinicians, and technical experts, accelerating the adoption
of personalized medicine and new 3D technologies. This approach is now widely applied
across several specialties, with maxillofacial and orthopaedic surgery among the most active.
In paediatric orthopaedics, where congenital and acquired deformities must be corrected
while preserving growth, procedures such as osteotomies and reconstructions require
accurate planning and the selection of appropriate fixation devices. Given the complexity and
rarity of many conditions, VSP is particularly valuable to manage the intricate 3D anatomy of
the growing skeleton.

The workflow presented below summarizes the process developed and continuously refined
since 2018 at the Pediatric Orthopedics and Traumatology Unit of the Rizzoli Orthopedic
Institute, in collaboration with the Department of Industrial Engineering of the University of
Bologna. Within this collaboration, the tools supporting the workflow evolved over time in
parallel with clinical experience. In the early phase, segmentation and preliminary analyses
were mainly performed using open-source software, such as InVesalius (CTl Renato Archer,
Brazil), 3D Slicer (open-source platform developed by an international academic consortium,
United States), and Meshmixer (Autodesk Inc., United States), while the transition to routine
clinical application led to the adoption of certified, industry-grade solutions, including
Materialise Mimics (Materialise NV, Belgium) for image processing, Blender (Blender
Foundation, The Netherlands) for VSP and PTC Creo (PTC Inc., United States) for parametric
CAD design of PSIs and GSils.

The goal of this collaboration was to establish an in-house framework integrating CAD design
and 3D printing to support surgical practice through their application in VSP and in the design
and manufacturing of PSls and GSls, thereby minimizing dependence on external services and
reducing overall costs.

2.2. Workflow Architecture and Operational Phases

The workflow (Figure 3) consists of several phases, involving different specialized
professionals who contribute according to their specific role, starting from patient
identification and ending with the surgical treatment of that patient.

The process begins with patient identification and enrolment in the protocol, if consent is
obtained. It then proceeds to the imaging acquisition phase, followed by data processing and
imaging study preparation. The VSP phase follows, involving anatomical 3D virtual model
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analysis and simulation of the surgical approaches that the surgeon intends to evaluate,
including the decision whether PSls or GSls are required. If so, once the final simulation is
defined, the design and production of the instruments are carried out, followed by sterilization.

A summary report containing the main VSP information, surgical plan, and design
specifications is then provided to the surgeon and used intraoperatively to trace the process
and guide the use of the instruments, when applicable. Figure 3illustrates the overall workflow,
highlighting the main process phases and the key professional figures involved, which are
described in more details in the following sections.

Patient identification Orthopedic surgeon

- Technician
Informed consent? NO Patient excluded
: (standard clinical care) BTM

YES

CT scan

. YES
Need soft tissue MRI scan

inclusion?

PREPARATION

NO

Segmentation [ Registration with CT ]

-

3D virtual model [ 3D printed model ]

YES NO

3D visualization Need VSP?

and analysis

YES
Need for allograft? [ BTM request ] [ Donor bone CT scan ] [Donor bone segmentatiorq

NO
Surgical procedure Donor bone
simulation 3D virtual model

NO

PLANNING

Need for PSI/GSI?
YES

Design references

DESIGN

3D modelling

PSI/GSI 3D Printing

Thermal treatment

Sterilization

VSP report

Surgery

DELIVERY MANUFACTURING

Figure 3. Overview of the workflow from patient selection to 3D printing and surgery (colour map on top right).
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2.3. Preparation phase

2.3.1. Patient Identification, Enrolment, and Imaging Acquisition

The process begins with the clinicians during their routine clinical practice. When they visit a
patient presenting with a complex deformity or an unusual condition, they evaluate the
magnitude and complexity of the treatment and decide whether 3D reconstruction and VSP
could support a better understanding of the case and assist in defining the optimal surgical
approach.

Once the clinical indication is established, the patient is informed about the proposed use of
3D planning, and written consent is obtained for participation in the clinical trial and for
personal data processing, with parental consent required in the case of minors.

After obtaining consent, the surgeon requests the necessary imaging examinations for the
anatomical region of interest, typically low-dose CT scans (especially for paediatric patients),
usually with a slice thickness of = 1mm, and standard radiographs. In cases involving soft
tissue assessment or oncological investigation, MRl scans may also be prescribed. Particularly
in cases of unilateral bone deformity, it is preferable that imaging includes both limbs
whenever possible, allowing an anatomical comparison with the contralateral healthy side to
guide analysis and planning. In bilateral deformities, normal joint orientation angles are used
instead. When multiple body segments are involved, the entire region, for example the thigh,
the shank and the foot, should be included within the CT scan to ensure comprehensive
visualization and more accurate modelling and planning.

Afterward, the surgeon provides the 3D PoC team with the patient’s information, including
demographic data and clinical details such as the affected segment, side, and type of
deformity (e.g., varus or valgus). Once the imaging study is available, the DICOM files, which is
the standard format for radiological data, are imported into Materialise Mimics, a certified
software for medical use, and anonymized. Anonymization is performed by assigning a unique
patient ID, ensuring that personal information such as name, sex and date of birth remains
protected.

2.3.2. Segmentation

The process of generating the 3D model then begins, using the same software employed for
anonymization. If necessary, image pre-processing can be performed to reduce noise, which
may be present due to previously implanted metal fixation devices such as screws or plates.
Denoising improves image quality, as noise, seen as unwanted random variations in pixel
intensity, can degrade the accuracy of 3D reconstruction and subsequent surgical planning
(Figure 4). If no noise is detected, segmentation can proceed directly.
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Figure 4. Example of image denoising from original CT images to noise reduction application.

Segmentation allows the partitioning of images into regions that share similar properties such
as intensity, texture, or contrast, based on the information contained within voxels (the three-
dimensional equivalents of pixels that constitute the original DICOM images). This represents
a crucial step for accurate anatomical representation and precise 3D model reconstruction.
Segmentation can be performed manually by various professionals, often engineers and
radiologists. However, it is essential that the final reconstruction is validated by the clinician,
who confirms the delineation of the regions of interest slice by slice. Although this approach
ensures accuracy, it is time-consuming. More commonly, semi-automatic algorithms are
used, combining manual input for initialization and correction with automated processing to
balance efficiency and accuracy. This approach is particularly effective in our context, as bone,
being a high-contrast tissue, is easily recognized by the algorithm. Once segmentation is
completed, the result is reviewed and validated by the clinician. The main segmentation
algorithms used are:

e Thresholding: image segmentation is performed based on Hounsfield Units (HU), which
are intensity values calibrated to the density of water (each CT scanner is by default
calibrated to water [106]). The threshold is derived from the image histogram. This method
does not consider spatial information but includes everything within the selected intensity
range, which may also contain unwanted elements and is therefore sensitive to noise. For
this reason, it is usually used as a first tool to make an initial identification of the tissues
(Figure 5).

Figure 5. Example of threshold tools for segmentation showing the initial selection of voxels within the chosen intensity
range.
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e Split mask: this method refines segmentation by dividing an existing threshold-based mask
into distinct anatomical regions. By manually outlining different areas in separate colours,
it identifies and enables the semi-automatic generation of individual masks for each
structure, such as the femur or tibia, allowing quick and efficient separation of anatomical
components and significantly speeding up the segmentation process (Figure 6).

Figure 6. Example of the application of split masks in the segmentation of the pelvis in a 6-year-old female patient with
recurrent left hip subluxation in the context of cerebral palsy, previously treated with proximal femoral osteotomy. On the left,
manual slice-by-slice selection on CT images is shown; on the right, the corresponding 3D reconstructed model is displayed.

Different colours highlight the various bony components of the pelvis.

e Region growing: this method is used to refine segmentation by expanding predefined
regions through the addition of neighbouring pixels that meet specific criteria, such as
similar intensity values. It utilizes spatial information, but its performance strongly
depends on image quality and accurate denoising, as it preserves all neighbouring pixels
connected to the selected regions. Therefore, it is ideal for separating distinct anatomical
structures, provided that the regions are well connected and not affected by noise.
Otherwise, manual refinement is required to remove unwanted connections before using
it (Figure 7).

Figure 7. Example of region growing refinement before tool application and after selecting the area of interest and expanding
the selected area by including only neighbouring pixels with similar intensity.
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Once segmentation is completed and all anatomical regions of interest are identified and
named, the 3D model is generated. From the segmented 2D DICOM images, a surface mesh is
created based on the voxel values within the segmented mask, where triangular elements
define the corresponding 3D geometry. The resulting mesh provides an accurate
representation of the surface topology of bones, and eventually of other segmented structures
if required, such as muscles or organs.

Using the Materialise Mimics software, a smoothing technique is then applied to reduce
artifacts and enhance anatomical realism, since real anatomical surfaces are continuous
rather than tessellated. This process minimizes noise and irregularities that could otherwise
affect the model’s accuracy or hinder its usability.

Each anatomical element is then exported as an STL file and imported into Blender for further
optimization. Optimization consists of simplifying the 3D mesh to improve computational
efficiency and visualization speed without compromising essential anatomical accuracy. In
our workflow, the ‘Decimate’ modifier in Blender is applied to reduce the number of triangles,
particularly for models used solely for analysis or visualization. For instance, in cases of distal
humerus deformity (Figure 8), the CT scan includes the entire limb for anatomical context, but
during reconstruction the distal segments (e.g., forearm bones) can be simplified, as high
precision is only required in the treated area. The refined mesh is now suitable for real-time
interaction, a crucial requirement for VSP.

Figure 8. 3D reconstruction for a distal humerus deformity. The humerus is preserved in high detail to retain anatomical
accuracy in the region of interest, while distal segments such as the forearm and hand are simplified to optimize model
performance and concentrate the resolution where needed.

2.3.3. Registration

In some cases, it may be necessary to integrate 3D information obtained from differentimaging
modalities, such as MRI, to accurately represent patient anatomy. This requires the
registration and alignment of 3D models derived from multiple imaging sources. Image
registration defines the spatial correspondence between datasets, establishing the correct
mapping of points from one image to their matching positions in another. This step is
performed in Mimics software to ensure proper alignment of the images, allowing the 3D
reconstruction to be correctly superimposed and the final model to be exported with fused and
unified data containing all the required information. The process begins with the standard
upload of DICOM images, typically starting from CT scans, followed by the import of additional

image sets, such as MRI. The CT dataset is kept as the reference coordinate system, while the
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secondary dataset is registered onto it. During registration, the two image sets are temporarily
overlaid and manually aligned by the operator across the three anatomical planes. Once
satisfactory alignment is achieved, the software calculates a transformation matrix, usually
consisting of translation and rotation parameters. This matrix is stored within the secondary
DICOM dataset and can be used when needed.

Activating the transformation matrix during segmentation of the second imaging dataset
(usually MRI) allows the segmented masks to be automatically adjusted according to the
defined spatial alighment. Consequently, during 3D model generation, the reconstruction can
combine bone structures from CT with soft-tissue components (such as muscles, tumours, or
other tissues) from MRI, perfectly matched in their correct anatomical position. The final STL
models can then be exported for each segmented bone structure and imported into Blender,
providing a complete and spatially coherent dataset derived from both imaging modalities
(Figure 9).

Figure 9. Overlay of MRl and CT datasets during the registration process to ensure correct spatial alignment and final 3D
reconstruction combining CT-derived bone structures and MRI-derived structures.

2.4. Virtual Surgical Planning phase — deformity correction

2.4.1. 3D Visualization and Deformity Analysis

Once the model is obtained and optimized, VSP can be carried out in Blender. The digital 3D
model can also be 3D printed to obtain a physical anatomical replica, enhancing tactile
understanding of morphology and improving communication between surgeons, technicians
and patient's family. The model is usually printed at a 1:1 scale to provide accurate
dimensional awareness. For large anatomical structures, such as entire long bones or major
skeletal segments, the maximum build volume of the printer must be considered, as it may be
necessary to divide the model into multiple parts. In such cases, attachment pegs and holes
are manually added to the 3D modelto allow correct reassembly after printing. Figure 10 shows
an example in which, due to the model geometry, the object was subdivided into two
interlocking parts to ensure an accurate print of the ankle region. 3D printed anatomical
models are also used to illustrate deformities and surgical procedures for training residents
and students, as well as to improve communication with patients and their families.
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(a) (b)
Figure 10. (a) Disassembled 3D model of an ankle with the connecting pin placed on the talus; (b) 3D model assembled.

On the digital 3D model, the deformity analysis is performed by tracing the anatomical axes of
the involved bone segment and identifying the corresponding articular planes. Each
anatomical axis is defined in 3D space as the straight line that best approximates the central
axis of the bone segment geometry. Typically, one axis is defined on the proximal side and one
onthe distal side of the segment. This approach is particularly suitable for deformities involving
the diaphyseal region. Conversely, when the deformity is located closer to the joint, joint
orientation is defined using joint-specific methodologies. A reference plane is approximated
by applying a best-fit approach to the articular surface, and an axis, typically corresponding to
anatomical axis of the bone, is defined from a reference point, usually the geometric centroid
of the articular surface. Both the plane and the axis are defined and validated under the
surgeon’s control and are then used as geometric references for deformity evaluation and
surgical planning. The point where the two anatomical axes intersect is called the Center of
Rotation of Angulation (CORA), which represents the apex of the deformity. Figure 11 illustrates
an example of CORA identification, defined by the intersection between the distal axis of the
radius and the proximal axis of the radius. The two axes intersecting at the CORA (in 2D
projections) define a single plane, referred to as the Maximum Deformity Plane (MDP), on which
the entire deformity lies.

Figure 11. Identification of the CORA by intersecting anatomical axes of a bone segment.
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This 3D approach allows a comprehensive evaluation that extends beyond the traditional two-
dimensional assessment based on varus/valgus (coronal plane) and procurvatum/recurvatum
(sagittal plane) deviations, also including torsional or rotational deformities (axial plane),
which cannot be adequately appreciated on standard radiographs.

Once all these elements are defined, the bone morphology can be objectively evaluated to
determine the presence, direction, and magnitude of the deformity. This geometric analysis
provides an objective and reproducible reference, in contrast to the surgical approach, which
may vary depending on the patient’s characteristics and the surgeon’s preferences.

2.4.2. Surgical Procedure Simulation

Once the model has been analysed, the surgical procedure can be simulated. In most cases,
surgical simulation is performed to plan procedures that require one or more osteotomies.
Different techniques can be applied to define the extent of the correction.

When a healthy contralateral side is available in the 3D model, it can be mirrored and
superimposed onto the affected side to serve as a reference for correction, thereby simulating
the morphology of the unaffected limb to be achieved. Figure 12 illustrates Case #1, involving
a 4-year-old female patient with a complex deformity of the right lower limb affecting the femur,
associated with a markedly altered gait pattern. While the left imb showed normal function,
the deformed right limb was used with an inverted orientation, leading to abnormal foot
progression and compensatory crouched walking to accommodate limb-length discrepancy.
To facilitate deformity interpretation and definition of the target correction, the healthy left
femur was mirrored and overlaid onto the affected right side. Deformity analysis identified the
condition as a severe valgus deformity of 151°, which was treated with a corrective osteotomy
to restore alighment of the right lower limb. The 3D reconstruction and surgical planning were
performed following multidisciplinary counselling to ensure respect of vascular structures and
surgical access, with the involvement of orthoplastic surgeons from the Orthoplastic Unit of
the Rizzoli Orthopedic Institute. At the latest follow-up, a residual limb-length discrepancy was
still present. However, limb alignment has been restored, and the patient is progressively
regaining a normal gait pattern. The corrective alignment is expected to enable a future limb-
lengthening procedure, which was not feasible prior to deformity correction.

Conversely, when both sides are affected or a healthy contralateral model is unavailable, the
correction is defined based on the angular parameters derived from segmental deformity
analysis and compared with established normal reference values for the corresponding
anatomicalregion.
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Figure 12. Example of contralateral mirroring applied during virtual surgical planning. In Case #1, the healthy left femur was
mirrored and superimposed onto the affected right femur to guide deformity interpretation and target correction definition.

Depending on the surgeon’s needs and preferences, it is essential to evaluate and identify the
position, orientation, and type of procedure to be simulated. In some cases, multiple
approaches can be virtually tested to determine which configuration provides the most
suitable outcome for the surgeon. In particular, the main types of procedures that can be
simulated include (Figure 13):

No correction: simulation performed only to define the appropriate fixation device (screws
or plates) in terms of fit, size, and positioning. This approach is typically used in fracture
cases or in procedures requiring stabilization without correction;
Closing-wedge osteotomy: removal of a bone wedge while maintaining a cortical hinge on
the side corresponding to the wedge apex. This configuration allows for a pure angular
correction in closure;
Opening-wedge osteotomy: addition of a bone wedge while maintaining a cortical hinge on
the side corresponding to the wedge apex. This technique provides a pure angular
correction in opening;
Dome osteotomy: complete cortical-to-cortical osteotomy dividing the bone in two
segments with a dome cut to provide angular correction;
Derotative osteotomy: complete cortical-to-cortical osteotomy dividing the bone into two
segments, followed by rotation of either the proximal or distal portion around its
longitudinal axis to correct torsional deformity;
Oblique osteotomy: complete cortical-to-cortical osteotomy performed along an oblique
plane, allowing for both angular and rotational correction depending on the inclination of
the cut;
Shortening and/or translation osteotomy: complete cortical-to-cortical osteotomy that
enables length reduction or segment translation. In some cases, removal of a bone wedge
may also introduce angular correction;
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e Intercalary bone graft: complete cortical-to-cortical osteotomy in which a bone wedge or
graft is interposed between the two segments. When the graft is angled, it can
simultaneously provide angular correction.
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Figure 13. Overview of the main osteotomy types that can be virtually simulated to plan deformity correction, including
closing- and opening-wedge, dome, derotative, oblique, shortening, and intercalary bone graft techniques.

After the correction parameters have been defined, the osteotomy planes are positioned
accordingly, usually following the reference system derived from the deformity analysis (for
example, the osteotomy plane is generally placed perpendicular to the MDP). Figure 14
illustrates the final deformity analysis of Case #1, which identified a severe valgus deformity of
151°. The figure shows the definition of reference planes and cutting planes, together with the
corresponding 3D models before treatment and after the simulated correction. The planned
correction involved a diaphyseal osteotomy to release the distal segment of the affected bone,
followed by flattening at the point of maximum deformity to create a contact plane suitable for
stable fixation after correction. A more detailed description of deformity assessment and
possible surgical approaches, including osteotomy planning and correction strategies, will be
further discussed in Chapter 3.

(a) (b) (c)

Figure 14. (a) Reference and cutting planes defined in the VSP; (b) 3D printed model before treatment; (c) 3D printed model
after simulated correction.
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2.4.3. Bone Bank Request

If the treatment involves an opening-wedge osteotomy or an intercalary bone graft, it is
necessary to request donor bone from the BTM. In some cases, an autologous graft can be
harvested directly from the patient. This represents a specific scenario managed entirely
during the surgical planning phase, without the need for a BTM request, and will be discussed
in Chapter 3.

When donor bone is required, the internal BTM of the Institute is usually contacted. The BTM
operates within the hospital and is responsible for the procurement, processing, and
distribution of different types of donor bone tissue. Donor retrieval procedures and donor
eligibility assessments are performed internally, and all donor bones are routinely scanned
with CT, allowing systematic cataloguing based on donor-specific characteristics.

The BTM can either deliver the donor bone directly to the operating room, allowing the surgeon
to manually shape it intraoperatively, or perform the shaping process in a cleanroom
environment, providing a pre-shaped graft ready for implantation.

In both situations, the bone cut may be performed freehand. In this case, the VSP serves as a
reference to predefine the graft dimensions required to achieve the desired correction.
Alternatively, GSls can be designed to assist in accurately shaping the donor bone according
to the VSP. Figures 15 and 16 show bone pre-shaping performed in the clean room by the BTM,
and bone shaping performed in the operating room by the surgeon, respectively.

Figure 15. Donor bone pre-shaping performed in the clean room by the BTM, guided by the VSP and a sterile 3D printed
reference model reproducing the final desired shape for donor bone cutting.

Figure 16. Bone shaping performed in the operating room by the surgeon, using specific GSls designed for the donor bone
according to the VSP.

21



In both scenarios, the BTM provides the available CT scan of the donor bone (or of the relevant
portion), as only a limited section is generally required to obtain the necessary bone wedge.
The donor bone is then segmented and optimized following the same process previously
described for the patient’s CT scan and subsequently imported into Blender and added to the
VSP scenario of the corresponding patient. The VSP is then employed to identify the most
appropriate region within the donor bone from which to harvest the graft, ensuring that the
obtained wedge matches the dimensions and orientation defined during the surgical planning
phase (Figure 17).

(a) (b)

Figure 17. (a) Custom bone allograft identification with VSP; (b) Virtual identification of the optimal region within the donor
bone for graft harvesting, matching the wedge dimensions required according to the surgical plan.

2.4.4. Fixation Strategy Definition

At this stage, the surgeon may request verification of the fixation system to determine the most
appropriate type, size, and positioning of screws or plate, which may be standard (off-the-
shelf) or custom-made, precisely conforming to the bone anatomy with which they interface.
This is a crucial step, particularly in cases involving small or anatomically complex bones,
where selecting the most suitable fixation device is essential to ensure an optimal match with
the patient’s anatomy.

The fixation components can either be modelled based on the technical drawings provided by
the selected company or, preferably, obtained directly as confidential 3D models from the
manufacturer upon the surgeon’s request. The latter option is recommended, as it ensures
higher model accuracy and significantly reduces design time.

The fixation system is usually positioned at the final stage of the VSP, since it must account for
the fixation of all components (Figure 18), including potential bone grafts. For this reason, the
final configuration of the treatment must be fully defined before proceeding with the placement
of the fixation system.
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Figure 18. Selected fixation device placed with placeholders to identify screw and K-wires positioning.

2.4.5. Design Reference Definition

If the surgeon requests only the VSP, the process proceeds directly to the preparation of the
surgical report (as described in the ‘Delivery Phase’ paragraph).

When PSls are also required to support the intraoperative execution of the plan, the
subsequent steps are defined in close collaboration with the surgical team. This phase
involves identifying critical anatomical structures to be preserved, determining the patient’s
positioning, selecting the most appropriate surgical approach, and assessing the extent of
bone exposure required at the access site. Eventually, this can also be supported by the 3D
virtual model, as the skin surface can be preserved during segmentation and used as an
external anatomical reference to accurately identify the target bone region, optimize surgical
access, and preliminarily hypothesize the most appropriate approach for dermal or plastic
reconstruction (Figure 19).

greater
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Figure 19. Example of 3D virtual model of Case #1 used as visual aid for anatomical referencing. The skin surface was
preserved during segmentation to provide external landmarks for orientation.

This phase is also essential for determining the optimal placement of fixation pins, most
commonly Kirschner wires (K-wires) in pediatric cases, which are thin metallic elements widely
used in orthopedics to stabilize bone fragments or to guide and secure patient-specific cutting
guides during surgery.
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Throughout this thesis, the term pin is used in a broad, functional sense to indicate temporary
fixation or positioning elements, including K-wires, smooth pins, and, in some contexts,
screws, depending on the surgical application. Although these terms are not strictly
interchangeable from a technical standpoint, the primary distinction between pins and wires
is largely related to diameter, with pins typically ranging from approximately 1.5 mmto 6.5 mm
and K-wires from 0.9 mm to 1.5 mm, while both may vary in length and end geometry [107].
Screws are generally larger, threaded devices that provide greater compression and more rigid
fixation, often associated with lower rates of non-union but requiring a secondary procedure
for removal [108]. In contrast, K-wires allow easier insertion and removal without a second
operation, making them particularly suitable for pediatric patients, small fracture fragments,
or comminuted cases [109].

It should be noted that many fixation systems are developed for specific osteotomy or
treatment types and are accompanied by standardized surgical protocols provided by the
manufacturer. These protocols usually describe in detail how the plate should be positioned
on the bone and include the use of K-wires for temporary alignment and stabilization during
surgery. When the surgeon plans to use a specific fixation system, its standardized surgical
technique can be carefully reviewed and incorporated into the PSI design phase. In this way,
the predefined pin positions used for plate alignment can also serve as reference points for the
design of the guide’s pin holes. Aligning the PSI design with the manufacturer’s recommended
fixation protocol helps avoid unnecessary additional bone perforations, ensures compatibility
between the guide and the selected fixation system, and contributes to a more streamlined
and efficient surgical workflow (Figure 20).

Figure 20. Pin positioning (highlighted in orange) during PSI reference setup, aligned with the selected plate’s final screw
holes.

In cases where GSIs are also planned, the procedure is very similar but involves fewer
constraints. Since the VSP is performed on donor cadaveric bone, there is no need to consider
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critical anatomical structures, surgical access paths, or the positioning of fixation devices. The
entire surface of the donor bone is already exposed and can be freely used without risk. The
main task is to correctly position the cutting planes according to the corresponding surfaces
of the grafts to be obtained, based on the region identified through the VSP as the most suitable
for harvesting the required graft. It is also considered good practice, when positioning the pins
for stabilizing the cutting guide used to shape the donor bone, to place them outside the
effective area of the graft to be extracted. Naturally, this phase should still be guided by good
judgment, aiming to optimize the use of the donor bone material and to minimize unnecessary
waste (Figure 21).

Figure 21. VSP of graft harvesting from a donor bone: two bone wedges (highlighted in orange) were planned and extracted
from the same tibia specimen to optimize material use and minimize donor bone waste.

2.5. Virtual Surgical Planning phase — tumour resection

2.5.1. 3D Visualization and Analysis of Tumour Extension

As for VSP for tumour resection, the workflow shares several similarities with deformity
correction but also requires specific considerations. Once the anatomical model is obtained
(usually already incorporating the 3D tumour model derived from the image registration
process) the VSP can be initiated in Blender. As previously described for deformity correction,
the digital 3D model can also be 3D printed at a 1:1 scale to enhance spatial understanding
and preoperative visualization.

In this context, deformity analysis is not required, since the treatment involves the resection of
the bone area affected by the tumour. However, anatomical axes and articular planes are still
defined to provide a consistent reference system for the planning and alighment of the cutting
planes.

A key element of the 3D model is the accurate representation of the tumour. Its size, shape,
and spatial extension are carefully evaluated together with the surgeon, who verifies its
accuracy using MRI data to ensure full correspondence between imaging and 3D
reconstruction. This three-dimensional assessment enables an objective evaluation of the
lesion’s morphology and its relationship with surrounding anatomical structures, while also
allowing verification of the resection margin feasibility, typically planned with an offset of
approximately 1 cm around the tumour to define the bone volume to be removed.
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2.5.2. Surgical Procedure Simulation

Once the model has been analysed, the surgical procedure can be virtually simulated. Based
on tumour longitudinal extension, proximity to the joint, and residual bone stock, four main
resection and reconstruction strategies were experienced during this project (a total of 22
oncologic resections were performed):

e Complete resection: typically performed when the tumour is located in the diaphyseal
region. In such cases, the entire diaphysis or a portion of the diaphyseal segment is
removed through two transverse osteotomies, one proximal and one distal to the lesion,
allowing complete excision of the affected bone segment. A size-matched allograft is
subsequently implanted to restore the resected portion (Figure 22a). This was the most
frequently employed strategy, accounting for 11 out of 22 cases.

e Partial resection: generally performed when the bone dimensions are sufficient to allow
a more conservative approach. Depending on the tumour’s location and extension, it may
not be necessary to remove the entire segment; instead, a more limited resection can be
carried out, preserving one of the cortical walls along its length. The resulting bone defect
is then filled with a massive donor graft (Figure 22b). This approach was applied in 4 out of
22 cases.

e Composite prosthesis reconstruction: indicated when the tumour extends very close to
the articular region and the resection is particularly extensive. In these cases,
reconstruction requires both a prosthesis and a supporting massive allograft. The graft
acts as a structural interface between the prosthesis and the host bone, providing
additional stability and allowing proper fixation through the selected osteosynthesis
system (Figure 22c). This approach was applied in 4 out of 22 cases.

e Prosthesis only: indicated when the tumour is located near the joint, but the resection
remains limited, allowing preservation of a sufficient portion of healthy bone for direct
prosthesis implantation. In this case, only a simple complete osteotomy cut is planned,
and reconstruction is performed with the prosthesis alone, without the need for an
additional bone graft. This strategy was used in 3 out of 22 cases.

Once the resection type has been defined, the osteotomy planes are positioned under the
supervision of the surgeon. These are usually placed to ensure simplicity and reproducibility,
using a reference system derived from the anatomical axes and joint-specific reference planes
approximated from the articular surface geometry. Resection cuts generally do not require
specific angulation but are instead designed as straight, simple cuts perpendicular to the
anatomical long axis of the bone, facilitating both planning and surgical execution. Examples
of resection approach can be seen in Figure 22.
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(a)

(b) (c)

Figure 22. Examples of tumour resection and reconstruction strategies based on tumour extension, cortical preservation,
and proximity to the articular region: (a) complete resection with segmental excision; (b) partial resection preserving a
posterior continuous cortical wall; (c) composite prosthesis reconstruction, combining a prosthetic component with a

supporting massive allograft.

2.5.3. Bone Bank request

If the treatment involves a complete resection, a partial resection, or a composite prosthesis
reconstruction, donor bone must be requested from the BTM. In oncologic cases, the use of
autografts is uncommon because the bone segment to be replaced is often extensive, making
it unsuitable for harvesting from the patient. However, in selected cases involving smaller

bones, such as the metatarsal, autologous grafts (e.g., fibular grafts) can be considered (Figure
23).
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Figure 23. Example of autologous fibular graft for reconstruction of metatarsal bone.
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To reconstruct the resected bone segment, the internal BTM of the Institute is contacted.
Similarly to deformity correction procedures, the BTM can deliver the donor bone directly to
the operating room or provide it already pre-shaped. However, in oncologic cases this option
is rarely used, as surgeons generally prefer to shape the graft directly during surgery. This
approach minimizes donor bone waste and avoids possible inconveniences for the patient,
such as having an unusable graft in the operating room, since updated imaging performed the
day before surgery may reveal tumour progression requiring real-time adjustment of the
resection and graft dimensions.

The donor bone can be shaped freehand, using only the measurements defined during VSP, or
with the aid of GSls. In both cases, the BTM provides the CT scans of several available donor
bones. These undergo the same segmentation and model optimization process described for
the patient’s imaging data. Once the donor bone models are obtained, they are imported into
the patient’s VSP in Blender and virtually matched with the patient’s anatomy. Together with
the surgeon, the most suitable donor, based on anatomical compatibility and the chosen
treatment, is selected. After selection, the chosen donor is formally assigned to the patient by
the BTM, and the resection planes defined on the patient’s model during VSP are transferred
onto the corresponding area of the donor bone model. Figure 24 presents Case #2, a 44-year-
old female patient with osteosarcoma of the posterior right distal femur. Partial resection of
the posterior femoral segment was performed and reconstructed with a massive donor bone
allograft, while preserving the unaffected anterior cortical wall to maintain native bone
continuity and enhance stability and healing. Donor selection was carried out by best-fit
superposition of the patient’s 3D model with donor reconstructions provided by BTM, followed
by transfer of the cutting planes from the patient’s 3D model to the selected donor model to
optimize graft fit.

Figure 24. Virtual matching of available donor bones with the patient’s anatomy (in grey) in Case #2, followed by transfer of
the planned resection planes (in red) from the patient’s model to the selected donor bone (in orange) for graft preparation.

2.5.4. Fixation Strategy Definition

The final step of the simulation phase is defining the most suitable fixation system. Large bone
reconstructions are challenging to be stabilized, as they must ensure structural strength over
extended segments. It is therefore essential to evaluate in advance the planned resection
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length and the corresponding fixation plate, verifying its availability in the surgical set and its
suitability for the patient’s anatomy. This is particularly important for long resections, such as
distal femoral reconstructions, where the plate may extend to the condylar region. In such
cases, it must be assessed preoperatively whether the plate conforms to the bone shape or
requires intraoperative bending to achieve proper fitting.

To ensure dimensional accuracy, 3D models of the fixation components are usually obtained
directly from the manufacturer, since such large plates are not routinely available in the
operating room, leaving little margin for intraoperative adjustment.

The fixation system represents the final step of the VSP process and is positioned on the
reconstructed model, after simulating both the resection and the placement of the selected
donor graft, to evaluate the final morphology and mechanical feasibility of the construct. Figure
25 shows Case #3, a 10-year-old male patient with distal tibial osteosarcoma. VSP was used
to define the fixation strategy, including selection and positioning of the fixation plate during
tumour resection and massive allograft reconstruction, while preserving the ankle joint. The
procedure was supported by PSls, and the donor graft was selected with the surgeon and
shaped intraoperatively using GSls.

Figure 25. Virtual positioning of the fixation plate on the reconstructed model after donor graft placement.

29



2.5.5. Design Reference Definition

Similarly to the VSP for deformity correction, even in this case if the surgeon requests only the
VSP, the process proceeds directly to the preparation of the surgical report (as described in the
‘Delivery Phase’ paragraph).

When PSils are also required to support the planned treatment, the procedure follows the same
workflow described above, in close collaboration with the surgeon. In this phase, critical
anatomical structures to be preserved are identified, patient positioning are defined, and the
necessary bone exposureis evaluated. Compared to deformity correction, the surgicalincision
is usually more extensive, as tumour resections and graft implantations require wide access
to remove the affected bone and surrounding tissues.

Fixation pin positioning is defined as previously described, always considering the surgical
technique associated with the selected fixation plate, when present and applicable. Care must
be taken to ensure that the pins do not come into contact with the affected bone. Therefore,
their placement must be evaluated exclusively in healthy regions, outside the resection area
delimited by the planned cutting planes.

Usually, when PSls are required, GSls are also requested to ensure a perfect match between
the patientand the donor bone. The procedure for defining the design references is very similar,
although it involves fewer constraints, as previously described for deformity correction
procedures. As mentioned earlier, the cutting planes must be accurately positioned according
to the orientation and harvesting site on the donor bone, defined during the donor bone
selection phase, in relation to the morphology and requirements of the patient’s
reconstruction site. In cases involving massive grafts, particular attention must be paid to the
positioning of the fixation pins used to stabilize the cutting guide for donor bone shaping.

(a) (b)

Figure 26. Fixation pin positioning used as references for PSI and GSI design for Case #2: (a) Positioning of fixation pins on the
patient’s bone outside the resection planes to avoid interference with the tumor-affected area; (b) Placement of fixation pins
on the donor bone outside the selected graft segment to preserve its structural integrity.
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Pins must always be placed outside the effective graft area to avoid compromising the
structural integrity of the donor bone, which serves a crucial load-bearing function. Figure 26
shows, for Case #2, the placement of fixation pins used as references for the design of the PSI
and GSI, positioned outside the planned resection and reconstruction area.

2.6. Design phase

2.6.1. General Evaluation

Upon the surgeon’s approval of the final VSP, if PSls or GSls are required, the design phase can
begin. This phase is developed according to specific clinical needs and surgical approach, and
is therefore highly customizable, varying across patients, treatments, and surgeons. Based on
these considerations, some general guidelines can be defined.

As previously mentioned, the possible locations for inserting fixation pins to stabilize the
surgical guide are evaluated together with the surgeon. Regarding their orientation, several
configurations can be considered depending on the surgical requirements (Figure 27):

e Parallel pins: the use of parallel pins allows a small degree of freedom for the cutting
guide, as the guide holes act similarly to sliding joints along the pin axis. At least two pins
are required, especially when the guide has limited surface contact with the bone, to
prevent rotational clearance around a single pin axis. This configuration is chosen when
the guide needs to be removed while keeping the pins in place. This may be necessary to
preserve positional references for subsequent surgical steps or to insert additional guides,
for example when two separate osteotomies are required and cannot be incorporated into
a single PSI (or GSI). In these cases, the same parallel pins serve as reference points for
positioning the subsequent guides;

e Divergent pins: when there is no need to remove and reinsert the same or different guides
during surgery, the pins can be positioned divergently (again, at least two are required).
This configuration ensures complete stability and prevents movement of the cutting guide,
including along the pin axis. However, to remove the PSI (or GSl), the pins must first be
extracted. This setup provides maximum fixation stability but less flexibility for multi-step
procedures;

e Mixed pins: in certain procedures, particularly those involving torsional corrections, pins
may be placed in a mixed configuration. Typically, two parallel pins are used to stabilize
the guide, while an additional divergent pin is placed on the opposite side of the osteotomy
to indicate the torsional angle that must be reproduced during correction. After inserting
the pins, the cutting guide is removed to perform the osteotomy. Therefore, during the
design phase, the slot for the divergent pin should be partially open: this ensures accurate
guidance during insertion while allowing the guide’s removal along the direction of the
parallel pins once fixation is complete.

31



—
—a)

-
4

Figure 27. Parallel pin configuration allowing guide removal and repositioning for subsequent surgical steps (left); divergent
pin configuration ensuring complete guide stability during cutting (centre); mixed pin configuration used in torsional
corrections, with one divergent pin indicating the required rotation angle (right).

Usually, especially when the fixation system is associated with a specific surgical technique,
areverse planning approach can be adopted. For example, in the case of fixation systems such
as blade plates or screw-plate constructs, the providing company typically supplies the
corresponding surgical instrumentation. This often includes tools such as guiding cannulas
that can be mounted onto the plate to assist with the correct insertion of wires or screws. The
step-by-step surgical technique is usually detailed in a dedicated brochure provided with the
implant system.

In such cases, to ensure the correct placement of fixation elements to be used as design
references during VSP, a reverse planning workflow is applied. A common example is the use
of a screw-plate system for proximal femur procedures, which is typically accompanied by a
detailed surgical technique. The process begins by defining and simulating the desired
correction. The fixation plate is then virtually positioned on the corrected model, and
placeholders are added to indicate the trajectory and location of the screws, details that may
vary depending on the specific implant design. So, once the correct plate is chosen and placed,
the final configuration of the correction and the fixation can be evaluated, including estimating
the appropriate screw lengths. However, this step alone is not sufficient. It is essential to then
reverse the correction, anchoring the placeholders to the model and restoring the
preoperative, deformed anatomy. In doing so, the initial reference positions for K-wires or
screws are retrieved, allowing the surgeon to know precisely how to place them
intraoperatively to reproduce the planned correction (Figure 28). These reference points are
critical for achieving the intended outcome.

32



Figure 28. Preoperative reverse planning workflow: preoperative 3D model showing the initial deformity (left), simulation of
the desired correction with virtual placement of fixation plates and screw placeholders (centre) and, finally, correction
reversed to restore the original anatomy while preserving the planned fixation elements, enabling the definition of initial pin or
screw trajectories (right).

This reverse planning technique can also be applied regardless of the specific fixation system
used and is particularly valuable in anatomically challenging regions, such as areas with
limited bone stock or close proximity to critical structures, where optimal screw or wire
placementis crucial to ensure stable and safe fixation.

Not only fixation or reference pins must be considered during the design phase. When
additional instruments are required according to the selected surgical technique or fixation
system (mainly for PSIs), their positioning and orientation must also be integrated into the
guide design. An example is the chisel used for inserting the blade plate, a parallelepiped-
shaped tool introduced with a mallet to guide the insertion path of the plate blade. In these
cases, the chisel is incorporated into the cutting guide design to ensure proper alignment, tilt
and sizing. Its orientation is strictly defined according to the direction of the blade selected
during planning, and all pin directions are consequently evaluated with respectto it (Figure 29).

Figure 29. Chisel integrated for blade plate positioning (left), with pin orientation allowing surgical guide (in light blue, at the
centre) removal for next steps to support final fixation with blade plate (highlighted in orange, on the right).
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Regarding the cutting planes, these are directly imported from the VSP approved by the
surgeon. During the design phase, when multiple osteotomy cuts are planned, it is important
to consider their sequence to ensure proper intraoperative management of the guides.

For example, in a wedge resection involving two cuts, one defining the distal and one the
proximal surface of the wedge, the order of execution must be planned carefully. If the cutting
guide rests on the proximal side of the bone, the distal cut should be performed first, followed
by the proximal one. Executing the proximal cut first would result in bone separation and the
loss of the reference bone surface needed to perform the distal cut accurately (Figure 30). In
general, when two cuts are required, the first should always be made on the side farthest from
the guide’s contact surface: distal first if the guide is positioned proximally, and proximal first
if the guide is positioned distally.

(a) (b)

Figure 30. Example of a proximally positioned cutting guide, with dashed lines indicating the planned cutting planes: (a) Distal
cut executed first, preserving the reference surface under the guide and allowing accurate positioning of a subsequent guide
for the second cut; (b) Proximal cut executed first, causing bone separation and loss of the reference surface needed to
perform the distal cut correctly.

2.6.2. Working Area and Design References

To begin the design phase, the working area must first be defined. During the VSP, several
aspects are evaluated together with the surgeon, since soft tissues are not clearly
distinguishable on CT images. These include the selected surgical approach, the expected
degree of bone exposure, which determines the available surface area for the guide to rest on,
and the bone regions free from tendon, nerve, or other soft-tissue insertions. These
considerations, along with the planned incision site, help identify on which bone surface
(lateral, medial, anterior, etc.) the PSI or GSI will be placed and how far the bone-contact
surface of the guide can extend. For GSls, these constraints are generally less critical, except
in cases where tendinous insertions from the donor bone must be preserved. In such cases,
the guide design and positioning are adapted accordingly to the anatomical characteristics
also for the donor bone.

Once defined, the portion of bone suitable for guide placement is selected and exported for 3D
modelling in Creo. In Creo software, the imported bone surface serves as the base geometry
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to which all design references from the VSP are added. Cutting planes, fixation pins, and other
reference elements (such as the chisel) are exported as STL files from Blender and then
imported into Creo (Figure 31).

These features are then used to create construction elements, placing axes at the pin locations
and planes corresponding to the cutting planes to proceed with 3D modelling.

Figure 31. Selection of the working area based on the surgical approach and expected bone exposure during VSP (highlighted
in blue on the left), followed by export and insertion of design references (planes and screw/K-wire highlighted in light blue on
the right) for 3D modelling in Creo.

2.6.3. Design steps

The design of the guides must take into account the technical constraints of the 3D printing
process. Since printing is performed with a 0.4 mm nozzle and 0.2 mm layer height, very small
details cannot be reproduced. The guide should therefore be designed to be compact yet
stable, ensuring adequate thickness and support while maintaining usability and accessibility
to the surgical site (these aspects are further detailed in the ‘Printing Phase’ paragraph).

Cutting guides are generally characterized by three main features (Figure 32):

e Body: the main structure of the guide, obtained from the bone surface previously selected
and defined as suitable for guide placement. It provides an accurate fit onto the bone by
replicating the geometry of the corresponding anatomical segment.

e Pinholes: hollow cylindrical features designed to accommodate K-wires or screws, which
serve both to secure the guide in place and to assist in the correct positioning of fixation
plates or screws, as previously described.

e Saw slot: the functional part of the guide dedicated to guiding the surgical saw during the
osteotomy, ensuring the correct position, orientation, and direction of the planned cut.
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Pin holes

Saw slot

Figure 32. Main structural features of a surgical guide.

Figure 33. Step-by-step creation of the surgical guide (from left to right): definition of VSP reference surfaces on the target
bone region for guide positioning, generation of the guide body, integration of pin holes and additional features (e.g., chisel
and saw slots), edge filleting, and finalization of the completed guide.

The design process (Figure 33) starts with the body, obtained by offsetting the imported bone
surface by 3 mm to create a solid structure. Due to the freeform, anatomy-driven geometry of
the bone, local variations in surface thickness may occur. Therefore, the model must be
carefully checked to ensure that no areas are thinner than 3 mm.

Once the bone-contacting base is defined, the pin holes are designed using the axes previously
created from the VSP pin placement references. Initially, a standard configuration was used,
consisting of a 3 mm internal hole diameter and a 4 mm outer cylinder thickness. This setup
ensured that K-wires of various diameters (selected at the surgeon’s discretion) could be
accommodated in most cases. However, this approach proved to be somewhat inaccurate:
thinner wires tended to fit loosely, while in other cases a precise match between the hole and
the chosen wire diameter was necessary. Two possible solutions were considered to improve
the accuracy of wire fitting: either increasing the length of the cylindrical features or refining
the hole diameter definition.

From a geometric standpoint, when guiding K-wires or pins through cylindrical features,
angular instability may occur due to the clearance between the wire and the hole. In addition
to hole diameter, the length of the guiding feature plays a key role in constraining wire
orientation: shorter holes allow larger angular deviations, whereas longer guiding features limit
wire tilt and improve directional stability. This effect is schematically illustrated in Figure 34.
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Figure 34. Example showing variable clearance of T mm and 2 mm K-wires inside a 3 mm guide hole, at different hole lengths
(I<L).

Since increasing the length of the cylindrical features was not feasible due to the often limited
available surgical space, the issue was addressed by optimizing the hole diameters to achieve
amore accurate fit. The optimal wire diameter is now defined together with the surgeon directly
during the VSP phase, providing the designer with precise input parameters. To determine the
corresponding hole dimensions, an experimental study was conducted to develop a predictive
algorithm that accounts for dimensional variations induced by 3D printing and subsequent
heat treatment. This approach makes the design independent from the hole length, which may
vary according to the anatomical site and surgical requirements. These aspects and the related
experiment are discussed in detail in Chapter 4, in the paragraph ‘Design Parameters Tuning
for 3D Printing’.

Finally, the saw slots are designed. To prevent problems related to frictional heating between
the saw blade and the guide, since the generated heat may deform the plastic material, and to
provide greater surgical flexibility, the slot is not designed as a closed channel. Instead, flat
“balcony-type” support surfaces are created to define the correct direction and position of the
saw. This open configuration allows the use of different cutting tools, such as saw blades of
various thicknesses or osteotomes, depending on surgical needs and surgeon preference. It
also reduces heat generation and limits debris formation. This aspect is particularly relevant
because, although cutting guide materials are classified as biocompatible when used
according to the manufacturer’s protocol, polymer debris generated during jaw cutting may
persist in the body beyond the intended exposure time. Previous studies have shown that
debris from surgical-grade polypropylene and polyamide can be cytotoxic and impair bone
healing [110]. In contrast, a separate study reported pure and steam-sterilized PLA-based
materials have been reported as non-cytotoxic, supporting their suitability for surgical guides
[111,112]. Surgeons should therefore be aware of the potential risks associated with residual
material during and after surgery.
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As a design guideline, a balcony-type guide helps reduce mechanical constraints and debris
accumulation during osteotomy, ensuring a complete and correctly oriented bone cut (Figure
35).
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Figure 35. “Balcony-type” saw guide design (right), compared to traditional closed slots (left), allowing complete bone cutting
with the correct angular orientation and compatibility with different saw or osteotome types. In red, the area reachable by the
saw blade without removing the guide in the two configurations.

The final refinement of the surgical guide design includes chamfering and filleting sharp edges
to prevent fragile corners that could chip or concentrate stress. Additionally, it is
recommended to embed an identification label directly on each guide, especially in
procedures involving multiple surgical steps and the use of several consecutive guides, to
ensure easy intraoperative recognition and proper traceability, as each label is uniquely
associated with the corresponding patient ID (Figure 36). All these design principles apply
equally to both PSls and GSls. However, GSls permit greater manoeuvrability and bulk, as they
are applied to donor bone allografts rather than directly to patients.

After completing the 3D modelling phase, the finalized cutting guide models are exported in
STL format for 3D printing.

Figure 36. Embedded identification labels are incorporated into each guide to ensure clear differentiation: number 1 (left)
indicates the first guide to be used, and number 2 (right) indicates the second guide in the surgical sequence.
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After completing the guide design, non-sterile prototypes are 3D printed to verify fit and
functionality on the bone model with the surgeon (Figure 37). Once validated, the
manufacturing phase to produce the sterilizable final parts begins.
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Figure 37. Non-sterile 3D printed guide (white) tested on the bone model (orange).

2.7. Manufacturing phase

2.7.1. Material and 3D Printing Technology

The cutting guides are manufactured using High-Temperature Polylactic Acid (HTPLA) filament
with a diameter of 1,75 mm (Table 1). Polylactic acid (PLA) is a biodegradable polymer obtained
from renewable resources, characterized by good mechanical properties and low cost
compared with other biodegradable polymers traditionally used in medical applications [97].
However, conventional PLA, although providing good printing quality and stiffness, has a low
glass transition temperature, which compromises its ability to maintain shape at moderate
temperatures and makes it unsuitable for thermal or sterilization processes. HTPLA, previously
identified in a study of our team as the most suitable material for surgical guide fabrication, is
a modified PLA filament containing a crystallization compound that allows the polymer to
stabilize at higher temperatures and further enhance its mechanical performance [8]. After
thermal annealing, HTPLA exhibits improved strength, dimensional stability, and heat
resistance, making it compatible with autoclave steam sterilization. In paediatric deformity
correction cutting guides, no clinically relevant post-sterilization deformation affecting fitting
accuracy or intraoperative usability was observed.

The cutting guides were produced using FDM technology with a Bambu Lab X1 Carbon printer
(Bambu Lab, Shenzhen, China) (Figure 38). This process was selected for its high reliability,
dimensional accuracy, and cost-effectiveness, enabling rapid in-office production with
desktop-grade equipment. It also allows easy customization of design parameters and quick
iteration during the design and validation phases.
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Table 1. Main Properties of HTPLA (PLA Crystal Clear, Fillamentum Manufacturing Czech).

Glass transition temperature 55-60°C

Thermal properties Melting point 150-230°C
Decomposition temperature >230°C

Print temperature 210-230°C

Printing properties

Hot pad 50-60 °C

Physical Properties Material density 1.24 g/cm3
Mechanical properties Tensile strength 50 MPa

Figure 38. Bambu Lab X1 Carbon 3D printer used for cutting guide fabrication.

2.7.2. Working Environment Overview

The working environment is organized by considering basic requirements related to safety
and material handling. The equipment in use, including the 3D printer, complies with
applicable regulations in terms of CE marking according to the Machinery Directive, and all
materials are accompanied by technical data sheets and safety data sheets provided by the
manufacturers.

Printing materials are stored either under vacuum or in controlled-humidity environments. No
dedicated storage rooms are in place, as they are not required for materials commonly used
in FDM processes. Once opened, filament spools are kept in closed containers with humidity
control. After the printing and post-processing steps, the operator manually removes printing
residues (e.g., support structures), using basic personal protective equipment such as gloves
and safety glasses.
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2.7.3. Printing settings

Printing parameters were optimized in previous studies of our team [8,113] to obtain the best
printing configuration for HTPLA, ensuring minimal air voids and a dense, compact internal
structure. This setup is adopted for all guide production to guarantee consistent quality and
reproducibility (Table 2).

During slicing, the digital mesh is imported into the slicing software Bambu Studio (Bambu Lab,
Shenzhen, China) with the bone-contact surface oriented upward (Figure 39) to avoid contact
with support structures that, once removed, could compromise the smoothness and accuracy
of the contact area. The mesh is then divided into successive layers according to the defined
nozzle diameter and layer height, generating the corresponding toolpath on the build platform.
The printing process is continuously monitored to maintain stability and prevent
manufacturing errors.

Printing is performed using a 0.4 mm nozzle and a 0.2 mm layer height, providing an optimal
balance between dimensional accuracy, surface quality, and printing time. These parameters
directly define the minimum printable feature size and therefore influence the design
constraints. Features smaller than 0.2 mm and wall thicknesses below 3 mm are avoided to
ensure the presence of at least three wall loops and a solid infill throughout the model. This
configuration minimizes internal voids and surface defects [113], ensuring adequate
mechanical strength, dimensional stability, and high-quality surface finishing.

Once printed, the guides are allowed to cool down at room temperature, then carefully
removed from the build platform to undergo a post-processing phase consisting of thermal
treatment, called annealing, and support removal to further enhance structural integrity and
dimensional stability. All technical specifications of the printer are summarized in Table 1, and
the optimized printing parameters for HTPLA are listed in Table 3.

Figure 39. 3D printing setup for a proximal femoral cutting guide. The guide is oriented with the bone-contacting surface
facing upward to avoid supports on the functional interface. Dense support structures (green) are used to support undercut
regions during printing and to constrain the guide (orange) during heat treatment, thereby limiting deformation.
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Table 2. Technical specifications of the Bambu Lab X1 Carbon 3D printer.

Printing Technology FDM (Fused Deposition Modelling)
Build Volume (W x D x H) 256 x 256 x 256 mm®

Max Hot End Temperature 300°C

Max Build Plate Temperature 110°C

Max Speed Tool head 500 mm/s

Nozzle Diameter 0.4 mm

Filament Diameter 1.75mm

Multimaterial Yes

PLA, PETG, TPU, ABS, ASA, PET, PA, PC, Carbon/Glass

ted Fil t
Supported Filamen Fiber Reinforced Polymer

Connectivity Wi-Fi

Formats G-code
Software slicing Bambu Studio
Weight 14.13 kg

Table 3. Optimized printing parameters defined for HTPLA cutting guide 3D printing.

Line Width Infil/wall
Layer (mm) '"(fnm') Infill (%)  Infill pattern OC;rlap?%  Wallloops TNozzle (C) TBed (C)
HTPLA 0.2 0.4 100  Monotonic 30 3 220 60

2.7.4. Thermal treatment, packaging and labelling, sterilization

After printing, the models undergo a post-processing phase consisting of thermal treatment
and support removal. Annealing is a post-printing procedure commonly applied to polymeric
materials, as it improves their mechanical performance by promoting re-crystallization,
relaxing internal stresses and enhancing stability at temperatures above the polymer’s glass
transition temperature. This process is one of the most effective ways to relieve internal
material tensions, improve interlayer adhesion, and reduce geometric imperfections, resulting
in increased overall stability and dimensional accuracy of the final part.

The annealing cycle parameters (Table 4) were defined based on previous studies [8,9,114].
The process is performed in a static oven with the 3D printing supports still attached to the
model to preserve dimensional accuracy and mechanical consistency during heating. After
annealing, the parts are cooled gradually to room temperature to prevent the formation of
residual stresses, after which the supports are carefully removed.

Following the increasing number of oncological cases requiring large resections and massive
cutting guides, significant geometric deformations were in some cases observed in these parts
after thermal treatment. The manufacturing process was therefore further investigated, with
the aim of minimizing these defects by analysing additional printing parameters. These aspects
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and the related experimental analysis are discussed in detail in Chapter 4, in the paragraph
‘Reducing Deformation in 3D Printing’.

Table 4. Temperature and time cycle for the annealing process for HTPLA. The treatment is performed in a single cycle with
two thermal phases.

Phase1 Time (minutes) Temperature (°C)
1st 10 80
2nd 40 100

Once finalized, the cutting guides are prepared for delivery to the Pharmacy Unit of the Rizzoli
Institute for sterilization. Each guide, or set of guides (e.g., multiple surgical guides intended
for the same patient), is packaged together (Figure 40). If donor-specific GSls are also required,
they are delivered in a separate package. Each package is properly labelled with the following
information:

e Protocol name: the number and ID of the clinical trial approved by the Ethical Committee
under which the cutting guide was produced.

e PatientID: unique identifier for association with the corresponding patient case.

o Date: the scheduled date of surgery.

e Surgical Unit: the clinical department to which the requesting surgeon belongs.

e Surgeon: name of the requesting surgeon, corresponding to the primary operator in the
operating room.

o Package number: sequential numbering of the packages (e.g., 1 of 2), used when multiple
guides must be sterilized and kept separate (forinstance, one package containing PSls and
another containing GSls.

o Number of items: total number of PSls or GSls included in each package (i.e., the number
of individual components included in the set and intended to guide the surgical
procedure).

Figure 40. Sealed pouch with case-specific identification label, ready for insertion of the treated cutting guide and delivery to
the hospital pharmacy for sterilization.
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All labelled packages were sent to the Pharmacy Unit. A total of 119 packages, including both
PSI and GSI sets, were delivered and sterilized using the standard steam sterilization protocol
of the Rizzoli Orthopedic Institute in a CISA 6410 autoclave (CISA Production Srl, Lucca, Italy).
The sterilization cycle includes conditioning, heating, washing, and drying phases, with a total
duration of approximately 50 minutes and maximum temperatures ranging between 134.7 °C
and 134.9 °C, ensuring that each guide is ready for intraoperative use under sterile conditions.

2.8. Delivery and Surgery phase

Before the day of surgery, a summary report is prepared containing all information related to
the VSP. The report includes all measurements, anatomical references, and surgical
indications defined during the planning phase, as well as details regarding the type of cutting
guides produced (PSls and/or GSls). It also provides visual references to verify the correct
positioning of the guides, including transparent overlay images that illustrate how the
intraoperative fluoroscopic check should appear during surgery.

The report further specifies whether a bone graft from the bone bank is required, including the
corresponding donor ID, the type of fixation device to be used, and all additional information
already included on the guide label used for delivery to the Pharmacy Unit, such as the patient
ID, clinical protocol, and surgeon name. This reportis provided to the surgeon and brought into
the operating room on the day of surgery as a reference for guide placement and verification. A
facsimile of the summary report provided to the surgeon is shown in Figure 41, illustrating the
information and visual references included for intraoperative verification.

Onthe day of the procedure, the cutting guides are delivered directly to the operating room with
their corresponding labels and are used according to the VSP plan (Figure 42). The labels
produced for delivery are also used to trace the actual use of the cutting guides in the operating
room, following the same procedure applied to standard surgical instruments. Figure 43 shows
the comparison between the planned outcome and the postoperative radiographic result in
Case #4, a 4-year-old child with Ewing sarcoma of the right proximal femur, treated with tumour
resection and reconstruction using a composite prosthesis and managed with virtual VSP,
PSls, and GSls. The graft was designed slightly longer to compensate for the expected loss of
future growth due to resection of the proximal femoral growth plate, based on patient-specific
growth data.
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REPORT PIANIFICAZIONE - 3D MALF Il Riferimenti paziente:
Posizionamento P_DIST, inserimento fili K distali @2mm e controllo

Nome pazi
Codice ID: ———
Data intervento: ————
Chirurge: l——
Innesto: M T (54 DX
Altro:
15 mm 21mm
Note intervento

Rimozione P_DIST, inserimento P_D sui fili K per posizionamento fili K prossimali e controllo

15 mm
241 mm
PSI paziente pianificati: 3
guida distale - P_DIST  guida prossimale - P_PROX distanziatore - P_D

Re-inserimento P_DIST e taglio distale; inserimento P_PROX sui fili prossimali e taglio prossimale

GSI donatore pianificati: 1 220 mm
maschera donatore - D_M
48 mm “2mm
1 2
Riferimenti donatore: Riferimenti paziente:
Posizionamento D_M, inserimento fili K @2-3 mm ed esecuzione tagli Posizionamento innesto e reinserimento P_DIST. Inserimento filo K distale @1.6mm per vite can-

nulata d 4.5mm.

156 mm
Attenzione: fare la Z
e mm
5
b 202 mm 220 mm
Placca e viti:
- Placca _ per tibia distale anterolaterale in acciaio-, lunghezza 288mm, 21
fori, destra
- Vite cannulata d 4.5mm, filettatura lunga (32mm), lunghezza 60 mm
38 mm
15 mm

Figure 41. Example of the summary report for Case #3 delivered to the surgeon before surgery, containing VSP data, guide
type (PSIs/GSls), surgical indications, and visual fluoroscopic references for intraoperative verification. The patient’s bone is
shown in grey, while the donor bone is shown in pink. All information has been blurred for privacy reasons.
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(a) (b) (c)

Figure 42. Example of intraoperative application in an oncological case involving resection and reconstruction with a
composite prosthesis, planned through VSP and supported by PSI and GSI: (a) PSI positioned on the patient; (b) GSI used
intraoperatively to shape the donor bone; (c) resected patient bone alongside the shaped donor graft and the selected
fixation hardware ready for assembly.

(b) (c)

Figure 43. Case #4 managed with VSP, PSls, and GSls. (a) Preoperative radiograph of a 5-year-old male diagnosed with Ewing
sarcoma; (b) virtual planning for tumour resection and composite prosthesis reconstruction; (c) postoperative radiographic
follow-up showing a final limb length discrepancy of approximately 2 cm, as the graft was intentionally planned longer to
compensate for the expected growth arrest of the resected proximal femoral physis.
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3. VIRTUAL SURGICAL PLANNING AND OPTIMIZED
PROCEDURES

3.1. Preoperative Planning Procedure

This work does not aim to provide a detailed account of the clinical and surgical specificities of
each condition in which the method has been applied. As outlined in the introduction, its
applications can be broadly divided into two domains: bone deformities and bone tumours.
The primary treatment objectives were bone realignment in the former and complete tumour
resection with subsequent limb reconstruction in the latter, as explained previously.

This chapter focuses on the methodology directly applied by the author and progressively
consolidated over the course of the PhD program, from imaging analysis to the design and
fabrication of cutting guides.

Clinical outcome analyses on the broader cohort, which also includes additional cases not
directly managed by the author, are presented in a dedicated Chapter 5. Case planning was
supervised by the treating orthopaedic surgeon, who frequently adjusted correction
parameters according to personal preferences or surgical/clinical experience. For example, in
deformities with a high risk of recurrence, overcorrection of selected parameters identified
during analysis may be required. Nevertheless, in complex deformities, this approach has
become an irreplaceable tool for both understanding and management.

3.1.1. Clinical Assessment, Gait Analysis and Radiographic Imaging

In the setting of deformities, beyond establishing the diagnosis and determining the most
appropriate treatment, it is essential for the orthopaedic surgeon to perform a systematic
clinical examination of the affected limb [115]. This should assess not only overall weight-
bearing alignment but also the preoperative mobility and stability of the involved joints. These
findings, which can be documented in written form as well as with photographs or videos, are
crucialin guiding the choice of corrections to be applied and require a precise assessment that
minimizes confounding factors. In certain conditions, even with advanced imaging available, it
may remain difficult to accurately evaluate torsional deformities of a segment or abnormal
joint motion (e.g., elbow or knee recurvatum). Furthermore, it is important for the surgeon to
determine the need for adjunctive soft-tissue procedures to be performed in conjunction with
the bony corrections (e.g., lengthenings, transpositions), whose detailed planning would
require more complex 3D models incorporating soft-tissue anatomy and is therefore beyond
the scope of this work.

As acomplementto clinical assessment, gait analysis provides an objective evaluation of joint
kinematics and muscle function and supports surgical decision-making, particularly in
patients with neuromuscular disorders and complex gait alterations. This integrated approach
has been shown to provide promising levels of accuracy and clinical applicability, which vary
depending on the specific technology and acquisition modality adopted [116]. At the Rizzoli
Orthopaedic Institute, gait analysis is supported by a dedicated laboratory and is routinely
used in clinical practice for patients with altered motor function. Several studies have
investigated its application, for example to evaluate the effects of high tibial osteotomy on
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motor function (walking, stair ascent, and stair descent) in patients with knee osteoarthritis,
severe varus deformity of the knee or plano-valgus foot, as well as to assess postoperative
lower-limb biomechanics during gait following total knee arthroplasty or arthroereisis [117-
123]. Within the collaboration between the two institutions, selected cases have integrated
three-dimensional skeletal reconstructions with gait analysis data to generate animated
skeletal models [124]. However, despite its potential, this integrated approach, requiring the
combination of imaging and gait analysis within a single session, has not yet been
implemented within the workflow adopted in the present study.

A complete radiographic assessment of the body segment of interest remains fundamental,
particularly for evaluating lower limb alignment under weightbearing conditions [15]. It can be
regarded as a 2D orthographic view of the segment of interest. This exam, if performed with
proper patient positioning, may be sufficient to characterize the nature of a mild to moderate
angular or translational deformity (whether lateral or longitudinal), but it provides no
information on possible rotational abnormalities. Moreover, in deformities where one or more
parameters are severely altered, thus defined as complex, the analysis may become entirely
unfeasible.

Second-levelimaging is essential for the evaluation of complex deformities and bone tumours,
and it usually encompasses both CT and MRI. CT or CBCT (cone-beam CT) enable high-
resolution visualization of bone morphology, with CBCT offering reduced radiation dose and
weight-bearing acquisition, making them suitable for detailed anatomical reconstructions
without contrast agents [72,125]. MRI, on the other hand, offers exceptional contrast for soft
tissues, allowing accurate evaluation of muscles, cartilage, and pathological changes within
bone. Together, these modalities provide a comprehensive understanding of both osseous and
soft-tissue anatomy, essential for accurate diagnosis and surgical planning, and can be
spatially overlaid through registration procedures (e.g., best-fit algorithms) to combine
complementary datasets, which is especially useful for reconstructing tumour-related
anatomical models [73,126].

The imaging data are subsequently processed to generate a 3D virtual bone model of the
patient’s anatomy, obtained by converting DICOM files into STL format as previously
described. This model serves as the basis for deformity analysis.

3.1.2. Three-Dimensional Analysis of the Deformity

Deformity analysis serves a dual purpose: on the one hand, it allows for a detailed
understanding of the problem being addressed, and on the other, it provides a framework for
planning its correction. This stage of the workflow relies on objective data, and analyses
performed by different operators are generally reproducible.

Alimb can be conceptualized as a chain of mobile joints connected by rigid segments (bones)
according to optimal geometric relationships. The purpose of deformity analysis is to
determine the misalighnment between joints by precisely identifying the point or points along
the bone where the deviation is most evident. These points indicate the most suitable sites for
performing deformity correction.

To assess these deviations, a principal joint plane and a centroid can be identified for each
joint, both defined according to the specific anatomical region. A recent Delphi consensus
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outlined the most commonly used anatomical landmarks for determining joint planes,
centroids, and reference coordinate systems for 3D lower-limb alignment analysis, focusing
on the hip, knee, and ankle joints [127]. From each centroid and plane, an axis emerges,
forming in each bone segment a peculiar angular relationship with the anatomical axis of the
bone (Figure 44). In a normal limb, these axes are collinear with the anatomical axis, whereas
in a deformed limb they deviate as a result of angular, translational, and/or rotational
abnormalities. The following section analyses each of these components and explains how
they can be identified on the models using the CORA method described by Paley et al [15].

Frontal Sagittal
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Figure 44. A diagram with the nomenclature for joint orientation angles in the frontal and sagittal plane. MNSA: Mechanical
Neck-Shaft Angle; aLDFA: Anatomical Lateral Distal Femoral Angle; JLCA: Joint Line Convergence Angle; MPTA: Medial
Proximal Tibial Angle; LDTA: Lateral Distal Tibial Angle; PPFA: Posterior Proximal Femoral Angle; ANSA: Anatomical Neck-
Shaft Angle; PDFA: Posterior Distal Femoral Angle; PPTA: Posterior Proximal Tibial Angle; PDTA: Posterior Distal Tibial Angle.

Angular deformity is the most important among deformity parameters. Compared to other
parameters, it is the one that most significantly compromises limb function, and it is usually
the source of discomfort and pain for the patient [34]. For example, in the lower limbs, even a
small angular deformity of a few degrees near the articular surface of the knee will markedly
shift the load-bearing axis (defined as the mechanical axis, through which the body’s centre of
mass passes during gait) outside the articular surface, generating an eccentric overload that
disturbs growth at the knee and accelerates its degeneration.

The identification of these axes in each anatomical segment is highly specific and should be
carried out in collaboration with the surgeon, following standard measurement nomenclature
and, when possible, referencing the contralateral “normal” bone. As illustrated in Figure 44,
there are no absolute normal values but rather ranges of physiological joint alignment relative
to the bone axis. These axes are often straightforward to identify. However, when the deformity
is located near ajoint surface, localization becomes more challenging, and the use of a method
that accounts for normal angular ranges becomes essential.
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In any case, the decision-making process is more complex and must always be approached in
dialogue with the surgeon, as the final desired correction, as well as the method and type of
treatment to achieve it, depends on several factors, including the underlying pathology and the
patient’s clinical presentation. For instance, in certain cases the objective may be limited to
realigning the mechanical axis, and the use of physiological joint orientation ranges is
sufficient. However, this is not universally applicable. A patient may present with aligned
anatomical axes, yet clinically exhibit knee recurvatum. In such cases, the correction must be
guided by clinical findings. In pathologies such as Perthes disease, the primary goal may
instead be to ensure proper femoral head coverage. In some complex pediatric cases,
particularly in patients with neuromuscular disorders, the aim may not be anatomical
realignment at all, but rather achieving a functional posture that enables basic care activities,
such as dressing or hygiene, to be safely performed by caregivers.

Figure 45. Two-dimensional representation of Case #5 showing the diaphyseal angular deformity of the left tibia as visualized
on orthogonal radiographs, in anteroposterior and lateral projections, respectively.

Figure 46. Case #5 CT scan obtained from the hospital PACS (Picture Archiving and Communication System) illustrating a
diaphyseal angular deformity of the left tibia and fibula, with three-dimensional visualizations in oblique, frontal, and lateral
views, respectively.
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Figures 45 and 46 illustrate Case #5, a 6-year-old girl with congenital pseudoarthrosis of the
left tibia associated with neurofibromatosis. Although the planned corrective osteotomy with
intramedullary nailing was not performed due to a preoperative fracture and the case was
excluded from the case series, it is shown here to illustrate the basic concept underlying
deformity localization.

Standard assessment relies on the coronal and sagittal anatomical planes, corresponding to
anteroposterior and lateral radiographs, respectively. When a uniapical deformity is visible on
both projections, it is often incorrectly described as biplanar. In fact, these are typically
uniplanar deformities lying in an oblique plane between the coronal and sagittal planes.

When a bone with an angular deformity is rotated 360° relative to a fixed observer, the angle
(a) formed between the proximal and distal axes varies between a maximum value (+p) and a
minimum value (-p). These extrema have the same magnitude but opposite sign, reflecting
the mirrored appearance of the same deformity when projected onto a two-dimensional
plane from opposite viewing directions. These extreme values are reached by rotating the
bone through 180°. In other words, when the deformity appears maximal in one orientation, a
180° rotation reveals the same degree of deformity in the opposite direction. The variation of a
during a full 360° rotation follows a sinusoidal pattern, as shown in Figure 47.

Sinusoidal Trend of Angular Deformity in 2D Projection
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Figure 47. Graph showing the angle between the proximal and distal axes of a diaphyseal angular deformity of the left tibia for
Case #5, measured on the CT reconstruction by rotating the bone model in 15° increments starting from the anteroposterior
(AP) orientation. The measured deformity increases to approximately +60° and then decreases to -60°, following a sinusoidal
pattern. The maximum angulation of the deformity is observed in an oblique plane, about 15° from the AP view. The graph
illustrates the sinusoidal variation of the angular deviation (a) as the bone is rotated through 360°, showing equal but
opposite magnitudes of deformity (+u) every 180° of rotation.

The maximum angular deformity between the proximal and distal axes (magnitude) is
identified by rotating the bone in 3D space until the two axes appear parallelin a 2D projection,
corresponding to a null apparent deformity (0°) in the sinusoidal variation of the angle. A 90°
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rotation from this projection reveals the plane in which the maximum angular deformity is
observed (Figure 47).

In 3D analysis, the proximal and distal axes do not necessarily intersect. Therefore, the MDP is
defined as the plane parallel to both axes and oriented along the direction of the maximum
angular deformity. This plane shows the true 3D deformity, extending beyond traditional 2D
visualization, since angular deviations observed on anteroposterior and lateral radiographs
correspond to a single uniapical deformity lying in an oblique plane. As explained before,
proximal and distal axes are defined as the lines that best approximate the central longitudinal
geometry of the bone segment and are identified on the 3D model using Blender, in agreement
with the surgeon.

When projected onto the MDP, the deformity is fully expressed, and the proximal and distal
axes intersect at the point known as the CORA. The axis passing through the CORA and
perpendicular to the MDP, defined as the Angular Correction Axis (ACA), represents the line
around which the bone segments must be rotated by the magnitude angle to realign the
proximal and distal axes (Figure 48).

Figure 48. Schematic representation of the proximal and distal axes, the Centre of Rotation of Angulation (CORA), the
Maximum Deformity Plane (MDP), and the Angular Correction Axis (ACA). The MDP is defined as the plane containing both the
proximal and distal axes, which intersect at the CORA. The ACA, oriented perpendicular to the MDP, represents the axis
around which the bone segments are rotated to restore alignment.

In fact, any plane parallel to both axes can be defined as a plane of maximum deformity. The
proximal and distal axes may lie in two distinct yet parallel planes, both belonging to this group.
The distance between these planes represents the translational component of the deformity
(Figure 49). In most cases, this component is minimal and rarely occurs as an isolated
deformity. However, as will be discussed in the planning section, it must be carefully
monitored, as it may increase depending on the selected correction strategy or the fixation
devices used.
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Figure 49. Representation of the translational component of deformity. The proximal and distal axes may lie in two distinct
but parallel Maximum Deformity Planes (MDPs); the distance between them represents the translational component.

Suppose that a bone is adjusted so that the proximal and distal mechanical axes are parallel
(eliminating angular deformity) and coaxial (eliminating translational offset). Under these
conditions, two additional parameters remain to be defined. The first is bone length, which
may vary due to longitudinal translation between the proximal and distal segments. This
parameter is critical to estimate and monitor, as it influences the outcome of the correction. A
deformed bone may initially appear shorter than the contralateral side, yet once realigned, this
difference can become negligible. However, as will be discussed later, variations in the
correction technique can lead to significant differences in the final bone length, which may
have clinical implications.

-

0

Figure 50. Illustration showing measurement of femoral version: in the frontal and sagittal views (left), the femoral shaft and
neck axes (red lines) are shown for anatomical reference. In the transverse view (right), femoral version is defined as the
angle between the line connecting the posterior tangent points of the femoral condyles projected onto the transverse plane
(black line with two points), and the proximal axis passing through the centre of the femoral neck (red line). The angle
between these two axes represents femoral anteversion.



Finally, another important parameter that can affect limb function is torsional deformity,
which in some cases may represent the only major abnormality. It is evaluated with respect to
age-specific normal ranges by measuring angular reference points between proximal and
distal articular structures and assessing their angular relationship to the bone’s longitudinal
axis (Figure 50). Several methods are available for evaluating bone torsional alignment, most
of which rely on CT or MRI, which are considered the current gold standard [128].

In summary, bones deformity analysis consists of identifying two axes (proximal and distal)
that should ideally be coaxial, and measuring the extent to which they are angulated,
translated, shortened or lengthened, and rotated relative to each other. Having a model of the
contralateral healthy bone is highly useful for determining the bone’s normal alignment. Some
authors, such as Dobbe et al. [129] in computer-assisted planning of distal radius osteotomy,
have even proposed automated systems that compare the deformed bone model with a
mirrored reconstruction of the contralateral normal bone.

3.1.3. Planning Deformity Correction

Although deformity analysis objectively and reproducibly defines the altered parameters, it
does not prescribe a single corrective solution. In practice, multiple (and theoretically infinite)
strategies can achieve the same geometric realignment [130]. Accurate identification of which
parameters to adjust and the selection of reliable reference points are therefore essential to
guide surgical decision-making. In cases of deformities prone to recurrence, particularly in
skeletally immature patients, intentional “overcorrection” of one or more parameters may be
advisable [131]. This stage of planning thus demands close surgeon supervision [132].

/— MDP

f CORA

Figure 51. Schematic representation of the Maximum Deformity Plane (MDP), the transverse bisector line (tBL), and the
corresponding Centers of Rotation of Angulation (CORAs). The main CORA is located at the intersection of the proximal and
distal axes (left), while the Angular Correction Axis (ACA), perpendicular to the MDP, can pass through any of the CORAs
along the tBL (right).

The most important element in planning corrections is the CORA, that is the center of rotation
of the angular deformity located at the intersection of the proximal and distal reference axes in
the plane of projection [15]. As previously noted, the ACA is the line perpendicular to the MDP
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passing through the CORA. In practice, an infinite number of CORAs can be defined, all lying
along the transverse bisector line (tBL), which bisects the angle between the proximal and
distal axes within the MDP. The CORA located at the intersection of the two axes is referred to
as the main CORA. The same principle applies to the ACA, which is perpendicular to the MDP
and can pass through any of these CORAs (Figure 51).

Positioning the ACA exactly at the main CORA and rotating one bone segment by the angular
magnitude realigns the proximal and distal axes without changing the overall bone length. This
property of achieving realignment is shared by all points lying on the tBL. However, selecting
an ACA at a different position along the tBL will modify the final bone length by twice the
product of the distance (d) from the main CORA and the sine of half the deformity angle (a/2).
The final bone length decreases if the ACA is placed on the concave side and increases if it is
placed on the convex side of the deformity (Figure 52). This principle underlies the simplest
osteotomy corrections (opening- and closing-wedge osteotomies) in orthopaedic surgery. The
classic method for geometric deformity planning along mechanical or anatomical axes was
developed by Paley et al. [15] and remains fundamental in current practice.
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Figure 52. All points (green) lying on the transverse bisector line (tBL, dotted green) are equivalent centres of rotation of
angulation (CORA) and achieve coaxial alignment of the proximal (red) and distal (blue) axes without inducing length changes
(left). Conversely, selecting a pivot displaced from the true CORA to correct an angular deformity of a introduces a
longitudinal effect (centre), resulting in bone lengthening in an opening-wedge osteotomy (top right) or bone shortening in a
closing-wedge osteotomy (bottom right).

These closing- and opening-wedge osteotomies represent the technically simplest
approaches for correcting pure angular deformities. They involve an incomplete bone cut,
preserving a thin final cortical bone at the end of the osteotomy, the so called 'hinge', an intact
cortex that acts as the fulcrum for correction. The hinge must be thin enough to allow
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controlled bending of the bone, yet thick enough to prevent unintended fracture [133]. Provided
that the hinge remains intact, very precise correction can be obtained, and fixation can usually
be obtained with minimal hardware, such as plates or screws. However, these classic wedge
techniques cannot address torsional alignment of the bone. Moreover, they are poorly suited
to diaphyseal bone segments, as the thick cortical bone does not allow preservation of a
flexible hinge, and for angular corrections over 15-20°, the risk of hinge fracture becomes
significant.

Closing-wedge osteotomy is performed by making two convergent subcomplete osteotomies
(often perpendicular to the proximal and distal reference axes) while leaving a hinge of bone at
the apex of this wedge. The deformity is corrected by removing the bone wedge between these
cuts and closing the gap. The final bone length is shortened by approximately half the maximal
height of the bone wedge removed (Figure 53).

closing /
wedge
CORA /

/ /—osteotomy

- —» ¢ =}

= < BL

\ osteotomy

Figure 53. Closing-wedge osteotomy: correction obtained by removing a bone wedge (grey area) between two cuts while
preserving a hinge at the apex (left), resulting in slight bone shortening (right).
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Figure 54. Opening-wedge osteotomy: correction achieved by distracting bone segments around a preserved hinge (grey dot)
(left), leading to slight increase in overall bone length (right).
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Opening-wedge osteotomy ideally involves a single subcomplete cut on a plane passing
through tBL and perpendicular to the plane of maximum deformity. By distracting between the
bone segments about a hinge, one correction of the deformity is obtained. The final length
increases by about half the maximum diastasis between the segments. If the hinge is
preserved, the correction may be stable with just a bone graft wedge, though fixation and/or
postoperative immobilization in a cast is often recommended (Figure 54).

Both osteotomy techniques should ideally be performed as close as possible to the CORA
position, or more precisely, along the transverse bisector line (tBL) on which the CORAs lie. The
farther the osteotomy is placed from the CORA, the greater the secondary translation is
induced between the proximal and distal axes [134]. In some cases, anatomical or technical
limitations preclude placing the osteotomy precisely at the CORA. However, the evaluation of
the induced translation allows the surgeon to judge whether the resulting displacement
remains acceptable given the advantages of a simpler approach. Therefore, use of alternative
correction techniques beyond basic wedge methods should be justified by one or more of the
following reasons: (1) the osteotomy plane cannot be placed sufficiently near the CORA; (2) a
torsional or translational adjustment is also needed; (3) the angular deformity to correct is
severe (angular deformity over 15°-20°); (4) the osteotomy would be located in the diaphyseal
region, where the cortical bone is too thick to preserve a bone hinge [135].
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Figure 55. Dome osteotomy is useful when the CORA is located close to a joint (a). The final bone length can be modulated by
shifting the centre of the cylindrical cut along the tBL: when centred, bone length remains unchanged (c), whereas shifting
the centre toward the concave or convex side results in shortening (b) or lengthening (d), respectively.

The dome osteotomy is one option when the osteotomy cannot pass through the CORA. The
surgeon creates a cylindrical cut whose axis passes through the CORA and is perpendicular to
the plane of maximum deformity. This osteotomy is technically demanding, even with
specialized tools, as it requires a precisely cylindrical cut. This technique allows correction of
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large angular deformities, but it can be applied only in large metaphyseal bone and does not
permit torsional or translational adjustments. Some control of final length is possible by
shifting the center of the cylinder toward the concave or convex side (analogous to wedge
methods, see Figure 55).

To correct pure torsional deformities, the standard technique is the derotational osteotomy,
defined as a complete linear osteotomy performed on a plane as perpendicular as possible to
the mechanical axis connecting the proximal and distal joint centroids [136]. The bone
fragments are alighed as needed and fixed. This osteotomy may be placed anywhere, but its
orientation must be precise to avoid introducing secondary angular deformities. Note that in
the lower limb, a torsion correction near the knee may also affect patellar tracking, either
beneficially or adversely. During this procedure, torsional alignment of the bone axes should
always be carefully monitored using at least two large pins.

If the torsion correction is truly pure, the osteotomy plane should be perpendicular to the
mechanical axis (0° inclination), otherwise an angular parasitic deformity will be introduced
after the torsional correction. More advanced planning techniques allow the surgeons to
exploit the parasitic angulation to design a single oblique osteotomy that corrects both
angular and rotational deformities with one cut. This requires precise quantification of both the
angular and torsional components, as well as accurate localization of the angular CORA.

When the angular deformity greatly exceeds the torsional one, such an oblique correction is
generally discouraged, as an excessively steep osteotomy plane may create dangerously sharp
bone edges. To illustrate the geometric relationship between angular and torsional
deformities, Figure 56 shows an experimental example using a banana model, taken from Paley
et al. [15], representing a varus deformity combined with intrarotation.
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Figure 56. Example of oblique osteotomy planning for a combined angular (45°) and torsional (25°) deformity. The calculated
osteotomy inclination is 61° with a 51° rotational correction. When the angular component predominates, the plane
becomes excessively steep, making this approach less suitable, as shown [15].

In this example, a 45° varus deformity is associated with 25° of internal rotation. By applying
geometric combination principles, the orientation of the osteotomy plane relative to the plane
of maximum deformity can be determined, resulting in a saw inclination of 61° and a rotational
adjustment of 51°. Before performing the osteotomy, the cutting plane must be reoriented by
half of the torsional deformity (12.5°) in the opposite direction to ensure proper alignment. After
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cutting, rotating the distal segment by 51° around the osteotomy axis allows full correction of
both angular and torsional components. However, as shown in this example, when the angular
deformity predominates, the osteotomy plane becomes too steep, producing sharp bone
edges and reducing the contact area between fragments. Therefore, this approach is not
recommended in cases with a dominant angular deformity. As the example shows, oblique
osteotomy demands very precise identification of the osteotomy plane, and thus the use of
PSls is mandatory. Because of the complexity of the required calculations, intraoperative
modifications are generally not feasible.

The last two techniques, shortening/translation osteotomy and osteotomy with intercalary
bone graft, enable correction of all deformity components (angulation, torsion, translation,
and length). They can be considered, respectively, as modified closing- and opening-wedge
osteotomies in which the bone hinge is sacrificed to allow additional torsional, translational,
and/or length adjustments.

In a shortening or translation osteotomy, the bone ends are brought into direct contact,
sometimes requiring the removal of a wedge or trapezoid, usually along planes perpendicular
to their respective reference axes. The resulting shortening may produce a clinically significant
limb length discrepancy, which must be carefully evaluated. The osteotomy plane can be
shaped using various configurations described for specific bone regions, allowing the surgeon
to optimize stability or minimize bone loss. For instance, oblique or chevron (V-shaped)
osteotomies can be used to enhance final stability and to reduce shortening. In particular, the
reverse V-shaped osteotomy of the distal humerus (Figure 57) enables correction of cubitus
varus while minimizing instability and medial displacement compared to the classic closing-
wedge technique [137]. Another example is the Morscher technique, in which the femoral neck
is lengthened by sliding it along an oblique osteotomy plane [138]. Numerous other techniques
involve local rearrangement of bone segments, but they share the common feature of
maintaining direct contact between proximal and distal fragments, thus eliminating the need
for bone grafting.

Figure 57. Example of reverse V-shaped osteotomy of the distal humerus for cubitus varus correction, with design of PSIs.
This configuration improves stability and reduces medial displacement compared with the traditional closing-wedge
technique.

In an intercalary graft osteotomy, the proximal and distal bone segments are not in direct
contact, and shortening is compensated, orin some cases acutely converted into lengthening,
by interposing an autologous or homologous bone graft. This configuration can reduce
mechanical stability, making proper fixation essential to minimize the risk of non-union.

59



Although the inclination of the osteotomy planes may vary, it is generally advisable for at least
one plane to remain perpendicular to the mechanical axis, allowing torsional correction
without introducing parasitic angular deformities. In an intercalary graft osteotomy, the
proximal and distal bone segments are not in direct contact, and shortening is compensated,
or in some cases acutely converted into lengthening, by interposing an autologous or
homologous bone graft. This configuration can reduce mechanical stability, making proper
fixation essential to minimize the risk of hon-union. Although the inclination of the osteotomy
planes may vary, it is generally advisable for at least one plane to remain perpendicular to the
mechanical axis, allowing torsional correction without introducing parasitic angular
deformities. Finally, all acute lengthening manoeuvres are limited by soft-tissue tolerance.
Lengthening beyond the physiological capacity of the surrounding tissues increases the risk of
neurovascular or soft-tissue injury. When the planned acute lengthening exceeds commonly
accepted safe thresholds (approximately 1 cm for the upper limb and foot [139], and 2 cm for
the femur [140]) it is advisable to adopt gradual correction techniques using external fixation
or lengthening intramedullary nails.

Distraction osteogenesis is a technique used to achieve progressive bone lengthening. It
involves placing an internal or external fixation device proximal and distal to an osteotomy and
applying gradual distraction, typically 0.5-1 mm per day.

From a biomechanical and planning perspective, these procedures are characterized by a high
sensitivity to initial implant positioning, spatial alignment, and axis definition, as gradual
distraction amplifies even small residual angular, translational, or torsional errors over time.

External fixation systems capable of multiaxial correction, such as hexapod (Taylor Spatial
Frame) configurations, allow postoperative adjustment through predefined correction
schedules generated by dedicated software. However, their effectiveness relies on an
accurate initial geometric definition of the deformity and reference axes, while prolonged
treatment duration (that may extend up to 6-12 months or longer) and patient encumbrance
remain major drawbacks. Conversely, simpler unilateral systems represent a similar concept
reducing external bulk but offering limited capacity for secondary correction, making precise
preoperative alignment critical.

Although distraction osteogenesis procedures are generally not included within the scope of
this project, as they are not typically planned through VSP or executed PSls, some preliminary
simulation tests were carried out to support the application of these techniques as well. A
biplanar distraction approach was tested on a forearm case, first through VSP and then on a
non-sterile 3D printed model, to assess feasibility, spatial configuration, and potential surgical
applicability (Figure 58).
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Figure 58. Preliminary simulation of a biplanar distraction osteogenesis using a unilateral external fixator: physical test on a
non-sterile 3D printed prototype to assess feasibility and spatial configuration.

The most advanced tool for distraction osteogenesis is the magnetically or radio-controlled
lengthening intramedullary nail. This fully implantable system uses an internal mechanical
actuator controlled by external magnetic fields or radiofrequency signals to gradually change
nail length. In these cases, the absence of postoperative adjustability makes surgical accuracy
paramount, as angular or torsional errors cannot be corrected without revision surgery [141].
Here, VSP was employed to support the selection of implant dimensions and to define the
optimal insertion trajectory, enabling simultaneous control of lengthening and angular
correction (Figure 59).

Overall, these exploratory applications highlight how 3D modelling and virtual planning can
provide critical support in distraction-based procedures by reducing geometric uncertainty,
improving implant positioning accuracy, and anticipating cumulative alignment errors, even in
contexts where PSls are not directly employed.

A schematic overview of the approaches discussed above is summarized in Table 5.

Figure 59. Virtual simulation of a magnetically controlled lengthening nail supported by VSP for sizing and insertion trajectory
planning, showing the initial deformity (left), contralateral anatomy used as reference (center, violet), and the planned final
correction (right).
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Table 5. Summary of the main deformity correction techniques described, indicating the type of correction they allow and the
stage at which it can be achieved.

Osteotomy type Complexi Corrections Advantages Drawbacks
ty
Closing-wedge Low Angulation Minimum fixation Reduces the final length of the
required bone
Bone graft not required No rotation/translation allowed
Low risk of secondary Impossible in diaphyseal bone
deformities and in severe angular
Low risk of non-union deformities
Opening-wedge Medium Angulation Minimum fixation Increases the final length of the
required bone
Low risk of secondary Bone graft recommended
deformities No rotation/translation allowed
Low risk of non-union Impossible in diaphyseal bone
and in severe angular
deformities
Dome Very high Angulation Osteotomy away from Technically demanding
the CORA No rotation/translation allowed
Allow for severe angular  Impossible in diaphyseal bone
deformities correction
Bone graft not required
Derotative Medium Rotation Simple single cut Moderate risk of secondary
Translation Low risk of non-union deformities
Bone graft not required No angular correction allowed
Oblique Very high Rotation Multiplanar correction The torsional deformity should
Angulation No bone shortening be higher than the angular
Low risk of non-union deformity
Bone graft not required PSls use is mandatory
Intraoperative modifications not
allowed
Shortening High Angulation Low risk of non-union Short final length
Translation Bone graft not required Moderate risk of secondary
Rotation deformities
Intercalary Very high Angulation Allow correction of all Requires appropriate fixation
bone graft Translation parameters technique
(e.g. Flipping- Rotation Allow length adjustment  Bone graft is mandatory
Wedge Length (*) High risk of non-union
Osteotomy, High risk of secondary
Side-to-Side deformities
Flipping Wedge Limited maximal lengthening (1
Osteotomy) cmin small bones, 2-3cm in
large bones)
Taylor spatial Medium Angulation Allow for contemporary Bulky to wear
frame (hexapod Translation correction of all High risk of pin tract infections
external fixator) Rotation parameters Expensive
Length
Unilateral High Length Less bulky than circular  Limited options to change

external fixator

Translation (**)
Angulation (**)
Rotation (**)

frames

angulation and rotation after the
initial surgery
High risk of pin tract infections
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Intramedullary Very high Length All system under the All corrections but lengthening

lengthening nail Rotation (**) skin must be achieved during the
Angulation (**) Implantcan beremoved initial surgery
after complete healing Extremely expensive
of the bone
(*) = limited

(**) = only during initial surgery

3.2. Optimized Case-specific Procedures

Based on the principles of deformity correction previously described, VSP and 3D printing were
employed not only as supporting tools, improving the understanding of the deformity and
supporting the design of customized instruments, but as enabling technologies for the
conceptual development of new surgical strategies. Within this work, two original correction
techniques were conceived, formalized, and applied by the authors in selected clinical cases,
extending the conventional use of VSP and PSls and GSls toward more versatile and geometry-
driven correction approaches. These techniques, termed Flipping-Wedge Osteotomy and
Side-to-Side Flipping-Wedge Osteotomy, were specifically developed to improve correction
accuracy, control bone length, and improve intraoperative feasibility in complex deformities
where standard osteotomy strategies are insufficient. These methodologies have been
developed using VSP and 3D virtual models, which aid in visualizing and understanding the
morphology and geometry. Notably, the strength of these techniques lies in their applicability.
Even though they were conceived with the aid of 3D visualization, they can also be effectively
utilized in settings where such technologies are unavailable, starting from standard 2D
radiographs.

3.2.1. Flipping Wedge Osteotomy

The Flipping-Wedge Osteotomy is a geometric correction technique in which the deformity
angle is corrected by rotating a bone wedge by 180° around its longitudinal axis. The wedge has
atrapezoidal cross-section, defined by two key cuts: the first (major leg) is performed along the
tBL at the CORA, while the second (minor leg) is made perpendicular to one of the reference
axes (proximal or distal) at a chosen distance (Figure 60). This configuration allows the wedge
to be flipped 180° along the chosen reference axis and repositioned, restoring alignment
without bone removal. A crucial prerequisite for this method is the precise assessment of the
deformity and accurate identification of the MDP, as described above. It was initially developed
for a distal radius deformity case, but the technique can be applied to any long bone [81].

According to the osteotomy techniques reported in Chapter 3, in the paragraph ‘Planning
Deformity Correction’, the Flipping wedge osteotomy can be classified as an intercalary bone
graft osteotomy that uses a local bone graft. As recommended, it always requires the fixation
with an appropriate device (such as plate with locking screws).
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(a) (b) (c)

Figure 60. Simulation of the surgical steps of the Flipping-Wedge Osteotomy on a deformed radius, viewed in the MDP: (a)
One cutis made along the transverse bisector line (green plane) and the other perpendicular to the longitudinal axis of the
proximal bone (blue plane); (b) the bone wedge between the cuts (red) is flipped 180° around the longitudinal axis (orange
arrow); (c) additional correction of the rotational deformity is achieved by rotating all segments distal to the blue plane (grey
and orange arrows).

Here, the geometric explanation is defined. Between two lines a and b intersecting at the
CORA, representing the proximal and distal bone axes (Figure 61a), two pairs of opposite
angles are formed on the plane containing both axes, typically the MDP. One pair defines the
angular deformity (a), while the other corresponds to its supplementary angle (8 = 180° - a)
(Figure 61b). At this stage, any possible torsional deformity between the axesis not considered,
as it will be addressed later. The intersection point of the two axes identifies the CORA, where
a concavity angle (y) and a convexity angle (8) can be defined and calculated as follows:

y=p=180°— «a
d=2a+pB=2a+(180°— a) =180°+«

To correct the deformity, both y and d must reach 180°. This is achieved by aligning the portion
of the b axis below the CORA parallel to the a axis. The correction can be obtained by mirroring
or rotating the b axis by 180° around the longitudinal bisector line (ILBL). Since only the segment
distalto the CORAis involved, the tBL (perpendicular to the IBL) is defined as the cutting plane,
allowing the lower portion to be flipped. Once this rotation is completed, y’ and &’ both equal
180°, and the a and b axes become coincident.

Y =y+a=180°—a + a = 180°
6'=6—a=180°+a—a =180°

These geometric principles, defined in two dimensions, can be extended to a three-
dimensional system by applying them on the MDP in which the deformity reaches the highest
magnitude. The axes and CORA are identified as previously described (Figure 61a and 61b). By
idealizing the bone as a rectangle with sides parallel to the axes, the corresponding angles
theorem can be applied (Figure 61c). Cutting along the tBL corrects the angular deformity,
while a second cut (perpendicular to either axis and positioned at any chosen distance)
completes the wedge without influencing the correction (Figure 61d and 61e).

If a rotational deformity is also present, it can be addressed by rotating the diaphyseal segment
on the side of the perpendicular cut, correcting the torsion independently from the achieved
angular realignment (Figure 61f).
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Figure 61. Schematic representation of the flipping-wedge osteotomy and its geometric rationale: (a) Deformed radius
sectioned along the plane of maximum deformity, with proximal (red) and distal (blue) axes intersecting at the CORA; (b)
identification of the angular deformity (a), its supplementary angle (B), and construction of the longitudinal (IBL) and
transverse bisector lines (tBL) (dotted lines); concavity (y) and convexity (8) angles are highlighted in yellow and pink; (c)
correspondence between y and & and the concave/convex bone contours; (d) definition of the bone wedge (grey) between
the tBL and a line perpendicular to axis b (black dotted line); (e) flipping the wedge 180° results in y’ and &’ = 180°, restoring
alignment; (f) torsional correction is achieved by rotating the distal (orange) segment on the perpendicular plane.
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Preoperative clinical and radiographic views of the distal forearm showing a severe angular
deformity of the distal meta-diaphysis of the radius, for which this technique was developed,
and the postoperative outcomes are presented in Figure 62 and 63.

The Flipping-Wedge Osteotomy presents several advantages and limitations that should be
considered when selecting it as a correction strategy. Among its main advantages:

Preservation of bone length: the final bone length remains unchanged. If a shortening is
desired, a small cylindrical slice can be removed from one end of the segment.
Combined angular and rotational correction: since one of the osteotomy cuts is
perpendicular to the longitudinal axis, torsional adjustment can be performed in addition
to angular correction.

Conceptual applicability beyond VSP and 3D printing technologies: the technique can be
planned and executed even in the absence of 3D modelling software or PSls, provided that
the MDP is accurately identified during preoperative assessment.

Suitability for diaphyseal regions and intramedullary fixation: it offers a straight path for
intramedullary nails, and the use of compression or Poller screws can ensure good
stability and alignment.

Although applied in few cases and requiring further validation, the flipping-wedge osteotomy
has proven to be a technique that enables accurate realignment while preserving bone length.

Figure 62. Clinical and radiographic appearance of the distal forearm. A severe angulation of the distal meta-diaphysis of the

radius is visible in both anteroposterior and laterolateral projections.

Figure 63. Postoperative clinical and radiographic images at 5-month follow-up following a Flipping Wedge Osteotomy,
showing wrist and forearm range of motion and progressive consolidation at the osteotomy site.
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3.2.2. Side-to-Side Flipping Wedge Osteotomy

The Side-to-Side Flipping Wedge Osteotomy represents a possible application of VSP, PSls,
and GSls to correct multiple deformities in a single surgical procedure, using an autograft
harvested from the contralateral deformity, thereby employing the graft from one correction,
thatis shaped a reoriented, to treat anther deformity if present [82]. It was developed to treat a
case of windswept deformity, defined as the phenotypical presentation of concurrent varus
and valgus deformities with variable localization and underlying pathologies [142], managed
through a single-stage acute bilateral osteotomy. This innovative approach highlights how VSP,
PSls, and GSls can serve as valuable resources for streamlining surgical procedures, fostering
technicalinnovation, and promoting more rational use of bone grafts [2].

The approach involves a medial closing-wedge distal femoral osteotomy on the right side and
a medial opening-wedge osteotomy on the left. The wedge removed from the valgus side was
rotated 180° and used as a cortico-cancellous autograft on the varus side. The procedure was
entirely planned through VSP, with 3D printed PSls (also serving as GSIs) ensuring precise
correction and optimal plate placement. In literature it was not possible to find any previous
instances of a similar intervention, making it essential to conduct a simulation in a virtual
environment to assess the feasibility of this novel procedure (Figure 64).

According to the osteotomy techniques described in Chapter 3, in the paragraph ‘Planning
Deformity Correction’, the Side-to-Side Flipping Wedge Osteotomy, similarly to the Flipping
Wedge Osteotomy, can be classified as an intercalary bone graft osteotomy utilizing a local
bone graft. As in the previous case, fixation with an appropriate device is recommended.

(&

Figure 64. Planning process of valgus and varus correction, with shaping of the wedge removed from the right side to correct
the valgus deformity (top central) and its rotated implantation on the left side to correct the varus deformity (bottom central).
Preoperative (left) and postoperative (right) radiographs are also shown.

In this procedure, the PSls and GSls coincide. Specifically, the VSP enabled analysis of the
required corrections and identification of the appropriate cutting planes, on which the surgical
guides were consequently designed. In this case, the fist cutting guide was a GSI that was
directly used on the patient (acting more like a PSI) to shape the graft, followed by a second PSI
used to perform the actual corrective osteotomy. This approach was also feasible because of
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a slight pre-existing limb length discrepancy, with the right limb being marginally longer. By
removing the graft and implanting it on the left side, followed by the corrective cut on the right
side, this difference was effectively equalized. The use of the designed cutting guides is shown
in Figure 65, 66 and 67.

1st cut 2nd cut
PSI/GSI design PSI design

2nd cut to

correct deformlty
1st cutto
shape the graft

Figure 65. Planned osteotomy cuts for graft shaping and correction on the right side, illustrating the use of the PSI/GSI for
graft shaping (blue plane) and the PSI for the corrective osteotomy (red plane).

Figure 66. Intraoperative view showing the application of the PSI/GSI (left) and the resulting osteotomy cuts for deformity
correction and autologous graft shaping (right) on the right femur.

Figure 67. Intraoperative image showing the implantation of the shaped autologous bone graft to correct the left femur.
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This case demonstrates how VSP and 3D printing can be effectively employed to simulate and
plan innovative approaches for correcting windswept knee deformities, ensuring both
feasibility and patient safety. To the best of our knowledge, this represents the first reported
case of a child with windswept deformity treated through simultaneous corrective osteotomy
of both knees.

Although this is a highly specific and difficult-to-replicate application, the Side-to-Side Flipping
Wedge Osteotomy represents a methodological example of how VSP and 3D printed cutting
guides can enable precise deformity correction while optimizing biological integration and
surgical efficiency. By exploiting one correction to generate an autograft for the contralateral
side, this approach allows multiple deformities to be treated within a single procedure using
the patient’s own bone, which is the gold standard for grafting. Although originally conceived
for this specific type of deformity, the same methodological principle could be potentially
extended to other scenarios, promoting more efficient and biologically sustainable surgical
strategies.
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4. 3D PRINTING AND DESIGN PROCESS OPTIMIZATION

The 3D printing and design process plays a central role in ensuring the dimensional accuracy
and functional reliability of patient-specific cutting guides. In clinical applications,
geometrical distortions induced by manufacturing and post-processing steps cannot always
be completely eliminated, particularly in the case of custom-made devices, where
geometrical variability is intrinsic. Addressing these effects requires a combined approach,
acting both on process parameters for specific guide configurations and on design-stage
adjustments to compensate for predictable dimensional variations.

The two experiments presented in this section were guided by two main hypotheses. First, it
was assumed that optimizing printing parameters could reduce residual stresses generated
during FDM fabrication, thereby limiting stress release and associated distortion during
thermal annealing. This aspect is particularly relevant to ensure reliable manufacturing also
for larger PSIs/GSls, as required in oncological resections. Second, it was hypothesized that
once a stable manufacturing process is defined, specific design features, particularly pin-
hole geometry, exhibit a systematic and measurable behaviour, which can be characterized
and exploited to obtain controlled final dimensional outcomes.

Overall, these studies represent initial steps within a broader research framework aimed at
establishing evidence-based design and printing guidelines. By addressing selected aspects
of the 3D printing and design workflow, they support the progressive definition of robust and
clinically applicable processes.

4.1. Reducing Deformation in 3D Printing

After an initial surge of interest in applying these technologies to orthopaedic paediatric
patients undergoing surgical treatment for bone deformities, attention gradually expanded to
their use in surgeries for paediatric bone tumour resections. In such cases, tumour removal
often requires the resection of large bone segments, which are subsequently replaced with a
metal implant or prothesis, or more frequently an equally large allograft obtained from a donor
through the bone tissue bank. This context may generate the need to plan, design, and
manufacture larger PSls and GSls than those typically produced.

The established manufacturing workflow, comprising CAD design, STL export, slicing, HTPLA
3D printing, annealing, and sterilization, has generally proven effective, but some limitations
emerged, particularly during the annealing step. This process, essential for enhancing thermal
and mechanical properties, promoting recrystallization, and ensuring resistance to
sterilization, was observed to cause substantial deformation in certain cases. One possible
explanation is that with larger components, the scale of deformation may increase, as the
recrystallization process releases internal stresses retained during solidification, resulting in
visible distortions.
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Figure 68. The cutting guide selected for the experiment. (a) Cutting guide and its features; (b) Print bed orientation of the
cutting guide, designed to prevent the use of support structures on the bone-contacting surface, the arrow represents the
reference system x, y and z (red, green and blue respectively).

The CAD model used in this experiment was a cutting guide designed for a bone resection
procedure with a total length of 142 mm. It was selected due to its unusually large dimensions,
an uncommon feature in paediatric orthopedics deformity corrections, where guides are
typically smaller and, to date, have not shown significant deformation. Its length and bone
contact support elements, however, led to considerable warping, which motivated a more in-
depth investigation. The guide featured lateral extensions for support and bone contact,
connected by a central rod (Figure 68a).

For this study, the basic printing parameters previously described, as well as the guide’s
orientation on the print bed, were kept consistent across all samples. The guide was positioned
centrally on the print bed with its largest flat surface facing downward. This orientation, defined
during the design phase, ensured that the bone-contacting surface faced upward as usual,
thereby eliminating the need for support structures and minimizing the risk of dimensional
inaccuracies (Figure 68b).

Accordingly, the focus of this work was not focused on the design process itself, which remains
highly case-specific and cannot be fully standardized, but rather on the evaluation of additional
printing parameters, tailored to our in-house workflow, whose influence on deformation has
not yet been fully understood. This study therefore aimed to answer two main research
questions: What effect do printing parameters have on the deformation of cutting guides after
annealing? And is there an optimal parameter combination capable of minimizing geometric
deformation to ensure reproducible and reliable outcomes, even for larger geometries?
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4.1.1. Design of the Experiment

For this experiment, a factorial design was chosen to investigate the effects of multiple factors
simultaneously. This approach evaluates all possible combinations of factor levels, enabling
the analysis of both main isolated effects and their interactions. A main effect is the change in
response produced by a change in a factor’s level, while an interaction occurs when the effect
of one factor depends on the level of another [143].

Four factors were selected and tested at two levels (“high” and “low”) (Figure 69) to investigate
both their individual effects and their interaction: raft thickness, infill pattern orientation, first-
layer surface pattern, and cooling fan speed.

(a) (b)

(c) (d)

(e) (")

Figure 69. Representative examples of the selected factor levels: raft thickness at 0 (a) and 6 (b) layers, infill pattern at 90° (c)
and 45° (d), and first-layer pattern with monotonic (e) and Hilbert curve (f) configurations.
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e Raftthickness was included as it is hypothesized to act as a mechanical constraint during
annealing, to preserve the geometry by resisting deformation. Two conditions were tested:
0 layers (absence of raft) and 6 layers (presence of raft) (Figure 69a and 69b);

e Infill pattern orientation was selected based on the assumption that different internal
geometries influence the distribution of residual stresses during cooling. These stresses
are later released during annealing, potentially affecting the final shape. Two orientations
were tested: 90° and 45° relative to the longitudinal axis of the cutting guide (Figure 69c and
69d);

e First-layer pattern was included to evaluate whether changing the default monotonic infill
to a slower, more intricate deposition path (Hilbert curve) affects residual stress
accumulation (Figure 69e and 69f);

e Fanspeedwasvariedto assessitsimpactonthe cooling rate during deposition, which may
in turn influence internal stresses. To determine the levels to be tested, five preliminary
specimens were printed using the standard process while varying the fan speed (0%, 25%,
50%, 75%, 100%). At 0% fan speed, removing the printing supports has proven to be very
difficult; therefore, the lower level was set at 25%. Accordingly, two levels were selected
for investigation: 25% and 100% fan power.

The experiment was designed as a 2* factorial experiment with a single replicate, and the runs
were randomized. The complete factor settings and experimental runs are reported in Tables 6
and?7.

Table 6. Values of the high and low levels for the four factor tested.

Levels
Factor
Low (-) High (+)
Raft thickness (layers) A 0 6
Infill pattern (°) B 45° 90°
First-layer pattern (type) C M (Monotonic) H (Hilbert curve)
Fan speed (%) D 25% 100%

4.1.2. Measurements

The experiment was carried out by comparing the values of the original CAD model with those
of the specimens treated prior to sterilization. All 16 specimens were 3D printed using the
Bambu Lab X1 Carbon printer (Shenzhen, China) following the randomized order defined by the
experimental design matrix (Table 7). They were then subjected to the annealing process
described above. After thermal treatment, the specimens were cleaned from all supports
(Figure 70) and scanned using a FARO Quantum S arm (with a non-contact accuracy of = 0,043
mm) in combination with Geomagic Design X to generate STL files for each sample. These files
were subsequently analysed by comparing them to the original CAD model.
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Figure 70. Some of the specimens after printing, annealing, and support removal, ready for scanning.

Deformation analysis was conducted using 3D distance maps generated in Geomagic Control
X (Ogton, San Francisco, California) by comparing the original CAD model with the STL files of
the 3D printed specimens (Figure 70), complemented by the evaluation of 2D cross-sections
along predefined planes: plane A, parallel to the printing bed and intersecting the connecting
rod at its mid-height (xy-plane), and plane B, longitudinal and aligned with the cutting guide at
the midpoint of the connecting rod (yz-plane) (Figure 71 and 72).

Figure 71. 3D distance map of the STL model of specimen no.1 (0 raft layers, a 45° infill pattern, monotonic first-layer pattern,
and a fan speed of 25%) compared with the original CAD geometry for deformation assessment.

(a) (c)

Figure 72. (a) 3D model showing the planes used for 2D cross-sectional deformation analysis; Representative 2D cross-
sectional comparison between the STL model of specimen no. 1 (0 raft layers, 45° infill pattern, monotonic first-layer pattern,
fan speed 25%) and the original CAD on planes A (b) and B (c): positive deformation is shown in orange/yellow, while negative

deformation is shown in blue/light blue, calculated as point-to-surface distance along surface normals.
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The analysed parameters included 3D deformation, deformation on Plane A, and deformation
on Plane B. For each parameter, the standard deviation was considered to ensure the
detection of actual variations that could not be captured by the mean value alone.

Given the screening objective of identifying the factors influencing deformation, an exploratory
data analysis was first conducted, followed by an ANOVA (Analysis of Variance) limited to main
effects. A p-value below 0.05 was considered indicative of statistical significance.

Table 7. Design matrix of the experiments, including randomized run order and corresponding response values (in mm).

3d_dev: standard deviation of the 3D distance map comparison; plA_dev: standard deviation of the 2D comparison
performed on plane A; plB_dev: standard deviation of the 2D comparison performed on plane B.

zt;';?ard Run Order A B c D 3d_dev plA_dev  plB_dev
1 1 - - - - 0.63 0.35 0.70
2 7 + - - - 0.47 0.21 0.60
3 10 - + - - 0.48 0.34 0.44
4 6 + + - - 0.65 0.39 0.51
5 15 - - + - 0.59 0.24 0.60
6 11 + - + - 0.55 0.31 0.66
7 5 - + + - 0.56 0.48 0.65
8 4 + + + - 0.54 0.43 0.61
9 9 - - - + 0.82 0.35 0.75
10 3 + - - + 0.80 0.36 0.77
11 8 - + - + 0.61 0.48 0.70
12 13 + + - + 0.53 0.48 0.58
13 14 - - + + 0.65 0.37 0.75
14 12 + - + + 0.84 0.29 0.70
15 16 - + + + 0.57 0.34 0.62
16 2 + + + + 0.83 0.54 1.05

4.1.3. Preliminary results of the Experiment

With four factors varied at two levels, the collected data (Table 7) were initially analysed using
a 2* factorial design with a single replicate (16 samples in total), given the screening objective
of the experiment. To identify the main effects influencing the responses, half-normal
probability plots of the effect estimates were constructed (Figure 73, 74 and 75), and the
contribution rates of each term to the responses are summarized in Table 8.
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Table 8. Contribution of the main terms for each response (the remaining percentage values corresponded to interaction

effects, which were excluded from this preliminary investigation).

3d_dev (%)

plA_dev (%)

plB_dev (%)

(A) Raft thickness (layers) 2.57 0.17 1.68*
(B) Infill pattern (°) 9.09 50.92 3.04
(C) First-layer pattern 0.41* 0.14* 7.78
(D) Fan speed (%) 36.72 10.97 30.53

*Values in bold highlight the factors with the lowest contribution.
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Figure 73. Half-normal probability plots for the 3d_dev response of the effects for the 24 factorial design (positive effectin
orange, negative effect in blue), with the four main factors highlighted.
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Figure 74. Half-normal probability plots for the plA_dev response of the effects for the 2¢ factorial design (positive effect in
orange, negative effect in blue), with the four main factors highlighted.
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Figure 75. Half-normal probability plots for the plB_dev response of the effects for the 2* factorial design (positive effect in
orange, negative effect in blue), with the four main factors highlighted.

The normal probability plots of the effects for each analysed response are shown in Figure 73,
74 and 75. Effects lying close to the interpolation line can be considered negligible, whereas
large effects deviate markedly from it. The plots indicate that fan speed exerts the greatest
influence on both the overall 3D deformation and the deformation observed on cross-sectional
Plane B. In contrast, deformation on Plane A is mainly affected by the infill pattern, while raft
thickness and first-layer pattern show negligible impact on the responses.

For the 3D deformation, the lowest value of standard deviation was 0.47 mm, while the highest
was 0.83 mm, which corresponds respectively to standard order specimen no.2 (raft thickness
layer=6; infill pattern degree=45, first layer pattern=M and fan speed percentage=25) and no.14
(raft thickness layer=6; infill pattern degree=45, first layer pat-tern=H and fan speed
percentage=100). For the deformation on plane A, the lowest value of standard deviation was
0.21 mm, while the highest was 0.54 mm, which corresponds respectively to standard order
no.2 (raft thickness layer=6; infill pattern degree=45, first layer pattern=M and fan speed
percentage=25) and no.16 (raft thickness layer=6; infill pattern degree=90, first layer pattern=H
and fan speed percentage=100). For the deformation on plane B, the lowest value of standard
deviation was 0.44 mm, while the highest was 1.05 mm, which corresponds respectively to
standard order specimens no.3 (raft thickness layer=0; infill pattern degree=90, first layer
pattern=M and fan speed percentage=25) and no.16 (raft thickness layer=6; infill pattern
degree=90, first layer pattern=H and fan speed percentage=100). Overall, the highest
deformationis visible in plane B. The specimens are illustrated in Figure 76 and 77.
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(a) (b)

Figure 76. Specimen no. 2 (a), which exhibited the lowest deformation in both the overall 3D deformation and on Plane A, and
specimen no. 3 (b), which showed the lowest deformation on Plane B.

(b)

Figure 77. Specimen no. 14 (a), which exhibited the highest overall 3D deformation, and specimen no. 16 (b), which showed
the highest deformation on both Plane A and Plane B.

These data show that plane B experienced the highest deformation, indicating that this plane
is more sensitive to shape modifications. Both the 3D deformation and plane A exhibited the
lowest deformation in specimen no. 2 from the standard order, which aligns with the initial
assumption derived from graphical analysis: lower fan speed and a lower infill percentage
result in reduced deformation. The highest standard deviation for 3D deformation was
observed in specimen no. 14, which also had a higher fan speed, this agrees with the overall
findings. The highest deformation value for both plane A and plane B was found in specimen
no. 16, which is consistent with the graphical analysis, showing a 90° infill pattern for plane A
and a higher fan speed for plane B. Plane B exhibited its lowest deformation in specimen no. 3,
which was printed with a lower fan speed. Clinically, the different sensitivity of the analysed
planes suggests that shape modifications may affect surgical references in distinct ways:
deformations on plane B may induce convergent or divergent tilting of the references, whereas
deformations on plane A may primarily impact rotational alignment.

4.1.4. Projection into a 2% design

Since the first-layer pattern was non-significant for all analysed results and showed the lowest
percentage contribution across most responses, it was excluded from the experiment. The
design was thus reduced to a 2° factorial with two replicates for the factors raft thickness, infill
pattern, and fan speed, allowing for the estimation of experimental error and the application of
ANOVA. The three factors were renamed accordingly to perform the analysis (Table 9).

Table 9. Values of the high and low levels of the renamed three factors.

Factor Levels

Low (-) High (+)
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Raft thickness (layers) A 0 6
Infill pattern (°) B 45° 90°

Fan speed (%) C 25% 100%

The revised half-normal probability plot for the 2 design validated the results obtained in the
previous analysis (Figure 78, 79 and 80). The main factors with a positive effect on deformation
are the infill pattern orientation and the fan speed. This indicates that higher infill orientation
angles and increased fan speed lead to greater deformation.
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Figure 78. Half-normal probability plots for the 3d_dev response of the effects for the 23 factorial design (positive effectin
orange, negative effect in blue), with the four main factors highlighted.
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Figure 79. Half-normal probability plots for the plA_dev response of the effects for the 23 factorial design (positive effect in
orange, negative effect in blue), with the four main factors highlighted.
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Figure 80. Half-normal probability plots for the plB_dev response of the effects for the 2° factorial design (positive effect in
orange, negative effect in blue), with the four main factors highlighted.

The ANOVA results show that fan speed and infill pattern have significant main effects,
respectively on the 3D deformation and the 2D deformation of plane A. In contrast, plane B
does not exhibit any significant factors, and the model itself is not statistically significant. No
interaction effects are significant (Tables 10-12).

Table 10. ANOVA analysis for the 3d_dev response.

Sum of Squares df Mean Square F-value p-value
Model 0.1581 7 0.0226 2.37 0.1245
A-Raft thickness 0.0060 1 0.0060 0.6330 0.4492
B-Infill pattern 0.0213 1 0.0213 2.24 0.1730
C-Fan speed percentage 0.0860 1 0.0860 9.04 0.0169*
AB 0.0079 1 0.0079 0.8269 0.3897
AC 0.0102 1 0.0102 1.07 0.3312
BC 0.0200 1 0.0200 2.11 0.1848
ABC 0.0067 1 0.0067 0.7008 0.4268

Pure Error 0.0762 8 0.0095

Cor Total 0.2343 15

*Values in bold with an asterisk highlight the factors that are statistically significant (p < 0.05)
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Table 11. ANOVA analysis for the plA_dev response.

Sum of Squares df Mean Square F-value p-value
Model 0.0889 7 0.0127 2.83 0.0843
A-Raft thickness 0.0002 1 0.0002 0.0470 0.8338
B-Infill pattern 0.0636 1 0.0636 14.15 0.0055*
C-Fan speed percentage 0.0137 1 0.0137 3.05 0.1189
AB 0.0068 1 0.0068 1.51 0.2547
AC 0.0021 1 0.0021 0.4655 0.5143
BC 0.0001 1 0.0001 0.0283 0.8706
ABC 0.0025 1 0.0025 0.5483 0.4802
Pure Error 0.0359 8 0.0045
Cor Total 0.1248 15
*Values in bold with an asterisk highlight the factors that are statistically significant (p < 0.05)
Table 12. ANOVA analysis for the plB_dev response.
Sum of Squares df Mean Square F-value p-value
Model 0.1228 7 0.0175 0.9183 0.5382
A-Raft thickness 0.0046 1 0.0046 0.2417 0.6362
B-Infill pattern 0.0084 1 0.0084 0.4393 0.5261
C-Fan speed percentage 0.0841 1 0.0841 4.40 0.0691
AB 0.0099 1 0.0099 0.5168 0.4927
AC 0.0054 1 0.0054 0.2813 0.6103
BC 0.0060 1 0.0060 0.3165 0.5891
ABC 0.0044 1 0.0044 0.2281 0.6457
Pure Error 0.1528 8 0.0191
Cor Total 0.2756 15

*Values in bold with an asterisk highlight the factors that are statistically significant (p <0.05)
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Figure 81. (a) Main effect plot for the fan speed for 3d_dev response; (b) Main effect plot for the infill pattern for plA_dev

response.

The graphicalrepresentation of the main effects shows that lower deformation is achieved with
the fan speed set at its lowest value (25%) and with a 45° infill pattern (Figure 81).
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However, the ANOVA for the 3D_dev response yielded a non-significant model p-value (p =
0.1245). When the analysis was recalculated excluding raft thickness, which appeared non-
significant, the resulting simplified model became significant for both overall 3D deformation
(p =0.0206) and deformation on Plane A (p = 0.0073). The lack-of-fit test was non-significant (p
=0.5537 and p = 0.6479), indicating a good representation of the data, while Plane B remained
non-significant (Tables 13-15)

Table 13. Recalculated ANOVA without the raft-thickness factor for the 3D_dev response.

Source Sum of Squares df Mean Square F-value p-value
Model 0.1274 3 0.0425 4.77 0.0206*
B-Infill pattern 0.0213 1 0.0213 2.39 0.1479
C-Fan speed percentage 0.0860 1 0.0860 9.66 0.0091*
BC 0.0200 1 0.0200 2.25 0.1595

Residual 0.1069 12 0.0089
Lack of Fit 0.0308 4 0.0077 0.8077 0.5537

Pure Error 0.0762 8 0.0095

Cor Total 0.2343 15

*Values in bold with an asterisk highlight the factors that are statistically significant (p < 0.05)

Table 14. Recalculated ANOVA without the raft-thickness factor for the plA_dev response.

Source Sum of Squares df Mean Square F-value p-value
Model 0.0774 3 0.0258 6.52 0.0073*
B-Infill pattern 0.0636 1 0.0636 16.07 0.0017*
C-Fan speed percentage 0.0137 1 0.0137 3.46 0.0874
BC 0.0001 1 0.0001 0.0321 0.8607

Residual 0.0475 12 0.0040
Lack of Fit 0.0115 4 0.0029 0.6416 0.6479

Pure Error 0.0359 8 0.0045

Cor Total 0.1248 15

*Values in bold with an asterisk highlight the factors that are statistically significant (p <0.05)

Table 15. Recalculated ANOVA without the raft-thickness factor for the plB_dev response.

Source Sum of Squares df Mean Square F-value p-value
Model 0.0986 3 0.0329 2.23 0.1376
B-Infill pattern 0.0084 1 0.0084 0.5688 0.4653
C-Fan speed percentage 0.0841 1 0.0841 5.70 0.0343
BC 0.0060 1 0.0060 0.4098 0.5341

Residual 0.1770 12 0.0148
Lack of Fit 0.0242 4 0.0061 0.3170 0.8590

Pure Error 0.1528 8 0.0191

Cor Total 0.2756 15

*Values in bold with an asterisk highlight the factors that are statistically significant (p < 0.05)

The analysis indicates that only the main effects, infill pattern and fan speed, contribute
significantly to the overall 3D deformation and to deformation on Plane A, whereas interaction
terms do not provide meaningful explanatory power and can therefore be excluded from the
model. Deformation on Plane B is not significantly explained by these factors.
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Figure 82. (a) Main effect plot of fan speed for the 3D_dev response; (b) Main effect plot of infill pattern for the plA_dev
response. The red line represents high fan speed (100%), while the black line represents low fan speed (25%).

(mm)

3d_dev

Fan speed
percentage (%)

(a)

Infill pattern
(degree)

plA_dev (mm)

)\
un
i

Q0
0
o

0
X

\
\
S0

5%
Q8
S

"
X0
N

Q
3
b

X
2
0

28

Q
QOO

N

58
5
W
5
SRR

o
S
S0
we

R

|
%

|

Fan speed
percentage (%)

63

Infill pattern
(degree)

Figure 83. (a) 3D response surface plot for the 3D_dev response; (b) 3D response surface plot of infill pattern for the plA_dev
response. Yellow/red areas indicate higher deformation at that point, whereas light blue/blue areas indicate lower
deformation.

Finally, from the results and the graphs (Figures 82 and 83), it can be stated with confidence
that minimizing overall 3D deformation requires setting the fan speed to its lowest value during
printing (even though it is not significant according to the results for Plane A). The effect of the
infill pattern, however, appears less straightforward. For deformation on Plane A, the lowest
values were observed at 45°, whereas the 3D_dev response showed the lowest deformation at
90°. This apparent contradiction may be explained by the alignment of the 90° linear infill with
the vertical connecting rod, which creates longer continuous lines on Plane A. These lines
accumulate greater tension during annealing, as their orientation favours stress concentration
along the rod. Moreover, during deposition, the longer lines, spanning the entire length of the
rod, may cool more rapidly when laid adjacent to one another, since neighbouring lines are
already cold, thereby inducing lateral adhesion stresses reflected on Plane A (xy-plane).

83



Altogether, these findings suggest that the observed differences between 45° and 90° infill
orientations result from a complex interplay of geometric alignment, thermal gradients, and
stress release during annealing.

While the most robust evidence concerns the reduction of overall 3D deformation at lower fan
speeds, the present dataset was likely insufficient to capture the full complexity of the
response. This indicates the need for further research with additional factor levels to account
for possible non-linear effects, greater statistical power, and more replicates to better
characterize experimental variability and strengthen the statistical significance of the model
terms. Moreover, other parameters not investigated here (such as infill geometry rather than
orientation, the number of walls, etc.) may also play an important role. Therefore, even though
the current results are significant, these should be regarded as a starting point for future
studies aimed at process optimization.

4.1.5. Discussion

In oncological resections, surgical guides are often bulkier and require larger material volumes
than those used for standard deformity corrections, which increases their susceptibility to
deformation during thermal post-processing. This experiment was therefore designed to
evaluate whether printing parameter optimization can improve dimensional stability after
annealing and minimize final geometric distortion.

Literature clearly shows that the mechanical performance and dimensional accuracy of FDM
parts are strongly influenced by process parameters, including printing speed, extrusion and
bed temperatures, infill density and pattern, and layer settings [144]. Furthermore, the strength
of 3D printed components is inherently anisotropic, with its extent largely determined by the
selected process parameters [145-148].

Due to rapid heating and cooling during extrusion, FDM is prone to internal stresses, shrinkage,
weak interlayer adhesion, and voids, often requiring post-processing to improve part quality
[149,150]. Among available techniques, annealing is particularly effective. By increasing
crystallinity, it reduces internal stresses, improves interlayer adhesion, and enhances
mechanical properties [151-154]. Its effects vary with polymer type: in ABS, quality improves
mainly through material reflow and gap filling, while in PLA, flexural strength increases with
higher crystallinity, depending on annealing temperature and heating/cooling cycles [155,156].
Annealing can alter the dimensionaltolerances of FDM parts, so shrinkage and expansion must
be considered during design [157].

In medical applications, steam sterilization at 121-134 °C is a key requirement, but standard
PLA may soften and degrade under heat and moisture. Nevertheless, multiple studies show
that with appropriate conditioning (material choice, geometry, and pre-annealing), PLA-based
materials can better withstand autoclaving with limited dimensional change [8,158-161].
Tarragé et al. [158] reported that PLA bio models showed the best performance at 25% infill,
with a mean deformation of 0.41 mm (SD 0.09; 95% CI1 0.34-0.47; p < 0.01). This is comparable
in magnitude to the lowest 3D deformation observed in our study (0.47 mm SD, Table 7),
despite differences in metrics and the fact that their evaluation was performed after
sterilization without prior annealing. Similarly, Boursier et al. [159] analysed autoclave
sterilization on FDM-printed PLA bone models, focusing on the effect of temperature, and
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reported minimal deformation values. Frizziero et al. [8] demonstrated that optimal
performance was achieved with previously annealed HTPLA, confirming the need for accurate
control of heating and cooling times to ensure material stability at high temperatures. PLA
showed results above expectations, making it a valid low-cost option and a promising
alternative for disposable medical tools requiring only a single heat cycle. Similarly, Cerezo et
al. [160] found that annealing-induced deformation was mainly expressed along the main
length of the part. In our study, the highest deviation was observed on Plane B (1.05 mm, Table
7), while Plane A showed maximum deformation at 90° infill orientation, consistent with
directional effects.

Finally, our findings are consistent with the recommendations of Popescu et al. [161], who
emphasized that dimensional precision is critical for surgical guides. It is therefore essential
to monitor both global and local metrics, as we did by analysing overall 3D deformation
together with 2D changes on planes A and B, to capture local deformation and directional
shrinkage or expansion. These effects are strongly process- and material-dependent.

rom a practical and clinical perspective, a more predictable manufacturing process reduces
reprints, waste, and costs, while improving fidelity to VSP and reducing deformation-related
risks in guide positioning and correction accuracy.

4.1.6. Limitations

This study has several limitations. First, not all the possible printing parameters that can be
defined during slicing were investigated, due to the high number of possible parameters, which
also differ between slicing software. This is the reason why only a few parameters, considered
the most impactful by their nature, were selected.

Afurther limitation is that dimensional variation was assessed on a single custom cutting guide
with a total length of 142 mm. Given the high level of personalization, it is difficult to establish
a standardized protocol applicable to all models, as could be done with generic or regular
geometries. Consequently, the results apply specifically to this design, with its overall length
and the defined dimensions of the connection rod.

Moreover, all measurements were taken after annealing and before sterilization. Based on our
experience, no clinically relevant deformations were observed after sterilization when
annealing was applied, at least nonsufficient to compromise the functional usability of the
guides, such as preventing proper positioning on the bone during surgery. For this reason, the
effect of sterilization was notincluded in the present analysis. Measuring only after sterilization
would not have clarified whether any deformation was due to annealing or to sterilization and
would have required two separate measurement phases, one for each treatment, which would
have been excessively time-consuming. Nonetheless, further studies incorporating
sterilization are warranted to empirically confirm the absence of additional deformations
following this process.

Moreover, measurements were not taken immediately after printing, as the study focused on
deformations relative to the original model. The aim was to assess the effect of printing
parameters on the dimensional stability of a large-scale object, regardless of the printer’s
baseline accuracy.
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The factorial design was intended as a screening experiment rather than a full optimization.
Only two levels per factor were tested, assuming linear relationships between factors and
responses, which is an acceptable simplification for preliminary purposes, although higher-
order interactions or non-linear effects may exist but were not captured. In addition, no
replicates were initially performed due to the large number of specimens and the time required
for each test, which prevented the estimation of experimental error and may have introduced
some inaccuracy. However, the design was subsequently reducedto a 2% factorial with at least
one replicate, allowing for error estimation. Further studies with more levels and additional
replications are needed to obtain more precise results and move towards parameter
optimization.

4.2. Design Parameters Tuning for 3D Printing

The design phase is one of the most critical steps of the process, as a poorly conceived guide
may compromise both the surgeon’s experience and the accuracy in reproducing the
preoperatively planned correction. VSP often relies on cutting guides that support the
execution of both standard and complex procedures, performed with either conventional
operating room instruments or dedicated systems linked to the fixation devices intended for
use. Ensuring a stable positioning of the guide and an accurate reproduction of the surgical
plan is therefore essential, and this is typically achieved through the application of K-wires.
This requirement highlighted the need to analyse specific design aspects that had not yet been
systematically addressed.

Cutting guides are generally characterized by three main features: the guide body, which
provides a precise fit onto the bone by replicating the geometric surface of the corresponding
segment; the saw slot, which directs the inclination and orientation of the surgical blade; and
the pin (K-wires/screw) holes, which serve both to secure the guide in place and to assistin the
placement of plates or screws. While the first two elements had already been evaluated in
previous studies and through our empirical experience, the design of pin holes remained
largely unexplored.

Given their central role in positioning and overall guide performance, we conducted an
experiment to investigate their design parameters in relation to the desired designh outcomes.
It is crucial that the pin remains stable once inserted, without any movement inside the hole.
Such stability is fundamental to ensure reliable intraoperative handling and to maintain the
planned orientation of the wire within the bone. The experiment therefore focused on
identifying the optimal design features of pin holes in relation to the required final wire
diameter, while also accounting for the deformations introduced by our manufacturing
process described earlier, which frequently results in a narrowing of the initially designed hole.

As mentioned earlier, the design process is highly case-specific and difficult to fully
standardize, as each case has its own requirements. Nevertheless, this work focuses on
analysing one of the more consistent features of the guides, while acknowledging that
exceptional cases may arise where the proposed values are not directly applicable. The study
experimentally investigates how the process affects the dimensional accuracy of PSls and
develops a regression model to predict the final dimensions, with the aim of optimizing design
parameters during the modelling phase to ensure a precise fit of fixation pins and thereby
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improve surgical accuracy and overall PSls stability. In this context, a key question is
addressed: what diameter should the pin holes be desighed to, given the final diameter of the
pin to be used?

4.2.1. Design of the Experiment

For this experiment, a set of samples with different dimensions was produced to collect data
and define the relationship between planned and effective values. The specimen height was
fixed at 5 mm to standardize the geometry and exclude it as a variable, ensuring that the
analysis focused solely on inner diameter and hole thickness (Figure 84). After the 3D printing
phase and subsequent annealing, the final dimensions were manually measured with a digital
calliper. To derive an empirical formula capable of predicting the final inner diameter of the
annealed specimens within the practical range of parameter values, Response Surface
Methodology (RSM) was applied. The purpose here is not to identify an optimization plateau,
but rather to establish a usable relationship within the specific diameter range employed in
practice. For the 3D printing of the specimens, the same material, machine, and process
described in the previous chapters of the standard procedure were used.

thickness

inner
diameter

Figure 84. 3D representation of the specimen with a fixed height of 5 mm and variable inner diameter and thickness.

Thirteen 3D printed samples were obtained from the combination of the selected parameters
for a comprehensive study. As previously mentioned, the two factors under investigation were
the inner diameter and thickness, for which a specific range of levels (“high” and “low”) was
defined:

1. The inner diameter was included as the main focus of the research, to investigate how it
changes from the initial design to the final post-process condition. The values ranged from
1.6 mm to 5 mm, selected based on surgical practice, reflecting the minimum and
maximum diameters commonly used in our experience in the operating room, and
ensuring they could be reliably measured with a digital calliper at the end of the process,
while accounting for a safety margin to accommodate shrinkage;

2. Thickness was the second parameter considered, as the amount of material surrounding
the inner diameter is expected to play a key role in the shrinkage results. The values were
set between a minimum of 2 mm and a maximum of 6 mm.

For the optimization of design parameters in relation to the dimensional variation caused by
annealing, aresponse surface approach was adopted. The Central Composite Design (CCD) is
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an extension of the factorial design that incorporates centre points and axial points to estimate
curvature. The position of the axial points depends on an alpha (a) value, which is determined
by the number of points in the underlying factorial design. In this case, with a two-factor, two-
level design (4 points), the corresponding a value is 1,414. Unlike a simple factorial design,
which captures only linear effects and interactions, CCD enables modelling of both linear and
quadratic terms, making it suitable for response surface analysis [143]. While CCD is typically
applied to identify an optimum point, in this study it was used solely to develop a descriptive
model, capturing the relationship between planned and effective dimensions within the
practical range of values. The variable parameters and their level are described in Table 16.

Table 16. High and low levels of the variable parameters.

Levels
Low (-) High (+)
Inner diameter (mm) 1.6 5
Thickness (mm) 2 6

4.2.2. Measurements

The experiment was conducted by designing the CAD model of each specimen according to
the dimensions defined in the design of experiment. The specimens were subsequently 3D
printed and annealed (Figure 85 and 86), after which their final dimensions were manually
measured with a digital calliper. These measurements were then compared with the initial CAD
dimensions, from which also the theoretical volume was calculated (Table 17), to evaluate the
dimensional changes induced by the process.

Figure 86. The 13 specimens after annealing, ready for measurement.
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Table 17. Central Composite Design of the experiments, including randomized run order, point type and corresponding
values (in mm). Please note that the height is maintained constant at5 mm in the experiment.

Variables (mm)

Stca):;:rl’d Run Order  Point Type | : ' Height (mm) V(‘:‘::?)e
nner Diameter Thickness

1 11 Factorial 1.6 2 5.0 163.3
2 8 Factorial 5 2 5.0 376.8
3 3 Factorial 1.6 6 5.0 866.6
4 4 Factorial 5 6 5.0 1507.2
5 1 Axial 0.9 4 5.0 363.7
6 6 Axial 5.7 4 5.0 967.6
7 9 Axial 3.3 1,2 5.0 142.9
8 2 Axial 3.3 6,8 5.0 1439.6
9 7 Centre 3.3 4 5.0 665.7
10 12 Centre 3.3 4 5.0 665.7
11 13 Centre 3.3 4 5.0 665.7
12 5 Centre 3.3 4 5.0 665.7
13 10 Centre 3.3 4 5.0 665.7

After the annealing process, the effective values of inner diameter, thickness, height (although
not included in the design, it was monitored as a control), and volume were manually
measured and calculated for each specimen. From these, the differences with respect to the
designed values were computed (Ainner, Athickness, Aheight, Avolume, and Avolume%) (Table

18).
Table 18. Final measurement and values for each specimen.
Standard .Final ‘Final Fif‘al Final Ainner Athickness Aheight Avolume
Order inner thickness height Volume (mm) (mm) (mm)
(mm) (mm) (mm) (mm?3) (mm) (%)

1 0.90 2.40 5.20 164.59 -0.70 0.40 0.20 1.31 0.01
2 4.50 2.10 5.20 380.61 -0.50 0.10 0.20 3.81 0.01
3 0.90 6.40 5.30 873.37 -0.70 0.40 0.30 6.73 0.01
4 4.60 6.00 5.30 1517.75 -0.40 0.00 0.30 10.55 0.01
5 0.00 4.30 5.30 307.71 -0.90 0.30 0.30 -56.01 -0.15
6 5.20 4.20 5.20 1001.23 -0.50 0.20 0.20 33.59 0.03
7 2.70 1.50 5.10 165.74 -0.60 0.33 0.10 22.80 0.16
8 2.90 6.90 5.30 1458.34 -0.40 0.07 0.30 18.73 0.01
9 2.80 4.20 5.30 684.98 -0.50 0.20 0.30 19.30 0.03
10 2.80 4.10 5.30 661.85 -0.50 0.10 0.30 -3.83 -0.01
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11 2.70 4.20 5.20 658.34 -0.60 0.20 0.20 -7.34 -0.01

12 2.90 4.30 5.20 709.13 -0.40 0.30 0.20 43.45 0.07

13 2.80 4.20 5.30 684.98 -0.50 0.20 0.30 19.30 0.03

The data were analysed based on RSM with a CCD, with inner diameter and thickness as
independent factors. Quadratic regression models were fitted to evaluate linear, quadratic,
and interaction effects on the measured responses. Model adequacy was assessed through
ANOVA, with a significance threshold set at p < 0.05. Non-significant terms were removed by
stepwise regression where appropriate, in order to refine the predictive model. The resulting
equations were used to generate response surface and contour plots, allowing a direct
interpretation of the relationship between design parameters and dimensional variations after
annealing.

4.2.3. Preliminary results of the Experiment

Preliminary inspection of the data clearly shows that the inner diameter consistently
decreases (our data show a range from -0.4 to —-0.9 mm), while the thickness systematically
increases (data range from +0.1 to +0.4 mm). The height also shows a slight positive shift, even
if it was maintained as a constant (from +0.2 to +0,3 mm). Overall, the volume displays only
limited percentage variations, suggesting that the dimensional changes mainly result from a
redistribution of material rather than an actual loss of volume, with the main dimensional
effect being the reduction of the inner diameter, which represents the most critical feature for
the correct fit of pins.

The response of interest was the final inner diameter, considering the varied values for the
experiment (inner diameter and thickness) as independent factors. The model fit summary
(Table 19) indicated that the quadratic model was the most suitable for describing the variation
of our response. The linear and 2FI models were not adequate, despite showing high R*values,
while the cubic model was aliased and therefore not considered. The quadratic model was
statistically significant (p = 0.0129), with no significant lack-of-fit (p = 0.7698), and showed
excellent agreement between adjusted R® (0.9984) and predicted R® (0.9973). Based on these
results, the quadratic model was selected.

Table 19. Fit summary for the choice of the model.

Sequential  Lack of Fit Adjusted
2

Model o-value pvalue R Predicted R?
Linear <0.0001 0.2086 0.9959 0.9938 Not adequate
2FI 0.6278 0.1723 0.9956 0.9935 Not adequate
Quadratic 0.0129 0.7698 0.9984 0.9973 Suggested
Cubic 0.6161 0.6433 0.9981 0.9959 Aliased

ANOVA results for the full quadratic model (Table 20) confirmed that the model was
statistically significant (p < 0.0001), with no significant lack of fit (p = 0.7698). Among the
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individual terms, the factor inner diameter had the strongest effect on the final diameter (p <
0.0001), together with its quadratic term (p = 0.0047), indicating a non-linear relationship
between nominal and final inner diameter. Conversely, the main effect of thickness was only
marginally non-significant (p = 0.061), while the interaction (Inner Diameter*Thickness) and
quadratic effect of thickness were clearly not significant.

Table 20. ANOVA analysis for the full quadratic model.

Sum of Squares df Mean Square F-value p-value
Model 26.93 5 5.39 1461.57 <0.0001*
Inner Diameter 26.84 1 26.84 7284.95 <0.0001*
Thickness 0.0183 1 0.0183 4.97 0.0610
Inner Diameter*Thickness 0.0025 1 0.0025 0.6785 0.4373
Inner Diameter? 0.0611 1 0.0611 16.59 0.0047*
Thickness? 0.0003 1 0.0003 0.0737 0.7938
Residual 0.0258 7 0.0037
Lack of Fit 0.0058 3 0.0019 0.3861 0.7698
Pure Error 0.0200 4 0.0050
Cor Total 26.95 12

*Values in bold with an asterisk highlight the factors that are statistically significant (p < 0.05)

Based on these results, a model reduction was performed to retain only the significant terms.
After model reduction, the ANOVA (Table 21) confirmed that the simplified model remained
highly significant (p <0.0001) with no lack of fit (p = 0.8646). The reduced model retained three
terms: the main effects of inner diameter and thickness, as well as the quadratic effect of inner.
Among these, inner diameter was by far the dominant factor (p < 0.0001), while thickness had
a smaller but still significant effect (p = 0.0397). The quadratic term of inner confirmed the
presence of curvature in the relationship between nominal and final inner diameter. The
interaction term and the quadratic term of thickness were excluded as they were not
significant. The coefficients of determination confirmed the quality of the fit, with R = 0,9989,
Adjusted R* = 0.9986, and Predicted R* = 0.9982, all in close agreement.

Table 21. ANOVA analysis for the model reduction.

Sum of Squares df Mean Square F-value p-value
Model 26.92 3 8.97 2827.3 <0.0001*
A-inner 26.84 1 26.84 8457.48 <0.0001*
B-thickness 0.0183 1 0.0183 5.77 0.0397*
A? 0.0633 1 0.0633 19.94 0.0016*
Residual 0.0286 9 0.0032
Lack of Fit 0.0086 5 0.0017 0.3426 0.8646
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Pure Error 0.0200 4 0.0050

Cor Total 26.95 12

R®=0.9989 Adjusted R*=0.9986 Predicted R® = 0.9982

*Values in bold with an asterisk highlight the factors that are statistically significant (p < 0.05)
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Figure 87. (a) Normal probability plot of residuals confirming the normal distribution of the data; (b) Predicted vs. actual plot
demonstrating good predictive accuracy of the model.

Diagnostic plots confirmed the adequacy of the model (Figure 87): residuals were
approximately normally distributed and the predicted vs. actual plot showed that the
experimental data aligned closely with the bisector, indicating good predictive reliability.
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Figure 88. (a) Contour plot and response surface plot (b) illustrating the effect of the factors of the model on the final
diameter.

In addition, contour and response surface plots (Figure 88) illustrate the effect of nominalinner
diameter and thickness on the final inner diameter. The plots clearly illustrate that inner
diameter is the dominant factor, with a non-linear curvature confirmed by the quadratic term,

while thickness has a smaller but significant effect. These graphical representations allow a
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direct interpretation of how dimensional changes evolve across the design space and support
the use of the regression model for predictive purposes.

The reduced quadratic model resulted in the following regression equation:
final diameter = —1.20343 + 1.29346 * inner + 0.023928 * thickness — 0.032722 x inner?

In this context, “inner” refers to the nominal inner diameter defined in the CAD design,
“thickness” to the nominal wall thickness of the hole, and “final diameter” to the effective
diameter obtained after the annealing process. The model allows prediction of the final
diameter for any combination of desigh parameters within the experimental range. Its strength
lies in the possibility of inverting the regression equation to determine the nominal CAD
diameter required to achieve a specific post-annealing size. This makes the model not only
predictive but also directly applicable as a compensation rule during design, ensuring that the
manufactured guides provide the correct fit for pins.

4.2.4. Discussion

The literature addressing design parameters or process tuning specifically for 3D printed
surgicalinstruments remains limited. Since other authors have successfully applied Response
Surface Methodology (RSM) to optimize the properties of FDM-printed parts and derive
predictive models [162,163], the same methodological approach was adopted in this study.
However, the focus was placed on a critical geometrical feature, the diameter of fixation pin
holes, with the specific aim of developing a predictive compensation equation directly
applicable during the design phase. It was hypothesized that, once a stable manufacturing
process is defined, pin-hole geometry exhibits a systematic and measurable behaviour that
can be characterized and exploited to achieve controlled and reliable final dimensions.

Similarly, Kwan et al. [164] investigated design parameters of in-house 3D-printed surgical jigs
made of surgical-grade resin, assessing how thickness and saw-slot height affect cutting
accuracy. While their work aimed to define design guidelines, it focused on purely geometrical
features and did not account for dimensional changes introduced by printing or sterilization,
as addressed in the present study. This makes their results broadly applicable across
materials, but also limits their direct transferability to process-dependent workflows.

Wijnbergen et al. [165] evaluated annealing methods for FDM tough PLA prosthetic sockets,
reporting that sand annealing produced the least deformation, while oven annealing of
vertically placed rings led to the greatest dimensional changes but also the largest mechanical
improvement. By measuring variations in inner diameter, thickness, and height of ring-like
specimens, they also showed that part orientation during annealing can influence
deformation, an aspect not considered in our work but relevant for future investigations.
Consistent with our findings, thickness was less sensitive to dimensional changes (p > 0.05)
than inner diameter (p < 0.05).

Our study aligns with the recommendation of Popescu et al. [161], who emphasized the
importance of including adequate allowances in fit-critical areas during guide design. By
focusing on pin-hole geometry, we developed an empirical regression model enabling CAD-
based compensation rules, ensuring that post-annealing dimensions match surgical
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requirements. As also noted by Popescu et al., these considerations strongly depend on the
material and process used.

4.2.5. Limitations

This study has some limitations that should be acknowledged when interpreting the results.
First, the regression model obtained through RSM is valid only within the experimental range of
inner diameter and thickness investigated. The approach cannot be directly extrapolated to
substantially different values, such as very large holes or very thin walls, which were not part
of the tested domain. The predictive equation should therefore be considered a local model,
accurate within the tested domain but requiring new calibration if the design space changes.

Second, the specimens were deliberately simplified to cylindrical rings with constant height to
isolate the effect of the two studied parameters. This controlled geometry facilitates a clear
interpretation of the results but does not fully reflect the complexity of real surgical guides,
which may include multiple adjacent holes, irregular curvatures, and other local features that
could affect deformation. In such cases, dimensional changes may also be influenced by
interactions between neighbouring elements or by structural constraints not reproduced in our
setup.

Third, although specimen height was fixed at 5 mm, slight variations were still observed after
annealing. Since height was not investigated as a factor, its potential influence on deformation
remains unexplored. It cannot be excluded that taller or thinner components may show
different shrinkage or expansion behaviour, suggesting that height should be systematically
varied in future studies to assess its role as an additional parameter.

In addition, the measurement of final dimensions was performed manually using a digital
calliper. While care was taken to minimize operator bias, this method inherently carries a small
degree of uncertainty compared to automated or scanning-based measurements. Employing
3D scanning techniques or optical metrology could improve accuracy and enable a more
detailed mapping of deformation across the entire geometry.

Finally, the model is strongly material- and process-dependent. The predictive equation
developed here applies specifically to HTPLA processed with the selected printer, printing
parameters, and annealing protocol. Any change in material, print settings, or thermal
treatment would alter the deformation behaviour, requiring renewed tuning of the model. This
highlights both a limitation and an opportunity: the methodology can be replicated and
adapted, but calibration is necessary whenever process or material conditions differ.
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5. CLINICAL OUTCOMES AND QUANTITATIVE ANALYSIS OF
PSI IMPLEMENTATION

5.1. Introduction to Protocols and Cases Cohort

As previously mentioned, the collaboration between the Department of Industrial Engineering
of the University of Bologna and the Paediatric Orthopedic and Traumatology Unit of the Rizzoli
Orthopedic Institute has been ongoing since 2018, when the first joint research protocol was
launched following approval by the Area Vasta Emilia Centro ethics committee, aimed at the
development and clinical use of patient-specific bio models. In the initial years, the activity
primarily focused on defining methodological frameworks and exploring the potential
applications of virtual CAD-based planning and 3D printing technologies within the clinical
workflow.

Since 2022, following the activation of a second research line building upon the previous work
and approved by the same institutional ethics committee, the collaboration has entered its
core phase. This phase is characterized by the formal implementation of the manufacturing of
sterilizable PSlIs produced via 3D printing, in accordance with the processes, materials, and
technologies described above.

In this chapter, an assessment of the overall work carried out is presented. To provide
methodological continuity, cases from activities conducted prior to 2022, the starting year of
this doctoral research, are also included. Although these earlier cases were not developed
within the formal framework of the PhD project, they document the progressive evolution of the
workflow and offer essential context for understanding the subsequent structured
implementation of PSls planning and design.

The chapter first presents an overall analysis of the collected data, followed by a subcohort
analysis stratified by anatomical region. It was hypothesized that procedures performed with
PSls and/or GSls achieve improved outcomes mainly in terms of operative time, correction
accuracy, and intraoperative fluoroscopy use.

5.2. General Overview of Cases

Over the years, a progressive implementation of the workflow has been observed (Figure 89).
Initially, the activity was limited to segmentation, but as expertise was consolidated, the
process was gradually optimized, first with an increasing number of cases undergoing VSP and
subsequently with a growing proportion also including PSls design and 3D printing, in line with
the activation of a dedicated clinical trial authorized by the ethical committee. Today, PSI
design has become the standard procedure, with only a few cases limited to segmentation or
VSP alone. In the last two years (2024 and 2025), the observed reduction in case numbers
reflects a shift from a high-throughput exploratory phase to a consolidation phase focused on
workflow refinement and validation, resulting in lower case volume but increased process
maturity.

Since 2018, 3D virtual reconstructions from CT and/or MRI scans have been performed for 141
paediatric and young adult patients, correspondingto 177 planned and performed procedures.
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Each procedure corresponded to one correction. Accordingly, multiple corrections performed
on different regions of the same bone during the same surgical session were considered
distinct procedures. These cases underwent segmentation alone, segmentation with VSP, or
segmentation and VSP combined with the design of customized PSls and/or GSls.

Among the 141 patients and 177 planned procedures, 170 were effectively carried out. Out of
these, 26 were bilateral, requiring the correction and treatment of both limbs. Ten procedures
were classified as multisegmental or multifocal, defined as the correction of more than one
bone segment (regardless of side) or multiple regions of the same bone (e.g., proximal and
distal femur). In four patients, the procedures were both multisegmental (e.g., involving
correction of the femur and tibia within the same surgical session) and bilateral.

An initial visual analysis of the data shows that these technologies have been applied across
different anatomical areas, with the lower limb representing the most frequently planned and
treated region. Applications were mainly concentrated in non-diaphyseal areas, particularly
the proximal and distal segments of the long bones, with a specific focus on the proximal
femur. The subdivision of the cases addressed is presented in Figures 90 and 91, organized
according to the anatomical area classification defined by the AO/OTA Fracture and
Dislocation Classification Compendium [166].
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Figure 89. Distribution of procedures over time (2018-2025) according to workflow complexity. The x-axis represents the
study protocol years (2018-2025), and the y-axis indicates the number of procedures. Procedures that underwent
segmentation only (red bars), procedures that underwent VSP (which inherently includes segmentation) (blue bars), and
procedures that additionally required PSls design (representing a further step beyond VSP) (orange bars).
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Figure 90. Distribution of procedures that underwent segmentation, VSP, and PSI design, grouped by bone segment. Regions
are classified as proximal, diaphyseal, and distal using numerical labels according to the AO/OTA Fracture and Dislocation
Classification Compendium [166]; circled numbers indicate totals per bone.

This patient group represents a heterogeneous cohort, as it includes a wide age range
(paediatric patients typically range from birth to approximately 18 years, although in some
contexts this definition may extend to include young adults), different pathologies such as
bone tumours, hip dysplasia, Ollier’s disease, and Blount’s disease, as well as various types of
treatment, including opening wedge osteotomies, shortening procedures, and fixation
procedures. To make the cohort more homogeneous, oncologic patients (22 patients,
corresponding to 22 procedures) could be analysed separately from non-oncologic patients,
since bone tumours are managed with entirely different approaches, often involving massive
resections and bone graft implantation. Moreover, the data relating to oncologic patients who
underwent surgery almost always involved the design and application of PSIs and GSls.
Therefore, it is not possible to perform the same comparisons, since a control group treated
with VSP or segmentation alone was not available.
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Figure 91. Distribution of procedures grouped by bone segment and workflow complexity. The y-axis indicates the number of
procedures, while the x-axis reports bone segment classification codes identifying the involved bone and its anatomical
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Bars represent procedures that underwent segmentation only (red), VSP (including segmentation) (blue), and procedures
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Figure 92. Representation of the correlation between surgical time and the number of segment corrections across the clinical
trial timeline. The x-axis represents the protocol time years, defined as the number of years elapsed since the initiation of the
first study protocol, while the y-axis reports surgical time. Procedures are distinguished between those performed with VSP
only (blue) and those performed with VSP combined with PSls (orange).
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In the non-oncologic cohort, an overview of the remaining paediatric procedures which
underwent surgery (122 procedure) and their surgical times indicates that, compared with
cases planned using VSP alone, those in which both VSP and PSls were employed progressively
showed a reduction in operative time over the years (Figure 92).

In any case, the data remain highly heterogeneous. In the following paragraphs, different
subgroups of the cohort are analysed to make the data as homogeneous as possible.
Specifically, the analysis is focused on procedures involving the upper and lower limbs, cases
requiring bone grafts, and oncologic patients undergoing massive resections followed by
reconstruction with massive bone allografts. The comparisons consider procedures
performed with VSP alone versus those supported by both VSP and the design of PSls for
intraoperative use. Cases involving segmentation only could not be included because, apart
from image segmentation, surgical planning was performed using traditional methods and
defined preoperatively by the surgeon without formal documentation, unlike procedures
supported by VSP alone or by VSP combined with PSls, for which complete digital planning
reports and models were available.

For each patient, informed consent was obtained and demographic data, including age and
underlying pathology, were collected. Preoperative CT scans, MRI, and radiographs were used
to document relevant anatomical details and perform analyses. CT quality was recorded as
suboptimal in the presence of artifacts, low image resolution, or partial acquisition. For each
procedure, surgicaltime, procedure type (e.g., opening or closing wedge, shortening), duration
of surgery, number of intraoperative fluoroscopy shots, and perioperative complications were
recorded by the author, with clinical data collected in collaboration with the surgical staff. A
set of corrections performed through a single surgical incision was counted as one segment
correction. When multiple segments were corrected simultaneously, surgical time and
fluoroscopy shots were divided by the number of segment corrections. VSP-only procedures
and procedures combining VSP with the design and manufacturing of sterilizable PSls for
intraoperative use, corresponding to the blue and orange bars, respectively, in Figures 89 and
91.

For a necessary overall assessment of the outcomes of these procedures, only angular
corrections were analysed, as these were the only parameters from postoperative radiographs
(for example, assessing torsional corrections would require a postoperative CT scan, which is
not part of standard clinical practice, especially when paediatric patients are involved).
Planned correction (PC) angles were retrieved from the surgical planning reports routinely
provided to the surgeon for process documentation and, when necessary, for illustrating the
application of PSls. Achieved correction (AC) angles were measured on postoperative
radiographs. When radiographs obtained in the true plane of angulation were unavailable, the
actualangulation was calculated using the Ilizarov triangle method [167]. This approach allows
to measure the achieved angular correction on the true plane, independently of standard
coronal and sagittal radiographic projections, using the angles measured on coronal (cor) and
lateral (lat) radiographs through a simple trigonometric calculation.

AC (°) = \/tan2 cor + tan? lat
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The difference between PC and AC was then calculated. To assess the accuracy of the angular
correction, the error was quantified as the absolute difference between AC and PC, thus
avoiding the cancellation of ipercorrections (+) and ipocorrections (-). The error was expressed
both in degrees (°) and as a percentage (%), to provide a more comprehensive overview, given
the presence of both small and large corrections that required normalization for comparison.

Angular correction dif ference (°) = AC — PC

Angular correction error (°) = |AC — PC|

|AC — PC|
— X

100
PC

Angular correction error (%) =

The outcome measures considered were surgical time per procedure, number of
intraoperative fluoroscopy images, incidence of complications, number of grafts, number of
PSls, number of GSls, and angular correction error.

Data were collected using Excel (Microsoft Corporation, Redmond, WA, USA) and
subsequently transferred to JASP (Version 0.95.2, University of Amsterdam, Amsterdam, The
Netherlands) for statistical analysis. All measurement data are presented as standard
deviation (SD), and corresponding range of values. Statistical analyses included independent
t-tests for comparisons of continuous variables between groups, and contingency tables with
Chi-square or Fisher’s exact test for categorical variables. Descriptive statistics were
complemented by box plots to illustrate the distribution and variability of continuous data. A
p-value < 0.05 was considered statistically significant.

5.2.1. Upper limb subcohort

Atotal of 20 patients underwent 22 upper limb procedures. To maintain ahomogeneous cohort
focused on the arm, one patient who underwent a clavicle procedure was excluded from the
analysis. The final cohort therefore included 19 patients who underwent 21 procedures,
including 2 multisegmental corrections. The mean age at the time of surgery was 10.7 years
(SD 3.3; range 6.5-16.2 years). The cohort comprised 9 females and 10 males.

Ten procedures were performed on the right arm and nine on the left. Regarding anatomical
distribution, 9 procedures involved the distal humerus, 7 the proximal ulna, 1 the ulnar
diaphysis, 2 the proximal radius, and 2 the distal radius.

In 9 out of 21 procedures, PSls were employed to aid the surgical execution. A bone graft was
required in 10 procedures, including 3 autologous and 7 homologous grafts. The 3 autologous
grafts were all harvested locally and reinserted as flipping-wedge osteotomies, without the
intraoperative support of GSls, relying solely on the measurements defined during VSP. Among
the 7 homologous grafts, 4 were delivered to the operating room in raw form and modelled
according to VSP measurements, while 3 were pre-shaped by the BTM, also based exclusively
on VSP indications.

The mean surgical time for procedures planned with VSP alone was 143 minutes (SD 56.4,
range 70-209), compared to 136.1 minutes (SD 52.2, range 69-233) for procedures planned
with both VSP and PSls. Although the mean time was lower with PSls, the difference was not
statistically significant (p =0.317).
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The mean number of intraoperative fluoroscopy shots was 12.3 with VSP alone (SD 6.7, range
4-24) and 8.2 with the addition of PSIs (SD 3.11, range 4-12), with a p-value approaching
significance (p = 0.057).

Nineteen procedures involved angular correction (10 planned with VSP only and 9 with VSP
plus PSI), allowing measurement of the achieved correction on postoperative radiographs and
comparison with the planned values. No improvement in accuracy was observed with the use
of PSls. The planned correction varied widely, with a mean of 23.9° (range 3-42°). The mean
absolute deviation from the planned correction was 3.5° (SD 3.17; range 0-11; percentage
deviation 0.15, SD 0.13; range 0-0.44) with VSP alone, and 7.0° (SD 6.86; range 0-22;
percentage deviation 0.24, SD 0.22; range 0-0.63) with PSls. The differences were not
statistically significant (absolute deviation: p = 0.92; percentage deviation: p = 0.86). Boxplot
are shown in Figure 93.
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Figure 93. Boxplots of upper limb surgical time (a), number of intraoperative fluoroscopy shots (b), absolute deviation (°), and
percentage absolute deviation of the achieved correction from the planned correction (c and d), comparing procedures
performed with VSP alone and those supported by both VSP and PSls.

The data were also analysed after further stratification by bone segment (distal humerus,
proximal ulna, ulnar diaphysis, proximal radius, distal radius), but no statistically significant
differences were found.

2 out of 12 procedures without PSIs and 3 out of 9 procedures with PSls experienced
complications. The difference was not statistically significant (p=0.611), indicating that the use
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of PSls carries a complication rate comparable to traditional surgery, with no evidence of
additional risks. Overall, 17 PSIs were designed, 3D printed, sterilized, and used across 9
procedures. In only one case, difficulty was encountered with the cutting guide, as the PSl was
slightly bulky relative to the surgical space.

5.2.2. Lower limb subcohort

Atotal of 100 lower limb procedures were performed on 72 patients. One patient was excluded
from the analysis because the case involved post-traumatic reconstruction with a graft,
representing a different surgical approach compared with the rest of the cohort. An effective
total of 99 procedures on 71 patients (37 females, 34 males), with a mean age of 10.9 years (SD
5.0; range 1.8-19.2 years). Laterality was almost equally distributed, with 50 procedures
performed on the right side and 49 on the left. Eighteen procedures involved multisegmental
corrections, and ten were bilateral.

In terms of anatomical location, 4 procedures were performed on the pelvis and 8 on the foot.
The remaining 87 procedures involved long bones of the lower limb and were distributed as
follows: 40 on the proximal femur, 18 on the distal femur, 13 on the proximal tibia, 3 on the
tibial diaphysis, 12 on the distal tibia, and 1 on the distal fibula.

Of the effective 99 procedures, 63 were performed using PSls in the operating room, while 36
were carried out with VSP alone. A bone graft was used in 27 procedures, including 8
autologous and 19 homologous grafts. Among the 8 autologous grafts, 2 were harvested from
a donor site different from the treated area (e.g., iliac crest or another bone segment). The
remaining 6 consisted of local bone wedge removal and reinsertion after reorientation or
reshaping (e.g., Flipping Wedge Osteotomy and Side-to-Side Flipping Wedge Osteotomy), one
shaped with the use of GSls. Among the 19 homologous grafts, 10 were brought into the
operating room in raw form and 9 were pre-shaped by the BTM. Of the 11 raw grafts, 9 were
manually shaped during surgery, while 1 was shaped with the aid of GSIs by the surgeon.
Among the 9 pre-shaped grafts, 7 were modelled by the BTM in the clean room based solely on
VSP measurement, while 2 were shaped with the aid of GSls.

The mean surgical time for procedures planned with VSP alone was 138.3 minutes (SD 79.1;
range 35-385), compared to 113.6 minutes (SD 53.2; range 36-269) for procedures planned
with both VSP and PSls. Although the mean time was lower with the use of PSls, this difference
was not statistically significant (p = 0.09). However, when focusing on the subcohort of 87
procedures performed on long bones of the lower limbs, thereby obtaining a more
homogeneous group, the mean surgical time for VSP-only procedures was 161.3 minutes (SD
74.8; range 47-385), compared to 114.5 minutes (SD 53.9; range 36-269) with the use of PSls.
In this case, the difference was statistically significant (p = 0.001), corresponding to a mean
time saving of 46.8 minutes. This result remained significant when further restricting the
analysis to the 58 femoral procedures: the mean surgical time with VSP alone was 159.2
minutes (SD 65.9; range 47-250), compared to 111.1 minutes (SD 52.2; range 44-269) with PSIs
(p = 0.003), with a mean reduction of 48.1 minutes. For the tibial subcohort of 29 procedures,
a mean reduction of surgical time was observed with a mean of 165.4 minutes (SD 94.3; range
85-385) with VSP alone and a mean of 121 minutes (SD 57.9; range 36-218) with the use of PSls,
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with a mean reduction of approximately 44 minutes, although this difference did not reach
statistical significance.

Boxplots of surgical time for long bones of lower limbs and femoral procedures, with the use of
VSP alone or with the use also of PSls, are shown in Figure 94.
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Figure 94. Boxplots showing surgical times for long bones of lower limbs (a) and femoral (b) procedures performed with or
without PSls.

Considering the whole cohort of 99 procedures, the mean number of fluoroscopy shots with
VSP alone was 25.1 (SD 24.1; range 1-101), compared to 15.7 (SD 12.6; range 3-80) when PSls
were used. This difference was statistically significant (p = 0.046), corresponding to a mean
reduction of approximately 9 shots. When focusing on the 87 procedures involving long bones
of the lower limbs, the difference became more pronounced. The mean number of fluoroscopy
shots with VSP alone was 29.3 (SD 24.6; range 1-101), compared to 15.9 (SD 12.8; range 3-80)
with PSlIs (p = 0.001), corresponding to a mean reduction of about 13 shots. In the femoral
subcohort, the mean number of shots with VSP alone was 28.6 (SD 22.6; range 1-96),
compared to 18 (SD 14.3; range 3-80) with PSls, resulting in a mean reduction of approximately
11 shots (p = 0.026). A stronger effect was observed in the tibial subcohort, with a mean of 30.6
shots for VSP alone (SD 29.4; range 8-101) and 11.6 for PSls (SD 7.6; range 4-32),
corresponding to a mean reduction of 19 shots, which was statistically significant (p = 0.004).
Boxplots illustrating these differences are shown in Figure 95.
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Figure 95. Boxplots showing the number of intraoperative fluoroscopy shots with VSP alone versus VSP combined with PSis:
(a) Entire cohort of 99 procedures; (b) long bone procedures of the lower limb; (c) femoral procedures; (d) tibial procedures.

Atotal of 71 procedures involved angular correction. However, foot procedures were excluded
from the analysis due to the lack of a reliable and comparable postoperative radiographic
evaluation. In foot deformities, the Ilizarov method used to quantify angular correction in long
bones is not directly applicable, as postoperative assessment of the foot relies on dedicated
weight-bearing radiographs acquired at specific angulations, which are not directly
comparable with the imaging protocol used for the rest of the cohort. Moreover, corrections
were highly complex, involving multiple procedures and multiple osteotomies per patient,
often addressing several angular deformities simultaneously. This made it impossible to
attribute a distinct postoperative angular outcome to each individual correction. Finally, the
limited number of patients (3 patients, 4 procedures) further precluded meaningful analysis.

The remaining 67 cases (21 with VSP alone and 46 with VSP plus PSI) were assessed for
achieved correction through postoperative radiographic measurements. No improvement in
accuracy was observed with the use of PSls. The planned correction varied widely, with a mean
of 27.1° (range 7-151°). The mean absolute deviation from the planned correction was 6.4° (SD
5.5; range 0-19; percentage deviation 0.22, SD 0.16; range 0-0.56) with VSP alone, and 6.0° (SD
7.4; range 0-38; percentage deviation 0.28, SD 0.36; range 0-1.9) with PSIs. The difference was
not statistically significant (absolute deviation: p = 0.80; percentage deviation: p = 0.47).
Boxplots illustrating these results are shown in Figure 96.
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Figure 96. Boxplots of angular correction accuracy in procedures planned with VSP alone versus VSP plus PSls: (a) absolute
deviation from the planned correction (°); (b) absolute percentage deviation from the planned correction.

The data were also analysed after further stratification by bone segment (femur only, distal
femur, proximal femur, tibia only, proximal tibia, distal tibia), but no statistically significant
differences were observed

Complications occurredin 13 of 63 procedures performed with PSIs and in 11 of 36 procedures
performed with VSP alone. The difference was not statistically significant (p = 0.27), consistent
with the findings from upper limb procedures and confirming that the use of PSls is associated
with a complication rate comparable to traditional surgery and can therefore be considered a
safe approach.

In total, 137 PSIs were designed, 3D printed, sterilized, and used across 63 lower limb
procedures. Technical issues related to PSls were reported in a limited number of cases. One
guide underwent slight deformation that made its use more challenging but still feasible. In
another case, positioning was difficult because the guide did not sufficiently wrap around the
bone. Eight cases involved segmentation of 3D models reconstructed from torsional CT axes,
which are of poor quality and prevented PSls optimal final fitting. One PSI fractured, likely due
to excessive humidity during the manufacturing process, which may have impaired interlayer
adhesion. In another case, the instruments were considered too bulky by the surgeon due to
an inaccurate evaluation during the planning phase.

5.2.3. Bone graft subcohort

A total of 37 procedures were performed in 27 patients (mean age 11.4 years; SD 4.4; range
5.5-19.2; 17 females and 11 males) that involved the use of a bone graft, regardless of the
anatomical site. Sixteen procedures were performed on the right side and 12 on the left. In one
case, two procedures were carried out in a single surgical session, as the patient required
bilateral grafting.

According to anatomical distribution, bone graft procedures included 2 involving the pelvis, 4
the foot, 1 the clavicle, 4 the distal femur, 11 the proximal tibia, 3 the tibial diaphysis, 3 the
distal tibia, 1 the proximal radius, 2 the distal radius, 6 the proximal ulna, and 1 the ulnar
diaphysis.
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The graft size was highly variable, with a mean height of 13.4 mm (SD 8.35; range 2-44.4), which
represents a rather wide distribution. A box plot of graft height stratified by anatomical area
further illustrates this variability (Figure 97), highlighting the broad dispersion and the limited
number of cases in some categories.
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Figure 97. Boxplot of graft height (mm) stratified by anatomical area, according to the AO/OTA Fracture and Dislocation
Classification Compendium [166].

Of the 37 planned bone grafts, 11 were autologous and 26 homologous. Among the 11
autologous grafts, 9 were local, obtained by reshaping and reorienting bone removed during
the correction and reused at the same site, thereby avoiding additionalincisions for harvesting
from another anatomical area. One of these was modelled with the aid of GSls. The remaining
2 autologous grafts were harvested from another site of the patient, most commonly the iliac
crest. Among the 26 homologous grafts, 14 were delivered to the operating room in raw form:
1 was shaped intraoperatively using a GSI, while the others were modelled freehand according
to the dimensions defined during VSP. The remaining 12 homologous grafts were pre-shaped
by the BTM, 2 with the aid of GSls and 10 following only VSP specifications. In total, 5 of the 38
procedures involved grafts shaped with the aid of GSls, while the others were modelled
freehand based solely on VSP measurements. Overall, 5 GSls for bone graft modelling were
designed, 3D printed, sterilized, and used. Among the 38 procedures, PSls were employed in
17 cases.

The mean surgical time for procedures involving grafts shaped freehand based solely on VSP
measurements was 147.9 minutes (SD 73.4; range 41-385), whereas for those shaped with the
aid of GSls it was 126.8 minutes (SD 24.0; range 100-157). Although the latter group showed a
lower mean surgical time by an average of 21 minutes, the difference was not statistically
significant (p = 0.375).

As for the use of intraoperative fluoroscopy, the mean number of shots was 17.0 (SD 17.8;
range 3-101) when grafts were shaped freehand with VSP measurement guidance, and 12.3
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(SD 8.1; range 3-20) when shaped with the aid of GSls. Although the number was lower in the
latter group, the difference was not statistically significant (p = 0.330).

Among the 37 procedures with grafts, 31 involved angular corrections. The planned correction
varied widely, with a mean of 25.8° (range 10-60°). Accuracy did not appear to improve with the
use of GSls: the mean absolute deviation from the planned correction was 4.6° (SD 4.4; range
0-17; percentage deviation 0.19, SD 0.15; range 0-0.53) for grafts shaped freehand with VSP
measurements, and 6.8° (SD 8.3; range 1-19; percentage deviation 0.29, SD 0.29; range 0.1-
0.68) for grafts shaped with GSls. The differences were not statistically significant (absolute
deviation: p = 0.582; percentage deviation: p = 0.722).

The data were also analysed after further stratification by bone segment, but no statistically
significant differences were observed, also because the cohort with the use of GSls is really
limited (for angular correction, 4 cases with GSls and 27 with VSP alone).

Boxplots illustrating these results are shown in Figure 98.
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Figure 98. Boxplots illustrating outcomes of procedures involving bone grafts shaped freehand with VSP measurements
versus with the aid of GSls: (a) surgical time; (b) number of intraoperative fluoroscopy shots; (c) absolute deviation from
planned angular correction; (d) percentage deviation from planned angular correction.

Complications occurred in 1 of 4 procedures performed with bone grafts shaped using GSls

and in 11 of 33 procedures performed with grafts shaped freehand following VSP alone. The

difference was not statistically significant (p = 0.74), consistent with the findings from both

upper and lower limb procedures with PSIs. Although the number of procedures performed
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with GSls is currently limited, these devices share the same design and manufacturing process
as PSls, differing only in their application to the graft rather than directly to the patient. For this
reason, it is reasonable to conclude that GSls, like PSls, can be considered a safe approach,
with acomplication rate comparable to traditional surgery. To date, no technicalissues related
to GSls have been reported.

5.2.4. Oncologic subcohort

A total of 22 patients underwent 22 procedures for tumour resection, with a mean age of 16.2
years (SD 11.4; range 3.3-48.3). Although the cohort is primarily composed of paediatric
patients, two adult cases were included. This decision reflects a protocol update aimed at
extending the application of patient-specific technologies to young adult patients (up to 50
years of age) particularly in the oncological setting, where complex resections may benefit
from customized preoperative planning and tools. The cohortincluded 10 female and 12 male
patients, with an equal laterality distribution (11 right-sided and 11 left-sided resections).

The anatomical sites of tumour resection were: 1 pelvis, 1 foot, 1 proximal humerus, 2 proximal
femur, 2 femoral diaphysis, 6 distal femur, 7 proximal tibia, 1 tibial diaphysis, and 1 distal tibia.
This cohort is highly heterogeneous, and it is not possible to obtain robust statistical results.
Nevertheless, descriptive and exploratory analyses were conducted to characterize the main
surgical variables and evaluate the overall feasibility and accuracy of the proposed patient-
specific workflow.

In 8 cases, the resection involved the joint surface. Of these, 3 patients underwent
reconstruction with prostheses, while 5 received composite prosthetic reconstructions, in
which the implant was anchored to structural allografts shaped to match the native anatomy.
In the remaining case, an autograft harvested from the fibula was used to reconstruct the third
metatarsal, including the distal joint surface. This was the only oncological case in which an
autograft was employed, and no prosthetic components were implanted.

Among the 22 total procedures, excluding the 3 cases reconstructed with prostheses alone,
the remaining 19 procedures involved bone grafts (18 homologous grafts from donors,
provided by the BTM, and 1 autograft harvested from the patient). In only one case, the graft
was pre-cut in a clean room by BTM using GSIs and delivered to the operating room already
shaped. In the other 18 cases, including the autograft, the graft was shaped directly in the
operating room: 16 with the use of GSIs and 2 using only measurements obtained during VSP,
without the aid of cutting guides.

Across the entire cohort of 22 cases, only two procedures were performed without PSls, relying
solely on VSP. These two cases correspond to the same procedures in which GSIs were not
used for graft shaping.

To improve clarity, the distribution of cases and the corresponding graft preparation methods
are summarized in Figure 99.
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Figure 99. Flowchart illustrating the distribution of the 22 oncological resections according to the type of reconstruction and
graft preparation.

Due to the limited number of procedures realised with VSP alone it was not possible to
compare the two groups. However, an overview of the 17 procedures planned with both GSls
and PSls can be provided. One case was excluded from the analysis because intraoperatively
the tumour had grown beyond the planned margins, preventing the use of both PSls and GSls.

Among the remaining 16 procedures, the mean surgical time was 213.9 min (SD 55.2; range
108-323), and the mean fluoroscopy use was 11.7 shots (SD 8.6; range 0-24). The absolute
error in graft length (absolute difference between planned and achieved values) averaged 6.2
mm (SD 5.9; range 0-23). Considering the signed values, 10 procedures (62.5%) resulted in
over-resection, 4 (25.0%) in under-resection, and 2 (12.5%) showed exact correspondence
between the planned and performed resection length. When expressed as a percentage of the
planned resection length, the mean value was 0.98 (SD 0.07; range 0.78-1.11). Despite two
outliers (<15 mm and +23 mm), most deviations remained within a few millimetres, and the
relative error was consistently limited, ranging from —22% to +11% of the intended cut length
(see Figure 100). Over-resections, although not desirable, usually result only in a slight loss of
additional healthy bone or minor length discrepancies, whereas under-resections are more
relevant to monitor, as they may reduce the safety margin required for oncological resections.
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Figure 100. Boxplot of resection deviations in the 16 valid cases performed with both PSls and GSls.

5.2.5. Overall cohort

Overall, 170 procedures were performed in 137 patients. Of these, 144 (114 patients)
underwent Virtual Surgical Planning (VSP) to define the optimal treatment. A total of 91
procedures involved angular correction. The planned correction varied considerably across
the cohort, with a mean of 26.3° (range 3-151°).

Of the 144 procedures, 58 involved the use of bone grafts or massive bone allografts (13
autologous and 45 homologous), 22 of which were shaped using GSls either intraoperatively or
pre-modelled in the BTM cleanroom. Compared with grafts shaped only according to VSP
measurements, cases using GSls did not present unusual technical issues or complications.
Complications occurred in 12 of 36 grafts shaped without GSIs and in 6 of 16 grafts shaped
with GSls (p = 0.628). Although the difference was not statistically significant, this result is
consistent with complication rates observed in traditional surgery, confirming that the use of
GSls is at least as safe as standard practice.

In 93 cases, sterilizable PSls were also designed and manufactured to replicate the VSP
intraoperatively, with a total of 199 guides produced (per procedure: mean 2; SD 1; range 1-9).
Similarly to what was just observed for GSls and consistently with the results of the different
sub-cohorts already analysed, the comparison of complications between procedures
performed with VSP alone and those performed with the use of PSls did not reveal a significant
difference (p = 0.721), with 14/51 complications for VSP alone and 23/70 for PSls. Once again,
these rates are comparable to those of traditional surgery, confirming the safety of PSl use.

Interestingly, both surgical time and the number of fluoroscopic shots were significantly higher
in patients who developed complications (p < 0.001 and p = 0.007, respectively). Correlation
analysis revealed a moderate positive relationship between surgical time and fluoroscopy use
(r=0.422, p <0.001), indicating that longer procedures typically required more intraoperative
imaging. When entered separately into logistic regression models, both variables were
significantly associated with complicationrisk (surgicaltime: OR1.013, p<0.001; fluoroscopy:
OR 1.028, p = 0.015). However, when included together in the same model, only surgical time
remained significant (p < 0.001), while fluoroscopy exposure lost significance (p = 0.448),
suggesting that the relationship between fluoroscopy use and complications is largely
explained by its correlation with operative duration. The odds ratio of 1.013 indicates that each
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additional minute of surgery increases the odds of developing a complication by approximately
1.3%. Although the effect per minute is modest, the cumulative impact is clinically relevant:
for every 50 additional minutes of surgery, the odds of complications nearly double, and for
every 100 minutes they triple.

Technical issues were reported for PSls in 12 cases (6% of the total PSls): 8 cases (4%) related
to suboptimal fitting due to poor-quality torsional CT reconstructions, 1 (0.5%) guide fracture,
1 (0.5%) deformation, and 2 (1%) cases of excessive bulkiness.

Given the heterogeneity of the overall cohort, evaluating statistical significance for surgical
time and fluoroscopy is of limited value, as the variability across procedures prevents
meaningful comparisons. However, complication rates and technical issues can be reliably
compared, as they are less dependent on the specific type of procedure, supporting the
interpretation of safety outcomes.

5.3. Discussion

5.3.1. Upper limbs

The upper limb analysis included all procedures performed with VSP and VSP combined with
PSls over the years. This cohort, however, was small and heterogeneous, involving different
anatomical segments and surgical indications. Therefore, statistical power was limited.
Despite this, PSI use showed a trend toward shorter operative times and reduced
intraoperative fluoroscopy, the latter approaching statistical significance, while no
improvement was observed in angular correction accuracy.

Benayoun et al. [168] similarly reported, in children with complex forearm deformities, a
significant reduction in surgical time with PSls (129 £ 35.6 min vs. 171 £ 48.6 min; p = 0.02),
lower intraoperative imaging requirements (38 + 27 uGy vs. 125 = 107 pGy; p = 0.08),
comparable complication rates, and good recovery of prono—supination. In line with these
findings, Hu et al. [169] demonstrated significantly shorter operating times in cubitus varus
correction with 3D guides compared to conventional surgery (p < 0.001), without increased
complications, and with significantly better symmetry between affected and contralateral
sides (p <0.001).

Overall, the literature supports the use of 3D printed PSls in upper limb surgery, highlighting
improved surgical precision and outcomes, with reductions in operative time and
intraoperative radiation exposure [170-172]. Moreover, the costs of these technologies may be
compensated by reductions in operative time and complication rates, ultimately suggesting a
potential reduction in overall operative costs [169,173].

Our analysis of the upper limb cohort has several limitations. The heterogeneity and limited
size of the cohort likely introduced bias and may explain the lack of statistical significance.
Postoperative angular correction measurements were also challenging due to radiographic
quality and projection variability, potentially introducing error. Nonetheless, no increase in
complications, such as infections, was observed, confirming a safety profile comparable to
traditional surgery. Functional outcomes were not assessed, as they were highly
heterogeneous and are more appropriately addressed within the clinical domain.
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5.3.2. Lower limbs

Given the numerosity of the cohort, our analysis focused primarily on the lower limb and the
subgroups of femoral and tibial procedures. Zheng et al found an average decrease in surgical
time from 47 minutes to 21 minutes, comparing proximal femur osteotomies performed with
conventionaltechnique and using cutting guides [174]. Sun et al. demonstrated that 3D printed
osteotomy guide plates for developmental dysplasia of the hip significantly reduced surgical
time (2.12+0.13 hvs. 2.69+0.10 h, P <0.001), with a time saving of 57 minutes, comparable
in magnitude to the 48 minutes observed in our series. They also reported a significant
reduction in femoral procedure time (0.39 +0.08 hours vs. 0.70+0.08 hours, P<0.001),
fluoroscopy use (2.56 =0.96 vs. 6.40 £0.99, P<0.001) and intraoperative blood loss [175].
These results are consistent with the literature on developmental dysplasia of the hip, with Shi
et al. also reporting increased precision in achieving the planned osteotomy angles [176].

The use of PSlIs in the lower limb has generally been associated with comparable benefits
across different applications. In the tibia, some studies reported their use as an aid in
alignment during distraction osteogenesis with the Ilizarov technique, helping to preserve the
planned angulation intraoperatively and to facilitate the installation of the ring fixator. Their
application was shown to halve surgical time, reduce intraoperative fluoroscopy, and improve
the accuracy of reduction [177]. Although no statistically significant difference in accuracy was
observed when comparing procedures performed with or without PSls, Belvedere et al. [178]
reported a mean discrepancy of 1.2° = 1.4° between the planned and achieved alignment when
using a 3D-printed surgical guide and fixation plate for varus knee correction in high tibial
osteotomy. Furthermore, they documented a reduction in surgical time of approximately 30%,
which is consistent with our findings (mean operative time of 165 minutes with VSP alone vs.
121 minutes with PSI). Zaffagnini et al. [84] reported that a personalised 3D-printed surgical
guide and fixation device for high tibial osteotomy resulted in a significant mean deviation of
2.1°+£2.0°in the Hip-Knee-Ankle angle and 0.2° = 0.4° in posterior tibial slope at six months.

Although we could not perform a specific evaluation for the foot, the literature reports several
studies on the use of PSls in foot surgery, showing improved precision, safety, and accuracy,
along with shorter operative times, reduced radiation exposure, and decreased intraoperative
blood loss [179,180].

Overall, these outcomes agree with the evidence available for femoral, tibial, and more
generally for lower limb procedures, and are consistent with our analysis [181,182].

5.3.3. Bone grafts

Only a few studies in the literature have addressed the use of 3D printed instruments
specifically designed for bone graft modelling and cutting. Lin et al. [183] applied this approach
in Total Hip Arthroplasty (THA) for developmental dysplasia of the hip in adult female patients,
in a smallcohort without a controlgroup. In their experience, 3D printed instruments were used
both to guide bone cuts for THA and to prepare the autograft, with no postoperative
complications observed, including implant loosening, stem sinking, graft loosening, or
dislocation. Similarly, Huotilainen et al. [184] described a case in which a 3D printed patient-
specific template was used to model a fresh osteochondral allograft, achieving a good fit at
implantation.
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However, no studies were found in the literature reporting the use of GSls in larger cohorts,
limiting direct comparison with our results.

5.3.4. Oncologic

The absence of a sufficiently large control group of surgeries performed without GSls or PSls
did not allow for statistical comparisons. Nonetheless, the analysis showed that the absolute
error, calculated by comparing the planned resection length with the pathologist’s report,
averaged 6.2 mm. Expressed as a percentage of the planned resection, most deviations were
limited to a few millimetres, with relative errors ranging between -22% and +11%. Considering
that the oncological resection margin is generally set at about 1 cm, these deviations remained
within clinically acceptable limits. Over-resections, although not ideal, generally resulted in
only minor loss of healthy bone, whereas under-resections are more critical as they may
compromise oncological safety margins. In our cohort, however, under-resections were
relatively infrequent (25% of cases), usually limited to -5 mm with only one outlier at =15 mm.
Importantly, despite these deviations, the pathologist’s report confirmed that all resection
margins were oncologically safe.

Comparable findings have been reported in the literature. Evrard et al. [185] used PSls for bone
tumour resection and GSls for shaping allografts, finding a mean difference between planned
and obtained margins of 0.4 £ 1.8 mm (range —4.4 to +5 mm), close to our results. Muller et al.
[186] analysed 11 resected surgical specimens with CT-based 3D modelling and reported a
mean deviation of 3.6 £ 2.5 mm (range —6.4 to +7.7 mm), noting larger errors in complex curved
osteotomies with multiple planes. Wang et al. [187] compared traditional osteotomies,
conventional PSls, and PSIs enhanced with fluoroscopic navigation (with K-wire reference
holes forintraoperative alignment). The maximum deviation from the preoperative planwas 7.6
mm in the manual group, 7.2 mm in the conventional PSI| group, and 3.4 mm in the
fluoroscopically assisted PSI group, confirming improved accuracy compared with both
freehand cutting and conventional PSls.

A recent systematic review on bone tumour resections also concluded that PSls and surgical
navigation yield similar results in terms of negative margins, cut accuracy, local recurrence,
and functional outcomes, with a planned margin of 25 mm considered oncologically safe for
both long bones and pelvis [188]. PSIs were associated with shorter operative times, although
limitations such as errors in long osteotomies and restricted working space were highlighted.
These findings confirm that no ‘perfect’ technique exists. However, PSls and, by extension,
GSls can be considered competitive and effective solutions in selected clinical scenarios.

Another potential advantage of PSls and GSls use is the reduction of intraoperative
fluoroscopic dependency. Although our cohort cannot definitively prove a decrease in
radiation exposure due to the absence of a control group, the mean number of fluoroscopic
shots (11.7 = 8.6) appears relatively modest. Similarly, Kamat et al. [87] reported a significant
reduction in fluoroscopy exposure, with a mean exposure time of 4.09 minutes corresponding
t0 0.1-0.22 mSv. They also documented a mean resection margin of 1.2 mm and a reductionin
operative time of 25 minutes compared to conventional techniques (p = 0.049), while blood
loss did not differ significantly (p = 0.24). Overall, they concluded that 3D-assisted resections
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ensured adequate oncological clearance while minimizing resection length, surgical time, and
radiation exposure.

Although our series lacks a conventional control group, our data support the feasibility,
oncological safety, and acceptable precision of PSIs and GSlIs use. Future comparative studies
are warranted to further quantify their role in improving surgical accuracy, surgical times and
reducing radiation exposure.

5.3.5. Overall

This study presents the experience of a single-centre institution with VSP primarily applied to
deformity correction and tumour resection in growing-age patients, with particular focus on
the role and impact of PSIs and eventually GSls for bone graft. It aims to analyse one of the
largest and most heterogeneous cohorts reported to date. Beyond the subgroup analyses,
several relevant findings also emerged from the evaluation of the overall cohort.

The results confirm that in-hospital 3D printing of PSls and GSls to support VSP-assisted
surgery is a safe and effective method for achieving precise corrections in paediatric
orthopaedic procedures. Across all subgroups, this approach significantly reduced surgical
time and the need for intraoperative fluoroscopy, without increasing complication rates. These
findings are consistent with previous studies, which also reported reduced intraoperative
blood loss, although this parameter was not considered in our evaluations [10].

Our study highlighted that both longer operative time and higher fluoroscopic exposure were
initially associated with postoperative complications. However, multivariate analysis showed
that only operative duration independently predicted complication risk, while fluoroscopy
exposure lost significance once surgical time was accounted for. This finding suggests that the
apparent effect of fluoroscopy is largely mediated by longer and more complex procedures,
which inherently carry a higher risk of complications. The literature consistently indicates that
prolonged operative time increases the likelihood of postoperative complications, with a 20%
increase in surgical duration estimated to raise the odds of surgical site infection in
orthopaedic procedures by 3.6 to 7.4 times [189]. Reducing operative time in such complex
cases istherefore crucial, not only for a matter of costs but also to minimize complications and
enhance surgical performance, but also to allow multiple corrections to be performed during
the same session, thereby decreasing the need for repeated interventions.

Based on previous studies [4], the direct production cost of a single patient-specific cutting
guide (including printer amortization, material costs, and operator time) has been estimated at
approximately €485. However, this estimation does not account for the potential indirect cost
savings associated with reduced operative time, decreased use of fluoroscopy and energy
resources, and optimized utilization of operating room personnel. Although these factors are
expected to contribute substantially to the overall cost-benefit balance, they have notyet been
quantified in economic terms and will be addressed in future dedicated studies. In addition,
potential downstream effects, such as a reduction in complication-related reoperations,
shorter hospital stays, and lower overall resource utilization, may further influence the
economic impact of these technologies. While these aspects were not assessed in the present
work, their relationship with operative time and surgical complexity is well established in the
literature and warrants investigation in future cost-effectiveness analyses [190,191].
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Only about 6% of the guides experienced technical issues, indicating a generally robust design
and manufacturing process. Most problems involved suboptimal fitting, bulkiness, or minor
deformations, mainly related to input data quality and design accuracy. The eight cases of
imperfect fitting (4%) were the most frequent and highlight how segmentation or anatomical
reconstruction errors can affect guide conformity. Except for one fractured guide, all issues
were manageable intraoperatively. Although the low rate of technical failures supports the
clinical feasibility of PSls, it also underscores the importance of quality control and
preoperative validation, as similarly emphasized in previous reports describing occasional
fitting problems or intraoperative adjustments required for 3D printed guides [89,90]. Beyond
technical aspects, delays between imaging and surgery may allow anatomical changes to
occur, representing a known limitation of template-based approaches and limiting their
applicability in emergency or rapidly evolving conditions [192].

5.4. Limitations

This study presents several limitations that should be discussed. The main limitation lies in the
heterogeneity of the cohort, which included patients of different ages, diagnoses, and
anatomical districts, as well as various surgical procedures such as osteotomies, massive
resections, and graft implantations. This variability reduces comparability across cases and
may introduce selection bias. Moreover, the limited sample size of some subgroups decreases
the statistical power and the ability to detect smaller effects. Future research should adopt a
more rationalized approach, focusing on specific anatomical regions and homogeneous
diagnostic or treatment categories to reduce heterogeneity and strengthen statistical
analyses.

Another relevant limitation concerns the evaluation of correction accuracy. Postoperative
angular corrections were not assessed by a radiologist but by the author, based solely on
single-plane postoperative radiographs. Moreover, since VSP, PSls and GSls are specifically
designed to enable three-dimensional, multifocal, or multisegmental corrections, enhancing
precision and confidence, particularly in patients with small skeletal dimensions, a
comprehensive postoperative evaluation including torsional assessment would be ideal.
However, this would require postoperative CT scans, which are not routinely performed,
especially in paediatric patients.

The variability in imaging quality also represents a limitation, as low-resolution torsional CT
scans may have affected anatomical reconstruction accuracy and PSI fitting. In addition, the
observed reduction in surgical time over the years for both VSP and PSl-assisted procedures
suggests the presence of a learning curve effect, involving both the surgical team and the
design engineers, with greater experience likely contributing to improved outcomes.

Some outcome measures, including operative time and fluoroscopy exposure, exhibit
considerable variability due to intrinsic differences among cases, making data aggregation and
statistical analysis non-trivial. Although complications and technical issues are generally
considered more objective outcomes, they may still be affected by reporting bias, since the
underlying cause of a complication cannot always be unequivocally attributed to the use of
VSP, PSls, or to patient- and procedure-related factors.
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Another limitation is the lack of systematic follow-up, as the study focused mainly on intra- and
perioperative actions and relevant complications. Long-term outcomes such as graft
integration, remodelling, rejection, or functional recovery were not assessed and should be
addressed in future studies. Furthermore, the absence of a control group of conventional
surgeries limits the possibility of direct comparison. The included cases often involved severe
and rare deformities, and retrospective comparisons with traditionally planned procedures are
challenging, since conventional planning data are rarely documented. Future case control or
prospective randomized studies comparing traditional surgery, VSP only, and VSP with
PSls/GSls assisted approaches are therefore necessary to determine the true clinical efficacy
of these technologies.

Finally, this was a single-centre study conducted within a specialized institution with
consolidated workflows and expertise in 3D planning and printing. Therefore, the results may
not be fully generalizable to other centres with different resources or levels of expertise. Future
work should include external validation through multicentric studies or collaborations to
confirm reproducibility and support the scalability of the approach.

5.5. Conclusion

This study presents one of the largest single-centre experiences with VSP, PSls, and GSls in
paediatric orthopaedic surgery. The findings confirm the clinical feasibility and safety of in-
hospital 3D printing workflows, showing reduced operative time and fluoroscopy use without
increasing complication rates. These technologies enhance surgical efficiency and may allow
multiple corrections within a single session, reducing hospitalization and overall surgical
burden.

However, the heterogeneity of the cohort, the retrospective design, and the limited size of
specific subgroups restrict the generalizability of the results. Imaging quality also proved
critical, as low-resolution or distorted CT scans occasionally affected PSI fitting.

Future studies should be prospective and multicentric and should focus on more
homogeneous cohorts. A shared protocol for virtual planning, PSI/GSI design, and
postoperative evaluation would also enable meaningful comparison and validation across
centres. Such collaborative efforts would strengthen the evidence supporting the proposed
workflow and facilitate its scalability and broader integration into clinical practice, particularly
for rare and complex paediatric musculoskeletal conditions.
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6. ADVANCING PREOPERATIVE PLANNING - IMPROVED
OUTCOMES THROUGH MUSCLE PROPERTY INTEGRATION

This chapter has been included to document the 4-months research period abroad carried out
at Materialise (Leuven, Belgium) during the PhD program. Due to the highly theoretical and
exploratory nature of the work, it must be considered as a research “spin-off” of the main
doctoral project.

This chapter addresses a topic that is different yet closely related to the core research themes.
Specifically, the literature review conducted at the company focused on the identification of
muscle-related parameters (particularly of the shoulder region) that can be extracted from
standard medical imaging modalities, with a primary focus on CT.

As for the doctoral project, CT is the main imaging modality used for anatomical model
reconstruction, but it is employed exclusively for osseous structures. In contrast, this review
examined the relevance of muscular anatomy and characteristics in VSP and outcome
prediction, exploring the extractions of meaningful soft tissue data mainly from CT, but also
from MRI and ultrasound.

Additionally, the potential application of these techniques to musculoskeletal disorders in
pediatric patients was explored, outlining a possible future direction to enhance VSP through
the integration of muscular parameters within the current bone-focused workflow.

6.1. Muscle Parameters Contribution to Postoperative Outcomes
Prediction — Evidence from Shoulder Arthroplasty (PhD research abroad)

Preoperative planning is increasingly applied in surgical assessment, as it enables a better
understanding of the patient’s anatomy and provides a three-dimensional view of the
morphology of the region of interest. It also supports the design of PSls, which help achieve the
objectives defined in the virtual surgical plan with greater precision [193]. This approach
continues to evolve, allowing surgeons to virtually position implants to optimize correction,
fixation, and, ideally, postoperative function, while minimizing complications. For instance, in
shoulder arthroplasty, preoperative planning can facilitate accurate implant positioning and
reduce the risk of bone erosion, such as scapular notching [194].

Shoulder arthroplasty is a well-established and increasingly adopted treatment for a wide
range of pathologies, particularly when pain and loss of function (mobility and strength) can
not be adequately managed through conservative methods. Its main goal is to restore mobility,
reduce pain, and help patients maintain an active lifestyle [195]. In recent years, Reverse
Shoulder Arthroplasty (RSA) has gained prominence, surpassing the use of traditional Total
Shoulder Arthroplasty (TSA) [196,197]. RSAis primarily indicated for the treatment of end-stage
shoulder arthropathy associated with significant rotator cuff deficiency [198] and for TSA
revisions. The main indications for RSA are massive rotator cuff tears (MRCT) and the resulting
cuff tear arthropathy (CTA). It is also increasingly used in cases of glenohumeral osteoarthritis
(OA), particularly when associated with rotator cuff insufficiency. Advanced CTA often leads to
pain and reduced range of motion (ROM), causing significant limitations in daily activities. Its
design specifically compensates for a deficient or non-functioning rotator cuff by altering
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shoulder joint biomechanics: the normal ball-and-socket configuration is reversed, the centre
of rotation is medialized, and the lever arm of the deltoid muscle is increased [199-201]. These
biomechanical changes enable the deltoid to assume the role of the damaged rotator cuff,
becoming the primary elevator of the arm and thereby restoring essential movements such as
abduction and flexion and relieving pain [202,203].

An important aspect of shoulder arthroplasty planning is the evaluation of muscle properties,
which plays a key role in assessing muscle diseases, age-related degeneration, and muscle
decline. Muscle morphology and function can reflect underlying conditions, making their
quantification essential. Treatment planning relies not only on joint and bone status but also
on muscle quality. Identifying correlations between these parameters and clinical outcomes
is crucial to improve planning, reduce the risk of failure and manage patient expectations.
While implant positioning is critical, an accurate assessment of muscle quality, particularly of
the deltoid and rotator cuff, is equally decisive in choosing between TSA and RSA and in
predicting postoperative outcomes [204].

Figure 101. Shoulder external rotation before (left) and after (right) reverse shoulder arthroplasty, illustrating postoperative
limitation due to humeral medialization, which reduces the posterior deltoid moment arm for external rotation (ER), with a
possible contribution from slackening of the infraspinatus and teres minor. Taken from Boileau et al. [198].

Many studies have examined optimal implant positioning and how outcomes vary with
placement modifications [205]. However, muscle status plays a crucial role and can
significantly influence these strategies. For instance, while RSA consistently restores
abduction and forward elevation - provided the deltoid is functional and in good condition - its
effectiveness in improving movements such as external rotation remains uncertain, as it
depends largely on muscle quality, particularly that of the rotator cuff [206,207]. In RSA, the
anterior and posterior deltoid fibres are increasingly recruited for abduction and elevation, but
this shift toward a more vertical force vector often reduces their rotational contribution[208].
Loss of anterior deltoid input to internal rotation can be compensated by intact internal
rotators, whereas compromise of the posterior deltoid leaves external rotation reliant solely on
the infraspinatus and teres minor [198,209,210]. A retrospective study by Kim et al. involving a
cohort of 77 patients found that external rotation and internal rotation are particularly difficult
to restore. This issue is significant because, while external rotation is often associated with
overhead activities, internal rotation is critical for hygiene [195].
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Figure 102. Muscle lines of action in the scapular plane for the anatomic and reverse shoulder at 0° of humeral abduction
relative to a line parallel to the glenoid base (red arrow). Dashed arrows represent muscle lines for anatomical shoulder,
while solid black arrows represent RSA. Blue circles represent the approximate centroid location of each muscle or sub-

region origin. Taken from: Ackland et al. [208].

Some muscular characteristics are known to correlate with postoperative outcomes. The most
significant are properties related to volume, fatty infiltration patterns, and muscle length (and,
consequently, muscle tension). Both the size/shape and quality of a muscle are important
factors that influence its force production capacity. A larger muscle has a greater cross-
sectional area (CSA) and, therefore, a larger moment arm. As such, patients with greater
muscle volume are likely to experience improved abduction/adduction and flexion/extension.
These differences in joint loading may have important clinical implications for RSA
complication rates, particularly regarding acromial and scapular stress fractures, instability,
and aseptic loosening [211].

6.1.1. Imaging

Quantitative and qualitative muscle assessments, such as volume, density, composition, and
adipose tissue distribution, are increasingly applied in conditions like sarcopenia,
characterized by progressive loss of muscle mass, strength, and function [212]. Radiological
evaluation of muscle properties is fundamental for assessing muscle diseases. As part of
routine clinical practice, upright plain X-rays (XR) are performed in arthroplasty patients both
pre- and postoperatively. Preoperatively, they can reveal advanced glenohumeral
osteoarthritis and cranial migration of the humeral head, which is commonly associated with
advanced rotator cuff tears. Postoperatively, XRs are used to assess prosthesis position and
detect periprosthetic fractures [213]. Muscle and tendon status is sometimes inferred from an
acromiohumeral interval (AHI) <7 mm [214,215], although the reliability of XR for this purpose
is limited [216]. For evaluating bony anatomy and planning surgery based on patient-specific
anatomy, CT remains the most accurate preoperative imaging modality, superiorto XR and MRI
[217]. CT is particularly useful in preoperative planning, complementing radiography by
demonstrating fractures, osteoarthritis, available bone for fixation, and morphological
parameters such as humeral head retroversion or glenoid version [213]. Fatty degeneration of
the rotator cuff muscles, commonly graded with the Goutallier system [218], is usually
assessed with CT or MRI due to its superior soft tissue contrast. However, CT offers faster
acquisition, wider availability, lower cost, and higher spatial resolution. Moreover, unlike MR,
CT can quantify muscle density (attenuation), which reflects fat content in Hounsfield units
(Table 22). Muscle area (single slice) or volume (stack of slices) can be measured with both MRI
and CT, though segmentation remains challenging due to low soft tissue contrast [106,219].
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CT is increasingly used as a research tool to investigate skeletal muscle biology in vivo,
allowing segmentation of individual tissues and direct measurement of CSA and volume. While
Dual-energy X-ray Absorptiometry (DXA) and bioelectricalimpedance can quantify lean and fat
mass, only CT and MRI provide spatially resolved distribution of muscle and adipose tissue. By
default, CT numbers are calibrated to water using the formula: CT number = ((4 — pw)/pw) x
1000 [HU] [106,220].

Table 22. CT Hounsfield units to categorise muscle tissues.

CTvalues Tissue
-190 to -30 [HU] Adipose tissue
-29to 150 [HU] Muscle

MRI is mainly used preoperatively to assess rotator cuff tendons, muscle quality, and fatty
infiltration, and remains superior for evaluating tear size, tendon retraction, and atrophy
[213,221]. Ultrasound, increasingly studied and applied in this field, is portable, inexpensive,
and effective for detecting hematomas, infections, and full-thickness cuff tears and does not
expose patient to radiations, though its accuracy decreases for partial tears and depends on
operator expertise [213,222]. While MRI offers comprehensive assessment and accuracy for
re-tears, US provides higher spatial resolution and growing clinical relevance. Standardized
imaging protocols are essential to maximize diagnostic accuracy and improve outcome
prediction [223].

6.1.2. Muscle parameters

Several muscle parameters have been investigated in the literature, with some already well
established and others only recently gaining attention. Classifications such as the Goutallier
system [218] are routinely applied in clinical practice and have become traditional tools for
clinicians. However, many of these approaches are subjective and qualitative, often relying on
the assessment of a single two-dimensional image to describe a feature that is inherently
three-dimensional, such as the tangent sign method [224]. As a result, the true three-
dimensional characterization of muscle properties may differ from their conventional two-
dimensional representation. To achieve an objective and reproducible assessment, it is
important to adopt quantitative, operator-independent methodologies. Among the most
important parameters investigated for guiding shoulder arthroplasty treatment, and for their
potential predictive value in postoperative RSA outcomes, are the following.

1. Fatty infiltration

Fatty infiltrations (FI) are known to be one of the most impactful parameters affecting the
outcomes of certain shoulder procedures, which are considered prognostic and are crucial for
clinical decision-making as they seem to be non-reversible [225]. Fl plays an important role in
shoulder arthroplasty and can help guide patient expectations [204,226] and are among the
factors that contribute to patient-reported and functional outcomes. For example, they appear
to be negative predictor of patient-reported outcomes, and they negatively impacting force
capacity and daily activities, especially those involving internal and external rotations in case
of infraspinatus involvement [195,227]. The principal method for defining the stage of Fl in
muscles is a qualitative method described by Goutallier, which identifies five grades using CT
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(Table 23) and considers fatty infiltration pathological from stage 2 onward. Additionally, Fuchs
described a method for assessing Fl on MRI [218,228].

Table 23. Grading of fatty infiltration of the Rotator Cuff Muscles with the system of Goutallier et al. and Fuchs et al.

Stage Findings on CT and/or MRl scans
0 Completely normal muscle, without any fatty streak
1 The muscle contains some fatty streaks
2 The fatty infiltration is important, but there is still more muscle than fat
3 There is as much fat as muscle
4 More fat than muscle is present

These methods show poor interobserver reliability and are limited by assessing a 3D structure
from a single 2D slice, as fat is unevenly distributed within muscles. Quantitative 3D methods
provide more accurate evaluation of Fl, better discrimination between Goutallier grades, and
often reveal lower values than qualitative estimates [229,230]. Recent studies have also linked
quantitative Fl assessment with measures of muscle loss and atrophy [231,232].

Werthel et al. used CT-based 3D measurements of rotator cuff muscles to quantify fatty
infiltration (3DFI), muscle mass (3DMM), and muscle loss (3DML), showing these methods to
be reliable and more precise than 2D grading. Pathological shoulders had significantly higher
3DFI and 3DML than healthy ones, with CTA and MRCT showing the greatest changes,
especially in the supraspinatus and infraspinatus. Moreover, 3D metrics correlated strongly
with the traditional Goutallier score, particularly 3DML for the infraspinatus [233].
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Figure 103. Two examples of three-dimensional reconstruction and sagittal view of the infraspinatus (red) and intramuscular
fat (yellow). Vfibers, muscle fibre volume; Vimfat, intramuscular fat volume; Vscapula, scapular volume; NVfibers,
normalized volume of muscle fibres; RefNVfibers, reference value for males (left image) and females (right image) for the
infraspinatus; 3DMM, 3-dimensional muscle mass; 3DFI, 3-dimensional quantitative calculation of fatty infiltration; 3DML, 3-
dimensional muscle loss. Taken from Werthel et al. [233].

Posterior cuff insufficiency limits external rotation after RSA. Wiater et al. [234] showed that
infraspinatus fatty infiltration correlates with reduced external rotation, and when extended to
the teres minor, it leads to poorer function. Subscapularis fatty infiltration may reduce internal
rotation, though evidence is less clear[203,235]. Blakeney et al. confirmed with CT that 3D fatty
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infiltration of the rotator cuff progressively increases with disease severity, from OA to MRCT
to CTA [236]. Other studies focusing on patients with Goutallier grade 3 and 4 rotator cuff
muscles reported that, despite severe fatty degeneration, restoration of external and internal
rotation was achievable with a more lateralized implant that increased cuff tension. These
findings suggest that prosthetic design plays a significant role in postoperative active ROM
(Figure 104), even in cases with a nonfunctional rotator cuff [237,238].
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(a) (b) (c)

Figure 104. Factors influencing postoperative external rotation. (a) Native shoulder. The centre of rotation is in the humeral
head, and the lever arm of the deltoid does not allow deltoid recruitment. (b) A combination of lateral glenoid/medial
humerus (LGMH) RSA. As in native shoulders, the bony lateralization of the centre of rotation decreases recruitment of the
deltoid for rotation. Additionally, due to the medialized centre of rotation compared to the native shoulder, the rotator cuffis
slackened and thus less efficient in rotatory motion. (c) A combination of lateral glenoid/lateral humerus (LGLH) RSA.
Additional lateralization on the humeral side allows important deltoid recruitment and a tenodesis effect and a retensioning
of the remnant posterior cuff. Taken from: Nabergoj et al. [237].

Fatty infiltration grades have shown predictive value for postoperative outcomes. An
infraspinatus Fl grade >2 has been associated with a higher incidence of scapular notching,
while a supraspinatus Fl grade >1 often indicates a torn rotator cuff [239,240]. Moreover,
patients with teres minor fatty infiltration of grade >2 tend to have significantly poorer clinical
outcomes [235]. These findings highlight how the degree of muscle degeneration can directly
influence both implant-related complications and functional recovery.

2. Trophicity

Trophicity refers to whether a muscle is atrophic, normal, or hypertrophic, reflecting its
capacity to generate force and its potential association with patient-reported outcomes.
However, the literature is controversial: while some studies suggest a possible link, other
authors report that rotator cuff atrophy does not significantly affect clinical outcomes after RSA
[204,241,242].

Werthel et al. analysed 102 CT scans (healthy, CTA, MRCT, and OA) and defined quantitative
atrophy as the ratio between patient muscle volume and sex-specific healthy reference
volumes. They found comparable atrophy across pathological groups for all rotator cuff
muscles, except the supraspinatus, which was more atrophied in CTA and MRCT than in OA.
Healthy reference volumes allowed standardized 3D assessment of atrophy, but since
differences between pathological groups were minimal, the authors suggested that the role of

muscle volume and atrophy (including fat) as independent outcome predictors may be
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overestimated. They concluded that atrophy should not be considered in isolation from
intramuscular fat [232]. Similarly to fatty infiltration, teres minor atrophy plays a crucial role,
being associated with poor postoperative recovery of external rotation after RSA [206,243].
Increasing attention has been given to the teres minor, as it becomes the only primary external
rotator when the infraspinatus is compromised, making its condition a key prognostic factor
for RSA outcomes. Teres minor hypertrophy may represent a compensatory adaptation to
enhance external rotation strength, and patients with a hypertrophic teres minor have been
reported to experience less preoperative pain and greater postoperative external rotation in
absence of infraspinatus function [244-2486].

3. Volume

Deltoid volume, closely linked to muscle force generation, was evaluated in a retrospective
study by McClatchy et al. on 107 shoulders using CT and MRI. Patients with satisfactory
postoperative forward elevation after reverse shoulder arthroplasty had significantly greater
deltoid volume, an effect mainly observed in the rotator cuff-deficient group, where higher
deltoid volume correlated with both better forward elevation and higher patient-reported
outcomes, while no significant differences were found in the rotator cuff-intact group [247].
Normalized deltoid volume also appears predictive of patient-reported outcomes and overall
shoulder function. In RSA patients, larger deltoid volume likely reflects greater abduction
moment arms and efficiency, requiring less force to elevate the arm [211]. In patients with an
intact rotator cuff, preservation of the supraspinatus muscle may further optimize active
forward elevation and reduce the functional demand on the deltoid [248]. Conversely, a
retrospective study by De Boer et al. on 59 shoulders suggested that, at longer follow-up, no
correlation was found between preoperative deltoid volume and the Constant score or
abduction strength [249]. Overall, a consensus indicates that muscle volume is significantly
associated with better functional and patient-reported outcomes, though no specific
thresholds or cut-off values for deltoid volume with predictive preoperative significance have
yet been established.

Werthel et al., in a study on 102 CT scans including healthy shoulders, CTA, MRCT and OSA,
found that rotator cuff muscle volumes were significantly greater in healthy shoulders
compared to diseased cohorts, although no differences emerged among the pathological
groups [232]. They also noted that normalization using scapular volume is feasible since,
despite glenoid and/or acromial erosion in severe cases, scapular volume did not differ
significantly between groups. As healthy muscle volume is a well-established surrogate marker
of muscle force [250], they also defined the relative muscle volumes in healthy shoulder.

4. Length

Reverse shoulder arthroplasty relies on deltoid function, modifying its length, tension, and
structural mechanics. Medialization of the centre of rotation increases fibre recruitment and
enhances the lever arm, while distalisation restores tension, enabling elevation even in the
absence of a functional cuff [205]. These changes, however, increase strain on the acromion
and scapular spine, predisposing to fractures and neurologic injury. CT-based assessment of
bone mineral density (BMD) through HU helps evaluate bone quality and risk of complications.
Caldaria et al. found significant BMD changes at deltoid origins between pre- and
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postoperative states [251] (Table 24). Routine CT scans can thus identify patients at higher
fracture risk.

Table 24. Bone mineral density values range to assess bone condition.

Condition Bone HU
Osteoporosis <100

Osteopenia 100-150
Normal >150

Yoon et al. identified a distalisation threshold of ~35-38 mm, above which range of motion
declined, while humeral lateralization improved external rotation [252] (Figure 105). Giles et al.
reported that humeral lateralization reduces deltoid force and joint load, whereas glenosphere
lateralization increases both despite reducing notching, suggesting humeral lateralization may
balance adverse biomechanical effects [199].

posterior anterior

posterior
superior

anterior

inferior

lateral medial

‘ Pre implantation Humerus Position

Post-implantation Humerus Position
Figure 105. lllustration of how the arm change position (ACP) is measured in three dimensions. Taken from Yoon et al. [252].

Maxwell further showed that deltoid and rotator cuff muscle lengths varied with the
preoperative diagnosis. All reverse shoulder arthroplasty designs produced relative deltoid
lengthening and shortening of the subscapularis, infraspinatus, and teres minor, more
pronounced in rotator cuff arthropathy. Prostheses with a lateralized centre of rotation
preserved greater rotator cuff muscle length than medialized designs, despite similar deltoid
lengthening [253].

A critical determinant of muscle force production is the force-length relationship (or Blix
curve). Levin et al. found that all designs increase deltoid moment arms, with medial glenoid-
lateral humerus giving the greatest gain. However, only the lateral glenoid—medial humerus
preserved a favourable force-length relationship and supraspinatus moment arm, supporting
its use when the tendon is intact [254]. Similarly, RSA medializes and lowers the greater
tuberosity, reducing cuff rotational strength and limiting activities such as reaching the head.
Medialized designs (e.g., Grammont) slacken the cuff and impair external rotation [198],
leading to strategies like latissimus dorsi transfer or lateralization of the centre of rotation. Over
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the last decade, lateralized prostheses have been introduced. Herregodts et al. confirmed that
humeral lateral offset has a greater effect on cuff elongation than glenoid offset, consistent
with the Werthel classification [231]. Inferiorisation of the greater tuberosity shortens caudal
cuff muscles and lengthens cranial ones, with humeral medialization correlating strongly with
cuff shortening. A lower humeral position improves infraspinatus and subscapularis length,
while humeral lateralization is more effective than glenoid lateralization for optimizing
outcomes [255].

Despite increasing interest, the relationship between humeral lengthening and reverse
shoulder arthroplasty outcomes remains unclear. An optimal range likely exists to achieve
satisfactory forward elevation while minimizing complications such as acromial fractures
[256].

5. Shape

In a study of 1057 patients, Rajabzadeh-Oghaz et al. found that deltoid flatness was associated
with functional, clinical and patient-reported outcomes. Deltoids with low flatness appeared
more planar, suggesting smaller moment arms, while higher flatness values indicated more
curved shapes and potentially larger moment arms (Figure 106). Preoperatively, greater
flatness correlated with better internal rotation and higher scores, especially in females.
However, at 22 years after reverse shoulder arthroplasty, both males and females with higher
flatness showed reduced strength, and men also had lower patient-reported scores [211].

Low Flatness
(More Planar)

Flatness: 0.47 Flatness: 0.47 Flatness: 0.47
2D _Dia_Col: 156 mm 2D _Dia_Col: 181 mm 2D_Dia_Col: 150 mm
2D _Dia_Raw: 146 mm 2D _Dia_Raw: 145 mm 2D Dia_Raw: 120 mm

High Flatness
(More Curvature)

Flatn 57 Flatness: 0.57
ia_Col: 132 mm 2D _Dia_Col: 162 mm 2D _Di 137 mm
2D_Dia_Raw: 129 mm 2D_Dia_Raw: 139 mm Dia_Raw: 101 mm

Figure 106. Representation of the Deltoid Muscle with Low (top row, more planar), Medium (middle row), and High (bottom
row, more curvature) Values of Deltoid Shape Flatness for 3D Volumes Reconstructed from BONE Kernel CT Images. Taken
from Rajabzadeh-Oghaz et al. [211].

6. Stiffness
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Deltoid tension is critical for RSA outcomes, yet implant size, design, and optimal tension
remain largely subjective. Implant choice determines humeral lateralization and distalisation,
directly influencing tension: over-tensioning may cause pain, stiffness, and acromial fractures,
whereas under-tensioning can lead to weakness, instability, and poor function [199-201].

Shear Wave Elastography (SWE) is an ultrasound-based technique that quantifies tissue
stiffness in kPa by measuring shear wave velocity, which reflects tissue elasticity [257,258].
Mallet et al. reported increased middle deltoid stiffness immediately after RSA, which
decreased after one year but correlated with acromion—-tuberosity distance, range of motion,
and function, with an average increase of 7 kPa [259]. Fenwick et al. similarly found higher
deltoid stiffness post-RSA than in the contralateral side, especially in anterior and middle
deltoid portions. Under isometric load, all regions adapted with greater elasticity after RSA,
though no correlation with clinical outcomes was observed [260,261].

Hatta et al. validated a reliable protocol in 65 patients and found that active forward flexion
correlated with gains in muscle strength elevation at 3-12 months postoperatively.
Preoperative strength and patient-reported scores predicted improvements at 9-12 months,
while radiological and clinical variables did not. Preoperative SWE values showed no
association, but postoperative SWE partially correlated with strength gains, with thresholds of
50.0, 46.6, and 45.1 kPa at 3, 6, and 9 months predicting subsequent improvement [262,263].
Current literature indicates that SWE is a valuable tool for assessing postoperative deltoid
tension and may help define recommendations and cut-off values to optimize deltoid forces in
RSA [261].

6.2. Exploring Muscle Properties for Paediatric Orthopedic care

As previously mentioned, the investigation of muscle characteristics is clinically relevant in
adult, but it is also highly relevant in paediatric population, as alterations in muscle mass,
quality, and function are associated with low muscle strength, reduced muscle
quantity/quality, and poor physical performance, and adverse health outcomes. A well-known
example is sarcopenia, a muscle disease characterized by progressive decline in strength,
mass, and quality, most frequently studied in aging adults but also reported in younger
individuals with neuromuscular disorders or in combination with obesity [264-269]. Accurately
quantifying both the quantity and quality of skeletal muscle in these conditions, may have a
great impact on diagnosis and follow-up.

Different tools are available for this purpose. DXA is the most widely used method in both
research and clinical practice due to its speed, low cost, and availability, though results may
vary with hydration status and between vendors [264,270]. Ultrasound offers a radiation-free
alternative and allows assessment of muscle thickness, CSA, echogenicity, fascicle length,
and pennation angle, but is operator-skill dependent [271]. Bioelectrical Impedance Analysis
(BIA) is portable and low-cost but indirect and hydration-dependent and less accurate than
DXA or CT [272]. CT and MRI provide the most comprehensive assessment, quantifying both
muscle mass and composition, including intramuscular fat infiltration, which is increasingly
recognized as an indicator of muscle condition [273,274]. While CT is often accessible in
patients already undergoing imaging, it carries higher radiation and cost compared to DXA. MRI
avoids radiation and offers superior tissue characterization, typically through T1- and T2-
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weighted sequences, though it is less widely available. Although literature on the assessment
of muscle characteristics in children is more limited than in adults, although reference ranges
for paediatric population exist for DXA, and BlA-derived parameters, studies confirm that
advanced imaging methods such as CT and MRI can reveal clinically relevant alterations in
children as well [266,275,276]. This emphasizes that the study of muscle characteristics is not
only limited to aging but rather is present in children with a variety of pathologies, including
paediatric-specific pathologies.

Unlike body weight and BMI, these newer tools for assessing muscle mass offer a more
objective means of predicting functional outcomes and are becoming increasingly important
for guiding therapeutic decisions [277].

Loss of muscle mass and function in young individuals can be associated with neuromuscular
disorders, a group of conditions affecting the neuromuscular system, like cerebral palsy,
muscular dystrophies and paralysis [267]. These disorders may impair muscle function either
directly in specific muscles or indirectly through peripheral nervous system pathologies.
Individually, these conditions are rare, with prevalence rates below 50 per 100,000 worldwide.
Considered collectively, however, neuromuscular disorders reach prevalence rates
comparable to Parkinson’s disease, ranging from 100 to 300 per 100,000 worldwide.

Low muscle mass is linked to reduced physical capacity, mobility disorders, higher risk of falls
and fractures, and impaired daily functioning, all of which worsen with age. In paediatrics,
where evidence is limited, exploring the relationship between muscle mass and health
outcomes could support its use as an objective marker to guide interventions aimed at
preserving function and reducing comorbidities [278].

Particularly in children with Cerebral Palsy (CP), several studies have shown that muscle mass
is strongly and inversely correlated with Gross Motor Function Measure (GMFM) scores, a
widely accepted classification of motor function, with greater muscle mass associated with
higher GMFM score [279,280]. Compared to typically developing children (TDC), they show
differences in overall body composition, and specific muscles play a key role: thoracic erector
spinae thickness predicts gross motor function, while rectus abdominis and vastus lateralis
thickness predict activities of daily living, including self-care activities and mobility [281].

Similarly, in children with congenital myotonic dystrophy and Duchenne muscular dystrophy
(DMD), lean body mass is reduced compared to TDC and is closely associated with lower
functional activity and muscle strength [282,283]. While the association between muscle mass
and strength is strong in typically developing males, in boys with DMD the correlation between
lean mass and thigh strength is much weaker, and no correlation is observed with arm strength.
These findings suggest that weakness in DMD cannot be explained by lean tissue loss alone,
as muscle quality also plays a role. Indeed, DMD muscle undergoes several pathological
changes, including fibro-fatty replacement, inflammation, fibre splitting, regeneration, and
atrophy, indicating that both reduced muscle mass (quantity) and impaired muscle function
(quality) contribute to disease-related weakness [284].

Muscle mass is closely correlated with bone outcomes in both adults and children. lts
assessmentis relevant for parameters such as BMD, bone mineral content (BMC), bone mass,
bone strength, and bone thickness. In TDC, higher muscle mass predicts higher BMC,
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supporting the theory that biomechanical muscle loading stimulates bone adaptation by
signalling the need for greater strength [285]. This relationship varies by ethnicity, sex, and
pubertal stage [286-288]. BMD is positively associated with lean body mass, and bone
characteristics are also related to muscle power output and fitness. Thus, increasing lean body
mass may represent an important therapeutic target to improve BMD and BMC. Based on this
evidence, it is reasonable to conclude that conditions impairing muscle mass developmentin
children will also lead to reduced bone content and density.

In general, muscle mass measures also impact overall health, being more predictive than
weight or BMI for several indicators such as arterial function, insulin/glucose levels, and heart
rate. Children with low muscle mass, including those with neuromuscular conditions, are
therefore at increased cardiovascular and metabolic risk [289,290].

Muscle mass is a key predictor of functional, skeletal, and health outcomes, and its monitoring
can guide interventions aimed at improving function, making it a promising clinical target that
warrants further research in paediatric and underrepresented conditions [291].

6.2.1. Assessment of Muscle Parameters in Children with Neuromuscular Disorders

As previously mentioned, sarcopenia is a degenerative condition marked by loss of skeletal
muscle strength, function, and mass, often age-related but also influenced by other
aetiologies and can be noted even in young individuals. It is linked to falls, disability, and
mortality, and can be assessed with DXA, MRI, CT, and ultrasonography. Among these, CT
offers unique detail on specific muscles, adipose tissue, and organs not provided by DXA or
BIA, and is of high practical value given its widespread clinical use, combining accessibility
with precision in quantifying tissues and predicting whole-body composition [272].

Cerebral palsy is the most common motor disability in childhood. Population-based registries,
mainly from Australia and Europe, report a prevalence of 1.5-2.5 per 1,000 live births [292].
Cerebral palsy is not a single disease but a group of conditions with variable severity and
shared developmental features. It is defined as a group of permanent disorders of movement
and posture, caused by non-progressive disturbances in the developing brain, often
accompanied by sensory, cognitive, communicative, behavioural, epileptic, and
musculoskeletal problems [293].

Unilateral cerebral palsy Bilateral cerebral palsy

| I

Monoplegia Hemiplegia Diplegia Triplegia Quadriplegia

Figure 107. Topographical description in cerebral palsy: unilateral and bilateral cerebral palsy. Taken from Graham et al.
[294].
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The Gross Motor Function Classification System (GMFCS) is the gold standard for classifying
motor function in children with cerebral palsy [295,296]. It is an age-specific, ordinal system
proven to be valid, reliable, stable, and predictive of long-term outcomes. Motor impairment
can be classified topographically (Figure 107): monoplegia (one limb, usually lower),
hemiplegia (one side, upper limb more affected), diplegia (all limbs, predominantly lower),
triplegia (one upper and both lower limbs, asymmetrically), and quadriplegia/tetraplegia (all
four limbs and trunk) [294]. According to Surveillance of Cerebral Palsy Europe (SCPE)
terminology, diplegia, triplegia, and quadriplegia are grouped under bilateral CP, while
monoplegia and hemiplegia are unilateral forms [297].

Children with CP have significantly smaller muscles and atrophy than TDC, consistent with
reduced motor function. Scoliosis is common in neurologic diseases and tends to be more
severe than idiopathic forms, with sarcopenia contributing to ambulatory decline; in non-
ambulatory patients, severe scoliosis is strongly associated with severe sarcopenia [290]. In
CP, muscle loss and imbalance alter normal musculoskeletal growth, leading to gait
deterioration and deformities [298].

Lower-limb muscles show a higher proportion of connective and fat tissue [299-304], reduced
myofibre cross-sectional area, altered fibre type, and shorter, stiffer muscle cells with fewer
sarcomeres [305-307], all of which limit force generation and mobility [308,309].

Early management focuses on reducing spasticity, slowing contracture development, and
preserving walking ability through physiotherapy, casting, botulinum toxin, and surgery [310].
Surgery, typically performed after age 6, corrects deformities by precise muscle-tendon
lengthening, improving gait while minimizing over- or under-correction [311-313]. Acommon
example is equinus deformity, treated by gastrocnemius-soleus recession during single-event
multilevel surgery [311,314]. Long bone torsion deformities are also frequent, caused by
impaired muscle growth and leading to hip displacement and joint instability [315-317].
Although CT and MRI offer accurate torsion assessment, 3D ultrasound is emerging as a child-
friendly alternative [318-321]. Rotational osteotomy, ideally between ages 6-12, corrects
torsional deformities and improves gait when performed as part of single-event multilevel
surgery [311,317,322].

In conclusion, the most consistent finding in spastic CP is reduced muscle size, reflected by
lower volume, thickness, and physiological cross-sectional area, combined with increased
fat infiltration compared with TDC. These changes impair muscle force and quality,
contributing to weakness and functional limitation. Modern imaging now allows non-invasive
assessment: MRI remains the gold standard for muscle volume and length, CT and MRI reveal
tissue composition, and ultrasound offers a cost-effective evaluation of muscle architecture.
Integrating structural and histological analyses is key to understanding how interventions
affect both tissue and function, although quantitative muscle segmentation in paediatric CT
or MRl studies is still limited [323].

MRI can be used not only for global muscle assessment but also for compositional analysis.
Texture and radiomics approaches provide non-invasive insight into pathophysiology, can
guide biopsies, and enable longitudinal follow-up. Combining quantitative fat fraction (Figure
108) with texture analysis helps predict muscle involvement in CP, offering a promising
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alternative to invasive biopsies. In the future, such models could be integrated into clinical
decision-making and applied to other muscle diseases [324].
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Figure 108. Axial MR images of the more affected calf of a patient (diparetic, boy, 11 years) and the dominant calf of healthy
control (a typically developing 11 years boy with similar BMI). First column: segmented ROIs for soleus (pink), gastrocnemius
medialis (light blue), and gastrocnemius lateralis (lilac); second column: 2nd echo image from the Dixon data set; third
column: water-only image calculated from the Dixon dataset; fourth column: fat-only image calculated from the Dixon
dataset; fifth column: fat fraction map ranging from 0 to 100% calculated from the Dixon dataset, showing a higher fat
fraction in the CP patient. TE, Echo Time. Taken from Akinci D'Antonoli et al. [324].

Another important application of muscle analysis is in muscular dystrophies, a group of
inherited diseases that cause the gradual loss of muscle structure and strength. The term
dystrophy refers to fibrosis and fat infiltration, which become more evident as the disease
progresses. The rate of progression, severity of symptoms, distribution of weakness, and
inheritance pattern canvary widely between types. In paediatric neuromuscular disorders, one
of the main goals is to identify the specific disease responsible for the weakness. Although
genetic sequencing is now easier and more accessible, it remains costly. Because muscle
changes follow characteristic patterns linked to certain genes rather than occurring randomly,
imaging can help narrow the genetic search, enabling faster and more accurate diagnosis
[274]. Several groups have proposed imaging protocols, contributing to the identification of
many new genetic subtypes [325].

Among the most common muscular dystrophies are DMD and Becker muscular dystrophy
(BMD). DMD usually appears in early childhood, causing progressive muscle weakness and
loss of walking ability during adolescence [326], while BMD starts later and progresses more
slowly.

Muscle imaging shows characteristic patterns. For example, in DMD, fatinfiltration and muscle
wasting begin in the adductor magnus and biceps femoris, later involving the quadriceps, while
muscles such as the sartorius, gracilis, and long adductor are often preserved for a longer time
(Figure 109). A fat fraction cutoff of 50% has been reported to predict loss of ambulation
[327,328]. In BMD, the same muscles are affected, but changes occur later and are generally
milder. These distribution patterns help distinguish between different types of dystrophies
[329].
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(a) (b)

Figure 109. (a) A 7-year-old patient with early involvement of Duchenne muscular dystrophy (DMD) and characteristic
involvement of the adductor magnus and biceps femoris muscles (arrows); (b) A 10-year-old patient in intermediate stage of
DMD with moderate involvement of the biceps and semimembranosus (arrows) but still relative sparing of the
semitendinosus muscles (arrowheads). Taken from Fischer et al. [274].

In conclusion, integrating reliable muscle parameters represents a promising direction for
paediatric orthopedics, making surgical planning more predictive and precise. MRI-based
muscle assessment, often used to evaluate disease severity, may also have a proghostic
role, enabling early stratification of patients from diagnosis and supporting more timely,
targeted interventions. Advances in imaging analysis and dedicated software tools are also

helping to recognize disease patterns more accurately, improving diagnosis and patient
management.
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7. CONCLUSIONS

7.1. Summary and Final Considerations

This doctoral project focused on the study, analysis, and optimization of surgical simulation
and VSP processes, including the design and clinical application of PSlIs and GSls, to support
surgical treatments for the correction of musculoskeletal disorders, with particular attention
to paediatric conditions involving severe bone deformities and bone tumours. The work
involved the application of CAD modelling and FDM 3D printing for the design and production
of surgical tools (e.g. cutting/drilling guides), to support surgical treatment. These instruments
are referred to as PSls when designed for the patient, and GSls when tailored to the donor bone.

The project was developed through an interdisciplinary collaboration between the Department
of Industrial Engineering of the University of Bologna and the Paediatric Orthopedic and
Traumatology Unit of the Rizzoli Orthopedic Institute, aimed at integrating these technologies
directly into the hospital setting. The goal is to provide a personalized, in-house treatment
planning and manufacturing service, commonly referred to as POC. By employing low- to
medium-cost desktop technologies, this approach offers a scalable and sustainable model,
significantly reducing both internal production costs and the need for outsourcing.

One of the most significant outcomes of this work was the definition and consolidation of a
structured and rationalized workflow which is now routinely adopted in clinical practice. From
the initial consultation with the surgeon to the identification of key planning parameters, all
stages have been formalized, culminating in a standardized procedure for setting up virtual
reference systems on 3D virtual anatomical models. A precise and reproducible deformity
analysis protocolwas developed and is systematically applied to patients undergoing complex
surgical treatments, improving planning accuracy and facilitating communication with the
clinical team. Traditional surgical approaches were revisited and restructured to align with this
digital workflow, allowing for better integration within virtual simulation environments.
Techniques such as the Flipping Wedge Osteotomy and the Side-to-Side Flipping Wedge
Osteotomy approaches were refined and integrated into the planning workflow, enhancing the
capability to address complex corrections.

In the manufacturing phase, new printing parameters were investigated and optimized to align
with the updated planning strategies, complementing previous studies. This contributed to
improved dimensional accuracy and supported the extension of this methodology into new
clinical areas, particularly oncologic orthopaedics, where large resections and complex
reconstructions require the design and production of larger and more robust surgical tools.
Printing optimization demonstrated that low fan speed combined with a 45° infill pattern
minimized 3D deformation, resulting in a standard deviation of 0.47 mm in 3D distance maps
after thermal treatment. In addition, a regression-based compensation model was developed
to adjust pin-hole diameters according to the selected manufacturing process, supporting a
reliable transfer from digital planning to the final physical surgical guides.

The consolidated workflow was applied to a large clinical series including 144 procedures in
114 patients, with 22 oncological cases. Angular correction was achieved in 91 procedures
(mean 26.3° range 3-151°), while bone grafts or massive allografts were used in 58
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procedures, 22 of which were shaped using GSls. Sterilizable PSls were employed in 93
procedures, with a total of 199 guides produced (mean 2 guides per procedure). Overall,
complication rates were comparable to those reported for traditional surgery. Operative time
was the only independent predictor of complications, while PSl-related technical issues were
infrequent (6%) and mainly related to suboptimal imaging quality. No complications were
attributed to the 3D printed instruments. Overall, the clinical evaluation confirmed the efficacy
and safety of PSIs/GSls in routine application. The workflow demonstrated clear advantages in
terms of customization, surgical guidance, and procedural reliability, with the most consistent
measurable benefits being reduced operative time and decreased intraoperative fluoroscopy
use, supporting both surgical value and patient safety.

Finally, during the research period abroad, it was possible to explore new topics, mainly related
to adult prosthetic orthopaedics and soft tissue interactions. Although these areas are beyond
the main focus on paediatric bone correction, they opened interesting directions for future
research. These insights could help expand simulation-based approaches to less explored
areas of paediatric care, making it possible to include soft tissue considerations in future
planning workflows.

7.2. Perspectives

This work explored several aspects of the overall process, with the aim of evaluating and
improving different elements at each stage and providing a clearer and more rational overview
of a complex workflow. However, this cannot yet be considered the final step of optimization.
Several aspects can still be refined and improved, both in the process itself and in its
evaluation.

First, the high heterogeneity of the available data is an inherent feature of paediatric clinical
practice and represents a potential source of bias that can be mitigated only in large cohorts
allowing the identification of homogeneous subgroups. In the perspective of further
development, dedicated planning pathways tailored to specific treatments and anatomical
regions will play an important role in supporting efficient and structured workflows. Targeted
optimization studies will therefore be required to define specific sub-workflows, aiming to
streamline design times while achieving more consistent and specialized results.

Although the technologies employed were intentionally selected for their low-cost
accessibility, and the observed reduction in surgical time suggests potential cost savings per
patient, a detailed cost analysis has not yet been performed. Such evaluation would be
essential to quantify the actual economic impact of this in-house approach. Furthermore,
regulatory aspects concerning the production and use of in-house 3D printed medical devices
have not yet been thoroughly addressed, despite representing a crucial step toward the full
implementation of a compliant and sustainable service. Nonetheless, this work can be
considered a foundational step toward defining and controlling the overall process, from which
future regulatory alignment can be developed.

Another important direction concerns external validation. Future multicentric studies,
supported by shared protocols for virtual planning, PSls and/or GSls design, and postoperative
evaluation, would enable more robust comparisons across centres and strengthen the
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generalizability and scalability of the workflow, particularly for rare and complex paediatric
conditions.

Finally, until now, most of the focus has been placed exclusively on the bones. However,
imaging-based approaches involving the analysis of muscle morphology and quality are
gaining increasing attention and deserve further investigation. Integrating reliable muscle
parameters represents a promising direction for paediatric orthopedics, making surgical
planning more predictive and precise. MRI-based muscle assessment, often used to evaluate
disease severity, may also have a prognostic role, enabling early stratification of patients from
diagnosis and supporting more timely and targeted interventions.

In conclusion, this work provides a solid foundation for future research and clinical
implementation. It has helped define a practical workflow that supports the use of 3D
technologies in surgery, showing how low-cost, in-house solutions can make personalized
surgery more accessible, efficient, accurate, and patient-centred.
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