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A. Abstract

Background

In patients with rare bone deformities, the abnormal geometry of the bone and altered
biomechanics raise some technical challenges when it comes to fixation with a generic plate
after an osteotomy. Patients suffer from soft tissue irritation, procedures have longer operation
times and mechanical safety may not be assured. This study aimed to develop a workflow for in-
house design of a patient-specific plate in malalignment surgery with 3D technology in patients
for whom off the shelf solutions do not fit, and to evaluate the mechanical safety and feasibility.

Methods

Design requirements and a design workflow are based on literature, measurements in generic
plates, and estimations of the required plate thickness in a Finite Element Analysis, to ensure
mechanical safety. The feasibility is evaluated based on a virtual validation of the design
workflow in 5 patients, and exploration of the manufacturing process, costs and risks.

Results

Design requirements and a workflow are proposed for designing patient-specific plates. The
required thickness depending on the curve of the patient-specific plate is determined, varying
from 2.9 to 5.9 mm. The virtual validation demonstrated that most of the design requirements
were met, except for the 2 mm limit for the plate-bone gap, which was exceeded in one out of five
patients. Milling the plate was considered preferable, and additional costs were estimated around
3000 euros for the manufacturing process, along with increased labour costs.

Conclusion

A workflow was successfully developed for in-house design of a patient-specific osteotomy plate
in patients for whom off the shelf solutions do not fit. A first estimation was made of the required
thickness of the plates to ensure mechanical safety. The workflow could be feasible when the
benefits outweigh the costs. Further research is recommended to conduct a more comprehensive
cost-benefit analysis, and to determine the optimal balance between plate-bone fitting and the
complexity of the plate shape.

Keywords: Knee osteotomy, Patient-specific plate, Bone deformities, Design workflow, In-house
design
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1. General introduction

With a prevalence of 23 per 1,000 persons a year, knee osteoarthritis (OA) is the most common
joint disorder in the Netherlands'. Knee OA is diagnosed when the cartilage in the knee joint
gradually wears away, affecting all of the tissues in the joint and causing detectable changes in
tissue architecture, its metabolism, and function?. Patients experience persisting pain, limited
morning stiffness, and reduced function®. OA is a progressive, heterogeneous, and multifaceted
disease with multiple molecular and clinical phenotypes. Both intrinsic and extrinsic risk factors
promote its development, including genetic factors, age, sex, obesity, and lifestyle.* A recent
systematic review suggests six phenotypes characterized by unusual inflammation inside the
knee joint, chronic pain, systemic metabolic disorders including obesity, changes in bone and
cartilage metabolism in the knee, minimal joint disease with minor symptoms and discomfort,
and malaligned biomechanics?®.

Knee malalignment is categorized across three distinct planes: the coronal plane, the sagittal
plane, and the axial plane. Coronal plane joint malalignment of the lower extremity occurs when
the legs are in valgus or varus (Figure 1). The hip—knee—ankle angle (HKA), defined as the angle
between the mechanical axes of the femur and tibia, is used to measure the lower limb
alignment®. In healthy adults with a neutral alignment, HKA is between 1.0° and 1.5° of varus’.
Normally, approximately 60% of the weight-bearing force is on the medial tibiofemoral
compartment and 40% on the lateral compartment®. When the mechanical axis is shifted in valgus
or varus position, either the medial or the lateral compartment is overloaded, increasing the risk
of progression of knee OA®'°, Sagittal plane deformity of the distal femur and/or proximal tibia
may cause flexion and extension deficits and the tibial slope influences the knee stability (Figure
2)". Axial plane deformities include tibial torsion, responsible for patellofemoral instability'?, and
femoral neck anteversion, associated with early hip OA™.

Coronal malalignment Sagittal malalignment
| v—v,,'f}w:.,:,‘ :
} {
V.

Valgus Normal Varus Normal Increased Tibial Slope
Figure 1: Illustration of coronal malalignment. Valgus Figure 2: lllustration of sagittal malalignment:. An
and varus with the mechanical axis of the lower limb increased tibial slope results in knee instability
represented by the red dotted line. Adapted from after anterior cruciate ligament injury. Adapted
original image'™. from original image4.
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Figure 3: lllustration of axial malalignment. Rotation in the femur or in the tibia. Adapted from original image?®.

The first line of treatment for knee OA due to malalignment is conservative management. The
most important aim is to provide symptomatic relief and to avoid or delay the need for surgical
intervention. Conservative treatment options include exercise, weight loss, pharmacological
agents, knee bracing, and orthotics'®. The end-stage option for malalignment is partial or total
knee replacement, which is a non-reversible surgery. With a knee replacement, the natural joint
structures are removed and replaced with a prosthesis. Approximately 20% of knee replacement
patients are unsatisfied with their knee arthroplasty’’, with even higher rates of revision and
greater levels of dissatisfaction amongst patients under sixty years old™®.

A joint preserving surgical treatment option in patients is a corrective osteotomy. The goal is to
shift the mechanical axis from the injured knee compartment to the healthy knee compartment,
reducing the load in the painful compartment’®. Osteotomies can be classified into several
techniques, high tibial ostomy (HTO), distal femur osteotomy (DFO), or a combination of both,
called a double level osteotomy (DLO). Both HTO and DFO can be performed using open wedge
or closed wedge technique on the medial side or the lateral side (Figure 4A). The indication for a
technique depends on the location of the deformity and the size of the correction?0-22, A
correction of valgus or varus in the coronal plane can be combined with a slope correction in the
sagittal plane (Figure 4B). Slope corrections are performed to address cruciate ligament
pathology and reconstruction failure or to treat meniscal or cartilage pathology?3. A derotation
osteotomy in the axial plane can be performed in either the distal femur to address anterior knee
pain with patellofemoral instability, or in the tibia in case of excessive tibial torsion'" (Figure 4C).
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Figure 4: The various types of osteotomies performed in the UMCU. A) In the coronal plane the distal femur (DFO)
and the high tibial osteotomies (HTO). The red lines show the cutting planes, red areas are removed in closed wedge
osteotomy. B) In the sagittal plane a closed wedge tibial slope correction and c) in the axial plane derotation
osteotomies with the cutting lines in black. Adapted from original images24-26,

Due to recent advancements in innovative technologies, there is a growing potential to perform
more complex osteotomies in patients with rare bone deformations caused by conditions such
as achondroplasia, dysplasia, or trauma. Osteotomies in these patients can prevent premature
development of OA, and improvements of pain and function have been consistently reported?”22,
However, the procedure can be technically challenging due to the bone deformities, small bone
caliber, ligament laxity, and soft tissue contractures?®. Therefore, the University Medical Center
Utrecht (UMCU) has introduced a workflow using novel three-dimensional (3D) technology for
pre-operative planning and intraoperative guidance (Figure 5). The corrective coronal plane angle
is calculated based on antero-posterior weight bearing whole leg radiographs (WLR), as it is for
non-complex patients. Additionally, a more extensive deformity analysis is performed in the
segmentation of a computed tomography (CT) scan, measuring the rotations in the axial plane
and the sagittal slope. Based on the 3D planning, a patient-specific instrument (PSI) can be
designed, functioning as an intraoperative drill and saw guide. Previous studies have reported
accurate correction of coronal and sagittal angles with the application of a PSI*%31,

Pre-operative planning PS
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Figure 5: Current 3D workflow in the UMCU for knee osteotomy in patients with bone deformities.

While the innovative techniques have expanded the scope of osteotomies for patients with rare
bone deformities, a challenge emerges for fixation of the femur or tibia. The PSl is designed to fit
one of the generic plates of ActivMotionS (Newclip Technics, Haute-Goulaine, France). A wide
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range of plates anatomically contoured are available to fit the proximal curvature and
metaphyseal slope, and the design and positioning are adapted to the knee biomechanics of the
average patient®2. However, the abnormal geometry of the bone and altered biomechanics raise
some technical challenges when it comes to plate fixation. Due to changes in knee joint
biomechanics and the practical limitation of not always being able to place all screws of a generic
device, mechanical safety is not assured3®. Additionally, an abnormal metaphyseal slope or
proximal curvature may introduce a plate-bone gap (Figure 6A), increasing the risk of soft tissue
irritation. In a clinical study using a generic plate for high tibial osteotomy, 40.6% of the patients
suffered from local soft tissue irritation, which necessitated implant removal®*. Furthermore,
clinical experience shows that osteotomy procedures involving bone deformities typically require
longer operation times, as it takes time to find the best position of the generic plate when the
shape does not actually fit the bone.

|

Figure 6: Representations of fixation in two patients with skeletal dysplasia using a) a
generic osteotomy plate, introducing a plate-bone gap and screws cannot be placed, and
b) using a patient-specific, fitting plate of which all screws can be placed.

It has been hypothesized that the use of a patient-specific fixation device might minimize soft
tissue irritation, by minimizing its profile and optimize the shape to the patient’'s anatomy. Plate
design based on individual geometry offers the capability to match the surface of the patient’s
proximal tibia or distal femur (Figure 6B). When the pre-operatively determined position and
orientation are embodied in the surgical guide and fixation device, the surgical procedure can be
simplified with reduced surgery time®®.

The function of a patient-specific fixation device is to adequately connect and stabilize the bone
parts, while stimulating bone growth. Wolff's law states that bone tissue adapts to the mechanical
demands placed upon it%¢. Bone subjected to loading or stress will regenerate and bone not
subjected to stress will atrophy. An implant that is much stiffer than bone demonstrates an
unphysiological redistribution of force transmission at the interface resulting in reduction in bone
density, which is referred to as stress shielding.®” A combination of transverse and axial
interfragmentary movement (IFM) between 100 and 200 mm can stimulate callus formation at
the fracture site®?°. Fracture site instability prevents bone callus formation*’, and increases plate
stress and potential failure®®. Therefore, a balance of a stable fixation that allows for appropriate
IFM is crucial to support successful bone healing and reduce the risk of mechanical failure.



The aim of this research is to develop a workflow for in-house design of a patient-specific fixation
device in malalignment surgery with 3D technology, for patients for whom off the shelf solutions
do not fit, and to evaluate the mechanical safety and feasibility.

More specifically, the objectives of this thesis are:
1. To set up design specifications, requirements and a design workflow for the fixation
device.
2. To determine the required thickness depending on the curve of the plate in a Finite
Element Analysis (FEA), aiming to achieve mechanical safety similar to a generic plate.
3. To perform a virtual validation of the design workflow on five patients.
4. To explore the manufacturing process, costs, and risks.

Chapter 2 examines the significance of a novel design by exploring currently available
alternatives discussed in literature in a competitive product analysis. Chapter 3 describes the
design process of the plate, covering aspects such as product specifications, design
requirements, design of the basic shape, and determining the required thickness in a FEA. Chapter
4 includes a validation of the workflow in five patients and exploration of the manufacturing
process, costs and risks in accordance with the design. The mechanical safety, feasibility, and
future perspectives are evaluated in the general discussion in Chapter 5. Finally, a general
conclusion is described in Chapter 6.

The design workflow in this study is focused on designing a closed wedge DFO plate, as clinical
experience with such plates shows a high incidence of a poor fit and soft tissue irritation.
However, the design principles and general workflow can be applied to the design of all patient-
specific osteotomy plates.



2. Competitive Product Analysis

Competitive products for a patient specific fixation device have been analyzed in literature. A
framework for development of personalized 3D implants has already been established and
implemented in the UMCU (Figure 7) and an ISO 13485 certification has been obtained for the in-
house quality management system*'. The aim of the competitive product analysis is to highlight
opportunities and challenges of design choices of the new device, to explore alternatives. Three
lines of research on patient-specific plate designs were selected and described here, and post-
processed bending was considered as an alternative for patient-specific plate design.

] [ Tasks wsually done by a surgeon or physician
Patient presents at clinic [ Tasks wsually done by a (design) engineer
Diagnostics
Na Personalised Ves
treatment
?
LosEEL ——#| Additional imaging
b J
Implant design 2
: ,
Implant approval l— Implant evaluation [ Safety tests
STL-file preparation ~ |—# 3D printing —#| Heat treatment
v ¢
Surgery H Implant sterilisation H Polishing ‘4—{ Screw hole milling ‘

Figure 7: Workflow for development of personalized 3D implants in the UMCU by
Willemsen et al.41

Patient-specific knee plates

In previous research, the 3D lab in Groningen introduced a personalized approach for acetabulum
fracture treatment. The patient-specific implant fitting facilitated proper fracture reduction and
yielded good clinical outcomes.*?** Their most recent feasibility study** described the in-house
development and implementation of a patient-specific drilling guide for medial tibial plateau
fracture surgery (Figure 8a). A workflow was proposed that facilitates proper fracture reduction,
tibial alignment, and accurately placed screws by using custom-made osteosynthesis plates with
drilling guides. The workflow consisted of CT-scanning, 3D reconstruction, pre-operative
planning, 3D design of the plate and surgical guide, production, sterilization, and clinical
application in human cadavers. The plates were made of a medical grade titanium alloy by milling
using a 5-axis milling machine. The challenges highlighted were that the innovative workflow
required substantial resources, including a dedicated team, validated software packages, and an
osteosynthesis plate production facility. These resources are all available in the UMCU. The
associated costs for these resources were not part of the feasibility study.



The research group at the University of Bath led by MacLeod has published several articles about
a patient-specific high tibial osteotomy plate (Figure 8b). In 2018, MacLeod et al.®® analyzed the
effect of plate design and bridging span on the performance of the custom made plate. A FEA
showed that the optimized plate design produced plate stress similar to that in the TomoFix plate
for short and long bridging spans while substantially reducing high strain regions within the bone.
In 202145, they published an in-silico trial, virtually performing an HTO with either a generic or a
personalized plate and they compared the plates using a FEA. The personalized plate showed no
increased risk of failure, whilst being more mechanically efficient and less stiff. IFM was similar
for both types of devices, indicating that there is no difference in the stability of the osteotomy.
In the most recent report in 20223, a cadaver study using the custom-made titanium alloy plate
and a personalized surgical guide is described. The study demonstrated a higher accuracy of the
correction angle compared to conventional or other patient-specific methods available,
suggesting the method can potentially improve the accuracy of osteotomy correction. The plate
developed by the research team has been patented under the product name TOKA (Tailored
Osteotomy for Knee Alignment) by Orthoscape (Orthoscape, 3D Metal Printing Ltd, University of
Bath, Innovation Centre, Bath, UK). The company has obtained IS013485 certification for their
quality management system to produce the tibial plates and partnered with hospitals to obtain
regulatory approval for the initial clinical trials. The product is not available on the market yet.

A novel method for designing a HTO plate was suggested by Kanagalingam et al. (2022)* by
applying a generative design (Figure 8c). Generative design is the process of using parameters
and goals in an Al algorithm to quickly explore thousands of design variants to find the best
solution. In general, products based on generative design have reduced weight, improved
performance, increased efficiency and customized product development*’. The design study
includes detailed design requirements of the HTO plates for manufacturing by electron beam
powder bed fusion of Ti-6Al-4 technology, including the post-processing steps required to
transform the digital design into a physical part. The application of generative design has allowed
concept designs to be undertaken simultaneously considering patient factors, surgical planning
parameters and patient-specific biomechanics with the aim to reduce plate stiffness and profile
on soft tissue. However, the authors mentioned that the methods of design, fabrication, and post
processing are advanced, suggesting a significantly higher cost per plate for material, time and
labor, as compared to the clinical standard. ¢

Figure 8: Tibial patient-specific plates designed by a) 3D lab Groningen**, b) MacLeod et
al.35 and ¢) Kanagalingam et al. 6.

10



Post process bending

An alternative for patient-specific osteotomy plates is bending of generic plates, as it is cost-
effective and easily available. This technique was conventionally used intra-operatively with
titanium plates in conventional mandibular orthopedic procedures. However, the manual
contouring process is time consuming, technique-demanding, and could adversely affect the
precise location of bone segments*. An additional risk is that repeated bending can lead to poor
fatigue performance of surgical plates, as bending may create stress concentrations*°.

Conclusion

The competitive product analysis has highlighted several opportunities for patient-specific plate
design. The feasibility of in-house patient-specific design was demonstrated by the 3D lab in
Groningen. MaclLeod et al. demonstrated the potential of achieving a high correction angle
accuracy and no increased failure risk when employing patient-specific osteotomy plates.
However, the challenges highlighted in their safety study led to the decision to explore an
alternative method for ensuring mechanical safety in this research. A potential future alternative
is the TOKA plate, although the product is not available on the market yet. Generative design and
post-processed bending were considered unviable alternatives due to time-constraints,
complexity, or safety risks.
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3. Design

3.1 Product Specifications

Intended purpose

The function of the patient-specific osteotomy plate is to adequately connect and stabilize the
distal and proximal femoral bone, while stimulating bone growth. The design is optimized to fit
the patient’s anatomy, especially patients with rare bone deformities for whom off the shelf
solutions do not fit.

A patient-specific fixation device requires additional steps relative to the current clinical workflow
for patients with bone deformities scheduled for an osteotomy (Figure 9). The initial steps of
medical imaging and pre-operative planning remain unchanged. The treating surgeon requests a
CT-scan in addition to the whole leg radiograph. CT-scans are acquired using Philips iCT scanner
or Philips Brilliance 64 (Philips Medical Systems, Best, The Netherlands). A specialist from the 3D
lab conducts pre-operative planning, starting with segmentation in Mimics 25.0 (Materialise,
Leuven, Belgium), to create a 3D bone model of the lower limb. The bone models are transferred
to 3-Matic 17.0 (Materialise, Leuven, Belgium) to perform deformity analysis and virtually conduct
the osteotomy using a generic plate for fixation. The surgeon and 3D specialist collaborate to
determine if the patient is eligible for a generic plate, meaning all screws can be placed in the pre-
operative planning and the plate-bone distance does not exceed the limit. If not, the 3D specialist
designs a patient-specific osteotomy plate according to the guidelines outlined in Section 3.3.
The manufacturing process is then outsourced to an external company specialized in medical
devices and implants. It is important to note that the legal manufacturer of the patient specific
plate is the department Medical Technology and Clinical Physics (MTCP) within the UMCU. A PSI
is designed by the 3D specialist, following the current protocol and printed in-house by the MTCP
in polyamide-12 with a selective laser sintering 3D printer. The orthopedic surgeon performs the
osteotomy procedure with guidance of the PSI and fixates the bones with the patient-specific
osteotomy plate.

»
planning

Figure 9: Proposed clinical 3D workflow in the UMCU for knee osteotomy with a patient-specific plate. Additional steps to
the current workflow are colored in orange.

Intended users

The osteotomy and fixation with the patient-specific plate is performed by an orthopedic surgeon
in the UMCU, specialized in joint preserving knee treatments. The plate is designed by a specialist
from the medical 3D lab in the UMCU, in close cooperation with the orthopedic surgeon. The
MTCP functions as the legal manufacturer and fulfills an advisory and supervisory role
concerning design and safety aspects.
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Intended patient group
The design workflow is focused on designing a closed wedge DFO plate, as clinical experience
shows a high incidence of a poor fit and soft tissue irritation. Patients are eligible for a patient-
specific closed wedge DFO plate if they meet the following inclusion criteria:
e Eligible for a closed wedge DFO.
e Under treatment at the University Medical Center Utrecht.
¢ Manifest bone deformity of the femur. Possible causes include achondroplasia, multiple-
or spondyloepiphyseal dysplasia (MED or SED) or trauma.
e The generic plate does not fit, meaning:
o 1 or more screws cannot be placed, and/or
o the maximum plate-bone distance > 10 mm.

The plate-bone distance is defined as the distance between the cortex and the external boundary
of the plate. This should not be confused with the plate-bone gap, wherein the plate’s thickness
is not included. The established threshold of 10 mm corresponds to the distance at which
impingement of the tractus iliotibialis for lateral DFO or the vastus medialis for medial DFO is
expected. This estimation is a rough assessment provided by two orthopedic surgeons
specialized in osteotomies.

Quick scan
The quick scan serves as an initial assessment of the patient-specific plate, and is a mandatory
component of the UMCU'’s quality management system.

Table 1: Overview of product features, with the category applicable to the device highlighted in bold

Risk assessment [Very low/Low/Medium/High]
Design complexity [Low/Medium/High]
Frequency of clinical usage [Daily/Weekly/Monthly/Yearly]
Presence of electronics [Yes/No]

Patient-specific device [Yes/No]

Invasive use/direct patient contact [Yes/No]

possible

Classification [1, la, 1b, 1]

13



3.2 Statement of Requirements

Most design requirements are based on measurements obtained from generic certified plates.
Adjustments to these measurements following from patient-specific aspects are supported with
prior literature, investigating the effects of design requirements on rigidity, IFM, stress
distribution, stress shielding, static loading failure, and fatigue failure, detailed in Appendix A. The
closed wedge DFO plate must meet the following requirements:

Screws and pins
Type and number of screws and pins
> 6 locking screws: 3 in the proximal fragment, 3 in the distal fragment 3°°0-54
> 1 compression screw proximal to the wedge in an oblong ramp hole parallel to the shaft
axis
> 2 Kirschner (k-)wires: 1 proximal to the osteotomy in an oblong hole and 1 distal to the
osteotomy in a round hole for temporarily fixation

Screw positions

> No interference with the osteotomy plane or knee joint>®
The distance between the centers of the proximal screw holes is mimimally 10 mm?3236:51.56
Proximal screws are oriented perpendicular to the shaft axis, parallel to each other 5257.58
Distal screws are oriented in divergent direction® and centered around the most heavily
loaded region indicated by the mechanical axis 32606
The bridging span, defined as the distance between the centers of the screws on either
side of the osteotomy line, is 25 mm + 1 mm 323851,5262

Vv VYV

A\

Plate
Shape
> The distance between the center of the screws and the edge of the plate is at least 6 mm
32
> The plate-bone gap is limited to a maximum of 2 mm at distal and proximal part measured
in the virtual osteotomy during pre-operative planning 6364
> The edges of the plate and screw holes are rounded 32
> A smooth curve bridges the step at the level of the osteotomy, based on the offset and
the angle of the distal part >

Thickness and strength
> The stress in the plate is similar to, or smaller than, the stress in a generic plate under the
same loading
> Depending on the curve of the plate in sagittal direction, the required thickness is
determined in heatmap derived from a FEA (Section 3.4)
> Material of the plate is Ti6Al4V, manufactured according to the ISO 13485 requirements

14



3.3 Design Workflow of the Basic Shape

A workflow is presented to design a patient-specific plate for closed wedge DFO that meets the
statement of requirements described in the previous section. The workflow includes the
positioning of the screws, shaping of the plate, and applying thickness depending on the
longitudinal curve of the plate.

Standard screw configuration

The standard screw and pin formation for the proximal part consists of three locking screws, one
compression screw, and one k-wire. The locking screws and compression screw are aligned
parallel to each other, maintaining a 10 mm spacing between their centers. Notably, the most
proximal screw is positioned at 16 mm, and the oblong screw hole is situated between these
screws. The distal locking screws are inserted at varying distances from 9 to 11 mm from one
another, oriented in divergent direction as measured in generic plates. The distal k-wire is inserted
at the center of gravity of the three distal screw, aligning on the average direction of the three
distal screws.

Figure 10a. The standard screw configuration with the locking screws in blue, the
compression screw in grey and the k-wires in yellow. Measurements are included of b)
the distances between the screw and c) the head-shaft angles.

Patient-specific screw position

The standard screw configuration and virtual post-operative bone model, resulting from the pre-
operative planning according to the current workflow in the UMCU, are imported in 3-Matic
(Materialise, Leuven, Belgium) (Figure 11A). The proximal and distal femur parts are merged and
wrapped. A cylinder is created, fitting the marked shaft of the distal femur. All screws are
positioned so that the proximal screws are perpendicular to the shaft, by aligning a plane through
the centerlines of the proximal screws to a plane through the centerline of the shaft and the
desired point of insertion of the proximal screws (Figure 11B). The distal location of all screws
can be adjusted by translating them as a set in direction of the shaft cylinder. The entrance of all
screws can be adjusted by rotation around the shaft cylinder. The direction of the distal screws
can be adjusted by rotating around the shaft axis with the point of rotation at the head of the
round k-wire, aiming for an orientation through the mechanical axis, without interference with the
cutting plane or knee joint (Figure 11C).

15
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Figure 11. Positioning the screws by a) importing the standard formation, b) moving the
screws to the shaft of the femur and c) adjusting screw orientation.

Required plate shape

The surface of the plate is constructed by a curve indicating the outline of the plate and one or
multiple sketches over the longitudinal axis of the plate serving as guidelines for the middle part.
The outline curve is a smooth, closed curve, attracted to the femur, at 6 mm to the center of the
screws indicated by the analytical cylinders (Figure 12A). The part over the step caused by the
closed wedge is replaced by a new, smooth, unattached, open curve bridging the step (Figure
12B). The curves are connected, closed, and the result is smoothened. The guideline over the
longitudinal axis is a sketch, created in a plane through the middle proximal screw and the most
distal screw. The intersection of the femur and the outline curve are imported in the sketch. A
smooth spline is created over the femur between the outline curve (Figure 12C). A surface is
constructed with the curve and sketch as guiding lines. With part comparison analysis, it can be
verified that the distance between surface and the femur at the proximal and distal ends is within
a range of 2 mm (Figure 12D). If the distance is larger, additional longitudinal sketches can be
created to construct the base surface.

05000 !
03333

01667 —
-0.0000 !
-0.1667 =
-0.3333 I

-0.5000
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Figure 12. Construction of the plate by a) a curve around the screws with b) smooth curves bridging the step
and c) a longitudinal sketch. d) The distance between the femur and constructed surface is checked.
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Adaptation to parameterized shape

Depending on the longitudinal curve of the plate, the required thickness can be derived from the
heatmap, given in Section 3.4. The longitudinal curve is described by two variables: the offset and
distal angle (Figure 13AB). The offset is the distance over the bridging span perpendicular to the
proximal axis. The offset is measured in the longitudinal sketch in three steps (Figure 13C). First,
a line is drawn along the cortex of the diaphysis. Then, the 25 mm bridging span is measured
from the proximal screw closest to the osteotomy along the diaphysis line. Finally, a line from the
end of the bridging span, perpendicular to the diaphysis line to the curve of the plate indicates the
offset. The distal angle is the angle between the axis along the proximal part and axis along the
distal part of the plate. The distal angle is measured between the diaphysis line and a line from
the distal end of the bridging span to the distal end of the plate.
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Figure 13ab: Definition of the longitudinal curve defined by the offset and distal angle an
¢) how to measure the parameters in the design workflow.

Surface to solid body

The base surface is given a uniform thickness with straight boundaries in multiple steps. A
duplicate of the base surface, colored red, is moved in direction of the proximal screws. The side
surface of the solid body that is created shapes the boundaries of the proximal part of the plate.
Another duplicate of the base surface, colored blue, is then moved in the direction of the round k-
wire, shaping the boundaries of the distal part. The boundaries of the distal part are formed,
moving a blue duplicate in direction of the round k-wire. At the intersection of the red and blue
solid bodies, a plane is created. The red and blue plates are both cut by the plane (Figure 14A).
The red proximal end and the blue distal end are merged and form the boundaries of the plate
(Figure 14B). Then, a third duplicate of the base plate is given a uniform offset of the required
thickness, derived from the heatmap that will be introduced in Section 3.4. The offset surface is
extended 5 mm and cuts the boundary plate (Figure 14C). The plate is finished by smoothing the
edges and subtracting the screws and k-wires from the plate (Figure 14D).
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Figure 14. Give the plate thickness by a) creating boundaries for the proximal and distal part and
b) a uniform offset for the required thickness and c) finish the plate.
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3.4 Mechanical Safety

3.4.1 Introduction

Most design requirements of the patient-specific plate are derived from measurements in generic
certified plates or prior literature, and therefore ensure mechanical safety. A patient-specific
aspect that has not been addressed in literature or generic plates, is the varying longitudinal curve
of the plate. The curve matches the femur of the patient and bridges the step resulting from the
closed wedge osteotomy. The variability in plate shape due to individual anatomical differences
could potentially result in a higher plate stress compared to a generic plate. While it is possible
to estimate the bending behavior of a curved plate by comparing it to simple bending of a beam,
as described in Appendix B, the exact effect of the curve on the stress cannot be predicted.

The objective of this study is to design the patient-specific plate to withstand the maximum load
the generic plate can hold without yielding successfully, by determining the required thickness
depending on the longitudinal curve of the plate. This objective is essential to meet the design
requirement that the stress in the plate must be similar to, or smaller than, the stress in a generic
plate under the same loading, ensuring the mechanical safety of the plate. The primary stress
parameter is the von Mises stress, a measure of the combined effect of stress in three
perpendicular directions. This stress can be compared to the material’s yield strength to
determine if failure is likely to occur. To determine the required thickness for varying curved plates
so that it is sufficiently strong, an extensive simulation of the plate, screws and bones under
physiologically relevant loads should be conducted in a finite element analysis (FEA). However,
as a first approximation, the complexity of the model is reduced and a simplified method is used,
and screws, bone, contact interactions, muscle forces and joint reaction forces are not
considered.

3.4.2 Methods

Finite element models are constructed for the generic and patient-specific plates, allowing for
application of loads and fixations directly on the screw holes. The first step is to determine the
maximum load that the generic plate can hold without yielding, and then subject the patient-
specific plate to the same load. Then, the thickness required to withstand that load successfully
can be determined for varying longitudinal curves.

Plate models

Generic plate

The generic plate used to determine the maximum load is a Newclip, ActivMotionS, Medial
Closing Distal Femur Osteotomy Plate. Newclip Technics produces osteosynthesis material since
2001. They received CE certification for all its products under the new medical device regulation
(MDR) (EU 2017/745), and via the 1ISO 13485 standard. The plate was scanned with a laser
scanner (E2, 3Shape, Copenhagen, Denmark) with an accuracy of 10 um. Preprocessing was
performed in Autodesk Fusion 360 (2020 Autodesk, Inc), reducing the STL with an adaptive mesh
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with a factor of 0.1. The screw holes were simplified for analysis by closing the threaded screw
holes and subtracting cylinders at the positions of the screws (Figure 15). The mesh was
converted to a solid for further analysis.

£2

Figure 15: Preprocessing of the Newclip plate, reducing the mesh and
simplifying the screw holes.

Patient-specific plate

A three-dimensional model of the patient-specific plate was designed, using computer-aided
design (CAD) software (SOLIDWORKS 2022, Dassault Systems, Massachusetts, USA). The
patient-specific osteotomy plate was designed according to the specifications for the basic
shape described in section 4.2 Statement of Requirements. Exceptions were made for
specifications based on individual patient anatomy, including the plate profile, in this research
designed by simple curves. The longitudinal curve was defined by two variables: the offset and
distal angle (Figure 16). The offset is the distance over the bridging span perpendicular to the
proximal axis. The offset was varied between 3 and 21 mm. The distal angle is the angle between
the axis along the proximal part and axis along the distal part of the plate. This angle ranged from
0 to 25 degrees. The range of both variables was based on the extreme measurements of the
curve in the generic plate and of the curve in five patient-specific plates.
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Figure 16: The definition of the offset and distal angle, serving as parameters
that define the longitudinal curve of the patient-specific plate.

Distal
angle

20



The properties of treated and aged Ti6Al4V incorporated in Solidworks were adopted into the
simulated implant models. The Young’s modulus was set at 104,800 MPa with a Poisson’s ratio
(v) of 0.31%. Both plates were modelled to incorporate linear elastic, isotropic, and homogeneous
properties.

Finite Element Analysis

Determination of representative maximum sustainable load

To establish a mechanical safety similar to a generic plate, the maximum load before the generic
plate yields was calculated in a FEA. Knowing that this plate is made out of a titanium alloy,
mechanical properties similar to that of aged Ti6Al4V were assumed.

The maximum load for the Newclip plate before exceeding the yield strength was determined in
a FEA as shown in Figure 17. The pre-processed model of the Newclip plate was meshed using a
0.4 - 3.0 mm blended curvature-based mesh. The proximal screw holes were fixed in all degrees
of freedom to prevent rigid body motions during the analysis. An increasing axial force in steps
of 100 N with an equal distribution over all distal screws was applied to simulate the axial
compressive load through the screws. The direction of the axial force was along the second
proximal screw to the upper proximal screw. The maximum load was defined as the highest load
applied to the distal forces, without the maximum von Mises stress in the plate exceeding the
yield strength of 827 MPa®. The yield strength is a material property incorporated in Solidworks
for treated and aged Ti6Al4V.

Figure 17: Finite element model of the Newclip plate, showing a) the mesh, b) the fixed
proximal screw holes with green arrows, and c) the axial load on the distal screw holes
with purple arrows.

Coarse grid calculation of the required thickness

The thickness required to resist the calculated maximum load was determined for 42
combinations of offset and distal angle. Respective ranges of offset and angle were 3 mm to 21
mm in steps of 3 mm, and 0° to 25° in steps of 5°. This was done in an iterative way. First, an
analysis was performed with an estimated thickness test. The plate was meshed and the proximal
screw holes were fixated. The maximum load was applied to the distal screw holes in direction
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from the second proximal screw hole to the upper proximal screw hole, and the maximum
occurring stress o .5 max Was determined (Figure 18). Then, a new thickness tnew Was determined,
since in general the maximum stress is proportional to the squared thickness as derived in
Equation:

yields . 2 ’
Ohmax " tZ =827 - trzlew thow = \/O'est.max tost /827 — a'est.max/827 “togt

The thickness of the plate was adjusted and the stress analysis was repeated. This process was
repeated until the maximum von Mises stress measured was equal to the yield strength, with a
margin of 10 MPa under the yield strength (8.17 — 8.27 MPa).

Figure 18: Finite element analysis of the patient-specific plate, showing a) the mesh, b)
the fixed proximal screw holes with green arrows, and c) the axial load on the distal
screw holes with purple arrows.

Fine grid calculation of the required thickness

The combinations of offset, distal angle and required thickness were imported in MATLAB
(version R2019b, The MathWorks Inc.). The sample points were interpolated in steps of 1 mm for
the offset and 1° for the distal angle, using cubic interpolation. The output was visualized in a 3D
plot to examine the effect of the offset and distal angle on the required plate thickness. For
clinical use of the model, the thickness measurements were rounded up to one decimal place and
visualized in a heatmap.
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3.4.3 Results

The FEA of the generic Newclip osteotomy plate resulted in a maximum von Mises stress of 806
MPa under a load of 3000 N. When the load was increased to 3100 N, the maximum stress in the
plate was 833 MPa, exceeding the yield strength for titanium alloy of 827 MPa (Figure 19).
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Figure 19: The von Mises stress in the Newclip plate under a load of a) 3000 N
and b) 3100 N.

For varying curves of the patient-specific plate, the thickness required to hold a load of 3000 N is
visualized in Figure 20.
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Figure 20: The minimum plate thickness in relation to the distal angle and the offset of a
patient-specific plate to resist a load of 3000 N.
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For clinical use of the model, the resulting values for required thickness depending on the offset
and distal angle are rounded up to one decimal place and visualized in a heatmap, provided in
Figure 21.
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Figure 21: Heatmap visualizing the required thickness of a patient-specific plate to resist a load of 3000 N, depending
on the offset and distal angle
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3.5 Discussion: Design

In this chapter, design requirements and a design workflow have been proposed for the
development of a patient-specific closed wedge DFO plate. An estimation was made of the
required plate thickness in a Finite Element Analysis, to ensure mechanical safety.

Design specifications, requirements, and workflow

A strength of this design is that it can be applied to patients with various bone deformities, while
no prior literature was found validating patient-specific plate design in this specific patient group.
Additionally, the proposed workflow is tailored for use within the UMCU, allowing for direct clinical
implementation.

A limitation concerns the inclusion criterium that a patient is eligible for a patient-specific plate
when the maximum plate-bone distance is greater than 10 mm. In the absence of research
investigating this correlation, the limit for the distance was estimated by orthopedic surgeons
specialized in osteotomies, based on the distance on which soft tissue irritation is expected.
Further research is required to determine the clinically relevant plate-bone distance, for example
correlating the plate-bone distance measured on post-operative CT-scans with incidence of soft
tissue irritation or plate removal.

Another limitation involves the potential impact of varying angles between the plate and screw
orientations. This arises from two patient-specific design requirements. First, the distal screws
are oriented towards the mechanical axis, and second, the shape of the plate is congruent with
the patient’'s femur. While other patient-specific characteristics have been investigated in
literature, generic certified plates or in the mechanical safety test, the effects of the plate-screw
angle were not considered. Since locking screws are used in the patient-specific plate design, this
should have no effect on the screw-plate interface. However, it might influence the forces or
stress within the screw plate construction.

Mechanical safety

The aim of the mechanical safety study was to determine the required thickness of patient-
specific plates with varying longitudinal curves, so that it does not yield under the maximum load
that the certified Newclip plate can hold without yielding.

The maximum axial load for the Newclip plate before exceeding the yield strength was
determined in a FEA. It is important to note that the maximum load primarily served the purpose
of calibration between the Newclip model and the patient-specific model. In prior research, a
maximal axial force of 3.1 times the body weight was measured during the gait cycle and up to
5.4 times the body weight during stair climbing®. Additionally, in the UMCU patients with a DFO
are advised to limit physical load on the knee to 50% and gradually increase it to 100%. The clinical
guidelines may vary per type of osteotomy and per clinic, as research showed that early full
weight-bearing after open wedge HTO without bone graft leads to earlier improvement of the
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clinical results®”. The measured maximum load differs from prior research due to the assumptions
made in the simplified model.

The relationship between the offset, distal angle and required thickness are visualized in a 3D plot
and converted into a heatmap for clinical application. These relationships can be partially
understood through the bending behaviour of a simple beam, as derived in Appendix B. The
squared thickness of the plate is proportional to the bending moment. Therefore, a linear
relationship is expected between the offset and the bending moment and a sinusoidal
relationship for the distal angle, as the distance to the fixed screws increases when the
parameters increase. However, in addition to the stress caused by the bending moment, the
stress in the curved plate as measured in the FEA is also caused by compression. Therefore, the
stress in the plate is more complex to predict, supporting the added value of the FEA.

The most important strength of the mechanical safety study is the usability of the study’s findings
in clinical practice. The generated heatmap offers immediate determination of the thickness for
each possible curve of a patient-specific plate, without the need for further analysis or
calculations for each individual plate. Another strength is the simplicity of the method used to
evaluate mechanical safety. Assumptions based on literature and design characteristics of
certified generic plates, allowed for a simplified FEA. This approach eliminates the need for
extensive expertise, computing power, and computing time that are typically required for
assessing the mechanical safety of a personalized plate®.

The assumptions and simplifications made in this study introduce three key limitations. The first
limitation is that the forces applied to the plate may not accurately represent the forces on a plate
in a patient. The load on the plate is simplified by simulating an axial force directly on the distal
screw holes and fixating the proximal screw holes. In a closed wedge osteotomy, axial load is not
only transferred by the screws, but also carried by bone-to-bone contact and by the hinge. A more
extensive model, including screws, bone, contact interactions, muscle forces, and joint reaction
forces, might provide a more realistic representation of the complex biomechanical behavior and
loading conditions that occur in a clinical setting.

A second limitation is that the von Mises stress is the only outcome measures considered to
determine the required thickness. Although the increased thickness reduces von Mises stress
within the plate, the increased rigidity could induce stress shielding and restrict IFM. IFM is
essential for callus formation, and a lack of bone consolidation over the long term increases the
risk of fatigue failure of the plate3°. To measure the IFM, it would be necessary to include both
the screws and bone in the FEA.

A third limitation is that the standardized curved plates analyzed in this study may not be
representative of the more complex shaped patient-specific plates that are designed for clinical
practice. The shape of the patient-specific plates is not only based on the longitudinal curve, but
constructed with an additional 3D outline that corresponds to the individual’s femur. Furthermore,
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the longitudinal curve in the FEA is only defined by the offset and distal angle, whereas the
longitudinal curve in the patient-specific design is a more complex spline. Adding more
parameters to approach the shape of the plate more closely would result in more accurate
measurements of the stress in the plate. However, it requires more time and makes the analysis
and clinical use more complex. Therefore, a standardized outline was used and only two
parameters were selected to define the longitudinal curve, based on preliminary tests determining
which parameters had the most effect on the stress in the plate, including parameters offset,
distal angle and maximum angle. Further research is required to confirm that the standardized
plates used in this analysis are representative for the patient-specific plates.

Future research to address these limitations and to validate the mechanical, would involve an
extensive and personalized FEA, incorporating a patient-specific plate, bone model and loading
conditions at different healing stages. A similar study was conducted by MacLeod et al. (2021)*°
in a case-control in-silico virtual clinical trial. They compared the mechanical safety of a
personalized 3D printed osteotomy device designed to match individual tibia geometry to an
existing generic device. A FEA was performed to calculate the maximum von Mises stress within
the plates, the maximum Von Mises strain in the bone adjacent to the screws and the IFM at the
osteotomy site. Three physiological activities were simulated, including fast walking gait, chair
rise, and squat. Osteotomy gap bone healing was simulated by increasing the Young’'s modulus
of the material in the gap for different healing stages. The in-silico trial showed that there is no
increased risk of failure and no difference in stability indicated by IFM. However, the authors
highlighted significant challenges, such as the considerable user input required to produce
subject specific models, and the computing time of more than half a million core hours to produce
solutions of the models. It should be considered that developing a virtual clinical model is
comprehensive and complex.
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4 Validation

4.1 Validation Design Workflow

Introduction

To design a patient-specific closed wedge DFO plate, a statement of requirements and a workflow
that meets the requirements have been provided in previous chapter. In this section, the design
workflow is conducted and a check is done to see if the resulting patient-specific plates met the
design requirements for a wider sample within the patient group. Furthermore, the variety in the
longitudinal curves of patient-specific plates is explored to check if the resulting required
thickness is feasible. Therefore, a case study is conducted to validate the design workflow and
to explore the shape and required thickness of the plates.

Method

Patients

Patients with bone deformities were included who are treated or scheduled for closed wedge DFO
in the University Medical Center Utrecht, according to the current 3D workflow for complex
patients. Inclusion criteria were similar to the intended patient group described in Section 3.1.

Protocol

Pre-operative planning was conducted as described in de clinical workflow in Section 3.1 (Figure
22), using the Newclip ActivMotionS closed wedge DFO plate for fixation (Newclip Technics,
Haute-Goulaine, France). Patient-specific plate were designed according to the guidelines
outlined in 3.3 Design Workflow.

Pre-operative planning

. Deformity Virtual .
e SR

Figure 22: The design workflow tested in this case study is colored in blue and orange. Remaining steps of the full
clinical workflow that are not considered in this validation are colored gray.

Measurements

Measurements were conducted in the resulting patient-specific plates to check if the design
requirements described in Section 3.2 were met. The plate-bone gap and the plate-bone distance
were measured in the software Materialise, using the part comparison function. The plate-bone
gap was defined as the distance between the cortex and the inner side of the plate. The plate-
bone distance was the distance between the cortex and the outer side of the plate, including the
thickness of the plate. All other design requirements regarding screw position and shape of the
plate were automatically met if the design workflow can be carried out according to protocol, and
therefore required no measurements. The offset and distal angle of the longitudinal curve of the
plate are measured as described in Section 3.3 under adaptation to parameterized shape, and
shown in Figure 13C. Based on the curve, the required thickness of the plate was derived from
the heatmap shown in Figure 21.
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Results
A total of five patients were included. Patients’ characteristics, the planned location, and
correction of the osteotomy are provided in Table 2.

Table 2: Patient characteristics
Patien Sex Age Length Weight DFO location Correction Cause deformity

t (F/M) (mm) (kg) (left/right, (degrees,
medial/lateral) direction)

22 169 68 Left, lateral 8, sagittal Hypofosfatemic rachitis
2 F 54 153 72 Right, medial 11, sagittal MED
3 F 28 155 70 Right, medial 6, sagittal Femur Fibula Ulnaris
Syndrome
4 F 43 152 56 Right, medial 17, sagittal CODAS syndrome
5 F 23 128 53 Right, lateral 10, sagittal Achondroplasia

For all five patients, the design workflow was conducted, a patient-specific plate is designed, and
the plate-bone gap of the patient-specific plate was measured. Measurements of the plate-bone
distance for both plates and of the curve of the patient-specific plate are provided in Table 3.

Table 3: Measurements of the plate-bone distance

Patient Max plate- Max plate- Max plate- Offset Distal angle Required
bone distance  bone distance  bone gap longitudinal longitudinal plate
Newclip plate  novel plate novel plate curve novel curve novel thickness
(mm) (mm) (mm) plate (mm) plate (degrees) (mm)

1 11.5 7.9 34 10 10 4.4

2 10.8 7.2 1.9 11 25 4.8

3 11.4 7.2 1.8 16 7 5.2

4 13.2 6.5 0.8 18 4 5.3

5 10.0 5.5 0.4 7 14 4.0

Visualizations of the plate fittings and plate-bone distances are added in Appendix C, with an
example shown in Figure 23. The plate-bone distance is quantified in millimeters and represented
in Figure 23C and D, using a color-coded scale.
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Figure 23: A virtual osteotorhy is conducte& for a) the Newclip plate and b) the patient-specific plate.
The plate-bone distance is quantified in millimeters and represented using a color-coded scale for
c) the Newclip plate and d) the patient-specific plate.

The plate-bone gap for all plates are visualized in Figure 24. The color-coded scale represents
the plate-bone gap in mm. The minimum values in the color bars are negative due to plate-
bone overlap. The maximum value in the color bar is limited to 2 mm added to the minimum
value. A plate-bone gap that exceeds the limit of 2 mm in colored in grey. For two out of five
plates, the maximum plate-bone gap is less than 2 mm over the entire plate. For two plates the
distance exceeds the limit of 2 mm at the height of the bridging span, but the proximal and
distal parts are within the 2 mm distance. The plate for patient 2 exhibits a distance greater
than 2 mm in the proximal part, failing to meet the design requirement.
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Figure 24: The plate-bone gaps are visualized for all patients, with scales ranging from the minimum
distance to a 2 mm addition beyond the minimum.
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4.2 Manufacturing and Costs

Manufacturing

Manufacturing the plate, whether through 3D printing or milling, involves several key steps,
including file preparation, machining, heat treatment, screw hole milling, polishing, and
sterilization (Figure 25). File preparation is performed by the 3D specialist responsible for the
plate design, and is therefore further elaborated upon. The type of manufacturing, namely 3D
printing or milling, has a significant impact on the plate’s properties and design. Therefore, this
consideration is also described. The manufacturing process is outsourced to an external
manufacturer, specialized in medical instruments and equipment. A wide range of manufacturing
techniques, heat treatments and polishing are available. Details on the machining and finishing
process highly depend on the techniques out of the wide range of manufacturing techniques,
therefore left outside the scope of this thesis. Important to note, is that the legal manufacturer of
the patient-specific plate is the department Medical Technology and Clinical Physics within the
UMCU. The internal quality safety system according to ISO 13485, allows for safe and legal in-
house design of medical devices, while outsourcing the manufacturing process. Standard
documentation, a certificate of conformity and a material certificate for traceability are provided
by the manufacturer.

Plate

Figure 25: The workflow for manufacturing the patient-specific plate colored in orange, described within the full clinical
workflow colored in gray.

File preparation

The file type required for manufacturing depends on the manufacturing technique. If the plate is
3D printed, the plate can be exported as an STL-file directly from the Materialise software. If the
plate is milled, a STEP-file is required to plan the milling path. The plate design in Materialise is
too complex to export directly as a STEP-file, as the format is interoperable among software used
for toolpath generation for milling. Therefore, the file is converted in Autodesk Fusion 360 (2020
Autodesk, Inc). The base plate with straight edges and without screw holes, and the screws are
exported from Materialise as an STL-file. The plate and screws are uploaded in Autodesk and
converted to a solid. The edges of the plate are smoothed using the fillet option and the screws
are subtracted from the plate. The result can be exported as a STEP-file.

Printing or milling

The patient-specific Ti6Al4V osteotomy plate can be either 3D printed or milled. 3D printing allows
for complex geometries, can be cost-effective for small-scale production due to its flexibility and
reduced material waste, and allows for rapid prototyping and productions as milling involves
multiple steps and longer lead times®8. However, the shape of the plate is based on simple curves
and time is not a constraint. Moreover, the plate requires precise mechanical properties such as
strength and durability to ensure mechanical safety. Milling is less likely to introduce variability in
the material compared to 3D printing. Also, milling techniques can provide excellent surface finish
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and dimensional accuracy, potentially reducing or eliminating the need for additional post-
processing steps.®® Therefore, milling is preferable to 3D printing.

Milling titanium poses several machining challenges. First, the high chemical reactivity causes
titanium to weld to the tool. Second, the low thermal conductivity increases the temperature at
the tool-plate interface. Third, the low elastic modulus of titanium causes the material to spring
away from the cutting tool, increasing friction and raising the temperature.”® Additionally, a
practical challenge of milling involves the clamping technique. Either the plate must be placed
within a mould or the path has to be programmed to preserve three points of contact that are
removed during the final stage. Testing of the setup and selection of proper metalworking fluid
are essential to improve the surface characteristics and integrity®°.

Costs

There are various costs component additional to the costs of the current workflow for patients
with bone malformations using a generic plate and a PSI. Additional costs during the design phase
arise mostly from labor costs, including those of the 3D expert, the orthopedist and the MTCP
expert. The 3D expert makes the initial design (estimated around 3 hours), all three evaluate the
design (0.5h), the 3D expert makes design adjustments (1h), and the 3D and MTCP experts invest
time in documentation and certification of the plate design. The required software is available
within the UMCU and will not incur extra costs. To facilitate training, expenses will be incurred for
the 3D expert to become familiar with the design workflow (2h). To test the workflow and to
familiarize the orthopedics with the patient-specific plate, a test osteotomy will be conducted,
entailing working hours (1h) and printing costs for a 3D printed bone out of polylactic acid, and a
PSI and plate out of polyamide-12.

The most significant costs of the manufacturing process include 1) the costs for the titanium alloy
used in the plate, 2) the machinery and software necessary for file preparation, printing/milling,
heat treatment, screw hole tapping, polishing, sterilization, documentation, and certification, 3)
labor costs of the manufacturer, and 4) the expertise required to address machining challenges
and test the setup. Manufacturing can be outsourced to the regional ISO 13485 certified medical
company, Witec (Witec Medical B.V., Stadskanaal, the Netherlands). They use a 5-axis milling
machine to make a plate of medical grade titanium alloy by computer numerical control milling.
The costs for the first plate are estimated around 3700 euro, which might decreased when plates
are produced on a monthly basis. The costs for a generic plate are estimated around 700 euro.
The patient-specific plate requires two titanium alloy locking screw less, which are estimated
around 80 euro per screw.

Potential costs savings could be realized when a second operation for plate removal would be
avoided and when the operating time would be reduced. However, reduced operation time is not
expected in the first cases. To conclude, it can be assumed that the patient-specific plate involves
greater expenses compared to the generic plate. A more detailed cost-benefit analysis could be
conducted to determine whether the benefits outweigh the additional costs.
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4.3 Risk Analysis

There are risks associated with the use of an in house developed patient-specific plate. Potential
modes of failure during the design phase, manufacturing, per-operative, and post-operative
phases can be identified. These failures may impact the accuracy of the correction and, in severe
cases, may cause permanent injury to the patient. In this section, potential modes of failure and
their consequences are described for each phase. A complete risk analysis corresponding
measures for each potential mode of failure is provided in Appendix D.

Table 4: Potential modes of failure associated with the patient-specific plate.

Potential mode of failure Consequence Severity

Design

The product is designed in such a way that
cleaning and sterilization are not
straightforward, leaving residue

Plate might be unsterile or residue is
left in the patient

Permanent injury

The plate is designed in a way that it cannot
be properly placed on the femur or screws
cannot be placed

Operation must proceed with a
generic plate

Reversible injury

The plate design does not align with the pre-
drilled screw holes guided by the PSI

Extra screw holes need to be drilled,
or the operation must proceed with
a generic plate and accuracy of the
correction is not ensured

Reversible injury

The plate is not applicable as intended by
the physician (poor communication
between 3D lab and physician)

Operation must proceed with a
generic plate

No injury

Manufacturing

An error occurs during finishing

Biocompatible  properties  and
mechanical safety are not ensured

Permanent injury

The plate is damaged during finishing Operation must be postponed or | Noinjury
must proceed with a generic plate
Usage
The plate is not available on time Operation must be postponed or | Noinjury

must proceed with a generic plate

The plate is found not to fit well on the femur
during the operation

Operation must proceed with a
generic plate

Reversible injury

Facilities (ICT/sterilization)

Incorrect sterilization method is applied to
the plate

Damage or deformation of the plate

Permanent injury

Software malfunctions or crashes The plate cannot be designed | No injury
according to the design workflow, or
not at all
An outdated version of the CAD/CAM | Possible new improved | No injury
software is used functionalities are not implemented
Lifecycle

The implant cannot be removed when
necessary

Surrounding bone structure must be
removed along with the implant
during removal

Permanent injury

The plate experiences mechanical failure

The plate must be removed and
replaced if the bone parts are not
consolidated

Reversible injury
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Risk-reducing measures

Several measures are taken to reduce the risk of failure. During the design phase, the design is
checked for angles that cannot be cleaned or sterilized. The surgeon and 3D specialist discuss
the virtual osteotomy, PSI and plate design in a meeting prior to the surgery to align expectations
and intentions of the correction and design. Additionally, the surgeon’s signature is required for
the order file to gain early insight into the design. Then, the surgery is practiced on a nylon 3D
printed bone model, PSI and plate, thereby minimizing the risk of design errors and operational
mistakes. The titanium plate is manufactured by an external ISO 13485 certified medical
company, and their protocol is followed to prevent failures during manufacturing. In case the
operation must proceed with a generic plate, the surgeons are trained to perform the surgery
according to the current protocol. However, the deformity of the bone might complicate the
fixation and because the pre-drilled screw holes cannot be used for plate positioning, the
accuracy of the correction is not ensured. The most significant associated risk is mechanical
failure of the plate. This risk is reduced by adjusting the thickness of the plate to the stress, as
explained in Section 3.4. Clinical follow-up is performed in iProve at standardized moments in
time. The patient will be informed of the risks prior to the entire design process in an informed
consent meeting.
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4.4 Discussion: Validation

In this chapter, a validation has been performed for the patient-specific plate design, including a
virtual validation of the design workflow in five patients, and exploration of manufacturing, costs,
and risks.

Validation design workflow

The workflow was successfully executed for all patients, meeting most requirements for screw
positions and shape of the plate. For 4 out of 5 patients, the plate-bone gap fell within a range of
2.0 mm, which satisfies the design requirement. However, for one patient, the plate-bone gap
extended up to 3.4 mm. The distance could be decreased, adding more curves as guiding lines
when constructing the surface of the base plate. However, it should be considered that this
results in a more complex curve, which can influence the forces and stress in the plate and
screws. The optimal balance between fitting the plate to the bone and the complexity of the shape
of the plate is yet to be determined.

The longitudinal curve of the plate extended to a maximum offset of 18 mm and a maximum
distal angle of 25 degrees. Based on the estimation of the required thickness made in Section
3.4, the plates designed in this section had thicknesses ranging from 4.0 to 5.3 mm. This did not
pose difficulties in the design workflow. The maximum plate-bone distance was still reduced
from 9.6-12.3 mm for the generic plate to 5.5-7.9 mm for the patient-specific plate, despite the
increased thickness. In all cases, the maximum distance was less than 10 mm, which is
hypothesized to cause less soft tissue irritation. However, the effects of the increased thickness,
such as stress shielding, need to be further investigated alongside the von Mises stress in the
plate.

A limitation is that Patient 2 was included both in the validation data and used for improving the
design workflow, introducing a bias in the validation results. It is worth noting that this patient did
not show better results compared to other patients, and considering the exploratory nature of this
study, the bias may not be relevant.

Future research could involve implementing the virtually validated design into clinical practice. It
is important to note, that soft tissue and inaccuracy of the correction were not considered in the
virtual validation. Ligament laxity and soft tissue contractures in patients in bone deformities
might complicate the surgical procedure?’. As the surgical approach, osteotomy, use of PSI, and
fixation with a plate are similar to the current clinical workflow, no additional intraoperative
complications or logistical issues are expected. However, the accuracy of the osteotomy
achieved in practice may deviate from the virtual designs. A systematic review investigating the
accuracy in osteotomies using a PSI, reported a mean error of 0.8° HKA angle and 0.6° for the
posterior tibial slope3’. Additionally, the plate-bone distance might be increased by periosteum
on the bone surface, which is not visible on the CT scan. Consequently, achieving a plate-bone
gap smaller than 2 mm might not be feasible in practice, and the actual plate-bone distances are
expected to be greater than those measured in the virtual validation.
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Manufacturing and costs

Based on the exploration of the manufacturing process, milling was considered more preferable
compared to 3D-printing. While challenges associated with the milling process were identified, it
is not anticipated to pose a significant problem, as the feasibility of this manufacturing method
was demonstrated by the 3D lab in Groningen*t. The cost difference is primarily due the
manufacturing process, with an estimated additional cost of 3000 euros, and increased labor
costs during the design phase. A more detailed cost-benefit analysis could be conducted to
determine whether the benefits outweigh the additional costs.

A limitation of the exploration of the manufacturing process is that it has been examined
independently of the clinical workflow, while the manufacturing technique may influence certain
design choices, and vice versa. For instance, a generic proximal part of the plate could be placed
in a mould for clamping during milling. Milling using the three-point clamping technique would
not require design adjustments. Another example could be that certain angles are too complex
for milling. None of the five plates designed so far have included such angles. Required design
adjustments can be identified once the manufacturing process is refined in collaboration with the
manufacturer.

Risk analysis

Significant risk-increasing modes of failure include design flaws that complicate plate removal or
increase the risk of mechanical failure, and flaws in the manufacturing and sterilization process,
which could result in permanent injury. Therefore, risk-reducing measures associated with these
processes are strongly advised. For other risk-reducing measures, especially the practice
osteotomy on a 3D printed bone model, PSI and plate, a cost-benefit evaluation may be worth
considering.

A limitation of the risk analysis is that the scoring system rates the risk as low, driven by the
estimation that the likelihood of failure is less than once a year. However, this estimation is based
on the idea that approximately one plate is developed per month. It might be informative to
assess the risk on a per-patient basis to gain a more accurate understanding of the risk profile.
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5 General Discussion

In patients with rare bone deformities, the abnormal geometry of the bone and altered
biomechanics raise some technical challenges when it comes to fixation with a generic plate
after an osteotomy. Patients suffer from soft tissue irritation, procedures have longer operation
times, and mechanical safety may not be assured. This study aimed to develop a workflow for in-
house design of a patient-specific plate in malalignment surgery with 3D technology, achieving
mechanical safety comparable to that of a generic certified plate, in patients for whom off the
shelf solutions do not fit. The mechanical safety, feasibility, and future perspective are discussed
is this section.

This study aimed to ensure mechanical safety by thoroughly establishment of individual design
requirements that influence mechanical safety, based on literature, measurements in generic
plates, or estimations derived from a simplified FEA. However, it is essential to consider that the
plate’s shape, strength, manufacturing process and their interplay with the screws and bone are
closely interrelated and affect each other.

Future research could be considered for a validation of the mechanical safety. This could involve
an extensive and personalized FEA, incorporating the patient-specific plate, bone model and
loading conditions at different healing stages. However, the development of such a model
requires extensive expertise, computing power, and computing time*’, and there remains
uncertainty regarding whether the model accurately represent clinical practice. Especially given
the diverse biomechanics among the patient population, standard load models may not be
applicable. An alternative to FEA could involve a tensile test, conducting the osteotomy with a
milled patient-specific plate on artificial bones simulating bone architecture and physical
properties. This approach would involve measuring static strength, IFM, and fatigue failure.
However, this approach is considered unfeasible in clinical practice due to time constraints, high
costs and the need for expertise. Given the complexity involved in further validation studies and
the limited resources available for in-house development, the simplified and established approach
applied in this study is considered adequate for ensuring mechanical safety.

Four key aspects described in this study contribute to the assessment of feasibility. Firstly, a
competitive product analysis was conducted, identifying an alternative patient-specific fixation
device named TOKA, developed by Orthoscape. While the MDR prohibits in-house production
when a commercial alternative is available, since TOKA is focused on tibial plates and currently
not available on the market, the relevance of in-house development remains intact. Secondly, the
virtual validation indicated that the designed plates generally meet the requirements. However,
an exception was observed in the plate-bone gap for one out of five patients. Further research is
recommended to determine the optimal balance between plate-bone fitting and complexity of the
plate shape. Thirdly, the cost analysis revealed that the patient-specific plates entail higher
expenses compared to the generic plate. The cost difference is primarily due the manufacturing
process, with an estimated additional cost of 3000 euros, and increased labor costs during the
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design phase. A more detailed cost-benefit analysis could provide insights whether the benefits
outweigh these additional costs. Lastly, the remaining risk associated with the use of a patient-
specific plate is acceptable when suggested risk-reducing measures are implemented.

Several regulatory steps should be considered when the design is used for patient care. The
proposed design workflow and presented research aligns with the well designed and successfully
implemented framework employed by the UMCU for managing logistical and regulatory aspects
of technology development*'. This report serves as a technical file required for the development
of a patient-specific medical device, in compliance with the quality management system. In the
next phase, it is essential to collaborate with the MTCP as the legal manufacturer and the external
manufacturer. With the involvement of all stakeholders, the manufacturing process can be further
refined, and the remaining necessary documentation can be prepared.

Taken these aspects into consideration, in-house development of a patient-specific osteotomy
plate demonstrates adequate mechanical safety and could be feasible when the benefits
outweigh the costs. This is particularly promising for patients for whom a precise plate-bone
fitting is crucial, and for patients with contraindications for a secondary surgical procedure for
plate removal due to soft tissue irritation. The option of osteotomy for these patients is relevant,
as it offers individuals with rare bone deformities the potential benefits of pain relief, improved
mobility, postural correction, and the prevention of further complications such as premature
development of OA%. The decision to develop and apply a patient-specific plate should always
be made collaboratively among the patient, physician and 3D specialist.
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6 General Conclusion

In this study, a workflow has been successfully developed for in-house design of a patient-specific
fixation device in malalignment surgery with 3D technology in patients for whom off the shelf
solutions do not fit. To ensure mechanical safety similar to a generic plate, design requirements
were based on literature, measurements in generic plates, and an estimation of the required plate
thickness using a FEA. The virtual validation demonstrated that the design requirements were
met for 4 out of 5 patients. For one patient, the 2 mm limit for the plate-bone gap was exceeded.
Milling the plate was considered preferable. The patient-specific involves high additional
manufacturing costs and increased labour costs during the design phase. In-house development
could be feasible when the benefits outweigh the costs. Further research is recommended to
conduct a more comprehensive cost-benefit analysis, and to determine the optimal balance
between plate-bone fitting and the complexity of the plate shape.
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Appendix A. Background Literature Design Requirements

While adequate stabilization is crucial, achieving a balance between rigidity and IFM is of high
importance to stimulate bone healing and prevent fatigue failure. This balance depends on
various design characteristics related to screw type and position, shape, material, and production
process of the plate. These characteristics and its effects are identified in literature and described
here, forming the basis of the design requirements. To translate this theoretical framework into
a design with specific values, measurements were conducted on certified generic osteotomy
plates. These measurements include the distance between proximal screws, the spacing and
orientation of the distal screws, the bridging span and the distance between screws and the edge
of the plate.

Type and number of screws

Traditionally, for plate fixation in osteotomy, three to four screws are inserted at each fragment
3950 In theory, two or three screws on either side of the fracture should be sufficient to stabilize
fractures of the lower extremity. Previous research has demonstrated that using more than three
screws has a minimal impact on increasing axial stiffness, and employing four screws does not
significantly enhance torsional rigidity.®' However, such a construct can only be used in good
bone quality and when the surgeon is sure that all the screws are inserted correctly and
bicortically. Therefore, in clinical guidelines a minimum of three locking screws is
recommended.®? Additional to the locking screws, a compression screw can be inserted in a ramp
oblong hole perpendicular and proximal to the oblique osteotomy line. This allows for a simple
and controlled compression by the screw-plate interface.325°

The use of locking screws reduces the average stress on the bone compared to compression
screws, but it results in a higher average stress on the plate. Locking plates are associated with
high rigidity, which can cause stress shielding.5*>

Screw position

Optimal screw position leads to load-sharing between the bone, plate, and screws, eliminating
stress shielding®. It has been demonstrated that lag screws, traditionally used to compress
fracture fragments, reduce motion at the fracture gap dramatically and screws close to the
fracture site must be avoided whenever possible.*®

Proximal screws are placed parallel to each other in axial direction, as diverging screw angles
show a biomechanical disadvantage under static and cyclical loading®®. Distal screws can only
be placed unicortical, resulting in decreased bone anchoring, compression and torsional
resistance, and breaking load. The decrease is especially in osteoporotic bone as the cortex gets
thinner.%" Divergent and convergent screw direction enhances the pullout strength of the
screws®2. Research suggests that divergent screw direction increases construct stability which
can decrease fracture risk in screws, plate and bone, allowing the smallest IFM>°.
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The distance between the screws on either side of the osteotomy line, referred to as the bridging
span, has a major impact on the balance between stability and IFM. Screw insertions near the
fracture site increase fracture stability®?, while larger bridging spans in opening wedge HTO
increase IFM without substantially increasing plate stress®®. When an external load is applied to
the bone-plate construct, the plate will most likely bend at the height of the bridging span. Bending
a plate over a short segment enhances the local strain of the implant, while bending over a longer
segment reduces the local strain, resulting in a protective effect against fatigue failure of the
implant®2. In guidelines for locking plates with a gap size of 1 mm, it is recommended to omit at
least one hole on each side of a fracture®’. The length of the bridging span for the generic DFO
plate is 25 mm.

Plate

A study examining the mechanical stability of an LCP construct in a simulated diaphyseal fracture
found that plate-bone distance should be equal to or less than 2 mm.® When applied 5 mm from
the bone, the plate demonstrated significantly increased plastic deformation during cyclical
compression and required lower loads to induce construct failure. Moreover, a plate-bone
distance of 2 mm had the advantages of reducing axial stiffness and providing nearly parallel
IFM®4. By increasing this distance from 2 mm to 6 mm, both torsional rigidity and axial stiffness
decreased by 10-15%°', which is consistently associated with reduced fatigue life’’’2. In a
biomechanical study that compared the effects of contoured plate profile compared to straight
design bridging an off-set, an increased fracture risk of screw, plate, and bone was observed at
7.7%, and 4.3% and 7.9%, respectively. *°

Ti6Al4V is an alpha-beta alloy and the most widely used as biomechanical implants due to its
high specific strength, lower elastic modulus, excellent biocompatibility, and enhanced corrosion
resistance. Nevertheless, there are still some problems with the long-term performance of
titanium alloys, related to biological activity, wear resistance, and corrosion resistance. Such
problems are often restricted by the surface properties of the implants, hence various surface
modification methods have been employed.”®
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Appendix B. Theory Simple Bending of a Beam

The bending behavior of a curved plate can be estimated by comparing it to simple bending of a
beam. The maximal bending stress in a beam under simple bending, with M is the bending
moment at location of interest along the beam length, c is the centroidal distance of the cross
section, and I is the centroidal moment of inertia of the beam’s cross section.

M-c
Opmax =
. Ic

In a simple beam, the distance to the neutral axis is equal to the height of the beam divided by
two. The cross section of the plate is simplified as a rectangular section, for which the moment
of inertia | = w * t2 /12, with w the width and t the thickness of the beam. As the thickness of the
beam can be compared to the thickness of the plate, the maximum stress in the plate can be
estimated, depending on the curve and thickness of the plate.

t
M- 5 6-M 1

= * —

Opmax = 1 5
ﬁ.W .t

Or, in other words, given a certain bending moment M and width b of a beam, the ratio between
max. stress and squared thickness of the beam is constant:

, M
Opmax ' t° = W constant
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Appendix C. Virtual Validation Analysis

A virtual distal femur osteotomy was conducted on five patients, and the femur was fixated using
both a generic plate and a patient-specific plate. This appendix includes images displaying a side
view of the plate for visual inspection of the fitting and longitudinal curve, as well as a front view
with measurements of the plate-bone distance.
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Appendix D. Risk Analysis: Potential Modes of Failure

Potential modes of failure are identified throughout the design phase, manufacturing, per-
operative, and post-operative phases. For each mode of failure, potential consequences and
corresponding measurements to prevent them are determined.

To assess whether the residual risk is acceptable, scores were assigned to the likelihood of
occurrence and the severity of consequences, following the values provided in Table D1. Using
these scores, arisk score is calculated by multiplying the likelihood of occurrence by the severity
value. Subsequently, the risk score can be categorized into four levels, as outlined in Table D2.

Table D1: Quantification of the likelihood of occurrence and the severity of the consequences

Likelihood of Likelihood value Severity Severity value
occurrence
Daily 10 Invalidity 10
Weekly 9 Death 9
Monthly 8 Permanent injury 8
Yearly 7 Reversible injury 7
Lessthanonceayear 6 No injury 6

Table D2: Classification of the risk score
Risk score Value Color coding Action
Very low <50 Green Risk is acceptable
Low 50-69 Yellow Risk reduction is
High 70-79 Orange required
Very high >80 Red Risk is unacceptable
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