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Abstract

Integration of advanced technologies have revitalised treatment methods in the current clinical practice. In orthopaedic
surgery, patient-specific implants have leveraged the design freedom offered by additive manufacturing (AM) exploiting the
capabilities within powder bed fusion processes. Furthermore, generative design (GD), a design exploration tool based on
the artificial intelligence, can integrate manufacturing constraints in the concept development phase, consequently bridging
the gap between AM design and manufacturing. However, the reproducibility of implant prototypes are severely constrained
due to uncomprehensive information on manufacturing and post processing techniques in the detailed design phase. This
paper explores the manufacturing feasibility of novel GD concept plate designs for High Tibial Osteotomy (HTO), a joint
preserving surgery for a patient diagnosed with osteoarthritis in the knee. A design for AM (DfAM) workflow for a genera-
tively designed HTO plate is presented, including; detailed DfAM of GD concept designs, fabrication of plate prototypes
using electron beam powder bed fusion (PBF-EB) of medical grade Ti-6Al-4 V, post processing and inspection. The study
established PBF-EB as a suitable manufacturing method for the highly complex GD plate fixations, through evaluating the
impact of manufacturing and post processing on the surface finish and geometrical precision of the plate design features.

Keywords Additive manufacturing - Generative design - High tibial osteotomy - Fixation plate - Electron beam powder bed
fusion - Mass finishing

1 Introduction

To date, additive manufacturing (AM) has had a transforma-
tional impact on clinical practice; including surgical simula-
tion, drug delivery systems, medical devices, personalised
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and cost-effective care [1-3]. The orthopaedic industry has
pioneered the use of AM, through precise preoperative plan-
ning, visualisation [4], intraoperative navigation, patient-
specific surgical instrumentation and implants, enabling
the reduction in operating times whilst improving safety,
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accuracy and reproducibility of outcomes, even for mini-
mally invasive surgery [5, 6]. Additive manufactured metal-
lic implants are extensively used in joint replacements [7],
fracture fixations [8], corrective osteotomies [9], and bone
tumour surgery [10]. Recently, artificial intelligence (AI)
has seen an explosive growth within the healthcare setting in
diagnosis generation, therapy selection and risk predictions,
thus aiding the clinical decision-making process [11, 12].

Osteoarthritis (OA) is a major source of chronic pain and
disability, affecting approximately 15% of the world popula-
tion [13]. High Tibial Osteotomy (HTO) is a joint preserv-
ing surgery for OA in the knee, offloading the mechanically
overloaded compartment, to relieve pain and optimise joint
movement [14, 15]. HTO necessitates osteosynthesis (fixa-
tion of bone), using metallic plates to internally fixate and
stabilise the joint, allowing the patient to engage in daily
activities [16]. Despite evidence of good long-term out-
comes [17], the ‘one-size-fits-all’ approach in HTO has lim-
ited its surgical adoption [18, 19], primarily due to size and
rigidity of the plates [20, 21]. Patient-specific AM devices
have begun to address the limitations of ‘one-size-fits-all’
approach in HTO [22]. Patient specificity offers anatomi-
cally congruent fixation, minimising the size and stiffness
disparity and improving mechanobiological performance
[23]. More recently, Tilton et al. [8] demonstrated an AM-
centric workflow for the design and development of patient-
specific plate fixations. However, Burton et al. [24] highlight
a distinct lack of information in academic literature on the
design and manufacturing process of AM implants. This
emanates from lack of expert knowledge in clinical special-
isms, specific manufacturing techniques and the commercial
sensitivity associated with some proprietary methods [24].

This research will present novel concept designs gener-
ated by the first application of Generative Design (GD) to
HTO fixation. This paper will outline the detailed design
requirements of these HTO plates for manufacturing by
Powder Bed Fusion Electron Beam (PBF-EB) AM technol-
ogy, including the post-processing steps required to trans-
form the digital design into a physical part.

1.1 Background

Although AM has exposed the limitations of the current
computer-aided design (CAD) systems, the recent integra-
tion of tools, such as topology optimisation (TO) and GD
have expanded the capability of AM and enhanced design
freedom, enabling the fabrication of strong, light-weight
structures with complex organic shapes [25]. GD is a
designer driven design exploration process based on Al [26],
which utilises algorithms in conjunction with application-
specific knowledge, to co-create a range of design solutions
[27, 28]. The manufacturing intelligence embedded within
the GD technology bridges the known deficits in knowledge
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between AM design and manufacturing [29, 30]. Briard
et al. [31] outlines a framework to maximise the potential
of AM in the automotive industry. They propose a GD for
AM (G-DfAM) methodology comprising four successive
phases: translation, initialisation, AM guidelines integration
and refinement.

A traditional metal AM implant process chain includes;
3D visualisation of anatomy, surgical planning, implant
design, build preparation, manufacture and post processing,
with interchange between software and hardware capabilities
throughout [32, 33]. Design engineers have amplified the
patient specificity of implants by exploiting design for AM
(DfAM) approaches, such as imaged-based personalisation,
lattice structures and TO [34]. To date, application of GD
for medical devices has been limited to concept designs of
orthosis and prothesis [35, 36]. Rajput et al. [36] illustrate
how the translation and initialisation phase can produce
concept designs for a lightweight prosthetic leg. Yet, this
novelty also leads to a lack of knowledge regarding detailed
design, build preparation, manufacture, and post processing
to progress a GD concept design through to a physical part.

Ti-6Al-4 V, a commonly used biomaterial for metallic
implants [37], can be processed by powder bed fusion tech-
nique via both laser and electron beam (PBF-LB and PBF-
EB) methods [38]. Although similar in operation to PBF-LB,
PBF-EB uses an electron beam for the melting and fusion
of the powder particles, with the entire process taking place
in a vacuum chamber [39, 40]. The case study by Cronskir
et al. [41] demonstrates the commercial viability of PBF-EB
to produce personalised Ti-6Al-4 V implants, reporting a
35% cost reduction as compared to conventional machining.
The application of TO for plate fixations and their fabrica-
tion using PBF-EB has been studied previously [42]. PBF-
EB manufactured Ti-6Al-4 V plates have been reported to be
mechanically superior compared to commercially available
plates, however, it was also highlighted that post processing
is essential to yield a smooth part that can minimise friction
between the plate and surrounding soft tissue [43]. Mass
finishing and sandblasting are prevalent abrasive industrial
techniques used to manipulate surface roughness of implants
[44, 45].

Up until now, HTO surgical procedures have specifically
exploited AM in the form of personalised assistive tech-
nologies, in three-dimensional surgical planning [46] and
as patient-specific surgical guides [47] to address the need
for accuracy in planning and execution [48-50]. Recently,
TOKA® (Tailored Osteotomy for Knee Alignment), estab-
lished a personalised surgical treatment for HTO [51], using
titanium plate fixations produced by PBF-LB, incorporating
geometric patient-specific design [52].

Unlike conventionally designed HTO plates [53], in this
study, the application of GD has allowed concept designs to
be undertaken simultaneously considering patient factors,
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surgical planning parameters and patient-specific biome-
chanics with the aim to reduce plate stiffness and profile on
soft tissue. To date, no academic literature has investigated
the design space between GD concepts and physical parts.
This paper will focus on the detailed DfAM process and
post processing of two GD HTO fixation concept designs.
The workflow of the study includes: (1) the detailed design
process in progressing a concept GD to a manufacturable
design; (2) PBF-EB manufacture of HTO plates followed by
post processing; and (3) the optical inspection of physical
prototypes at different stages of the manufacture and post
processing.

2 Materials and methods
2.1 Overview

Two AM conceptual designs were extracted from the GD
process applied to HTO plates. Nine prototypes of each con-
ceptual design, altogether eighteen plates were manufactured
and post processed in this study. A summary of the workflow
is shown in Fig. 1, incorporating; detailed DfAM, definition
of the build parameters for PBF-EB, post processing using
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Fig. 1 G-DfAM workflow for HTO plate fixations, a GD HTO plate
conceptual designs, b design optimisation of GD plate conceptual
designs, ¢ PBF-EB build preparation, d PBF-EB manufacture of Ti-

)
i

mass finishing and CNC machining to create the hole and
thread features. PBF-EB and mass finishing of the plates
were completed at the Manufacturing Technology Centre,
CNC machining was undertaken at the Autodesk Technol-
ogy Centre. The resulting geometric and surface build qual-
ity were analysed. Due to cost and time constraints, only one
sample of each plate was assessed (n=1).

2.2 Conceptual designs of HTO plates
from generative design

GD [Fusion360, Autodesk, San Rafael, California, United
States] imposes geometric constraints during concept devel-
opment by defining the material and method of manufacture
[26]. A detailed description on GD process can be found in
the literature [30]. In this study, AM was selected to pro-
cess Ti-6Al-4 V alloy, with respect to an overhang angle
constraint of 45 degrees and a wall thickness of 3 mm.
Two designs, corresponding to two different build direc-
tions, were extracted (Fig. 2). Organic forms represented
by T-NURCC (Non-Uniform Rational Catmull-Clark sur-
faces with T-junctions) surfaces were combined with input
solid geometries via an automated Boolean operation within
Fusion360, resulting in a boundary representation (B-rep)

6Al-4 V plates, e mass finishing, f optical surface inspection, g CNC
machining of plate holes and threads

@ Springer
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Fig.2 Organic form of HTO
conceptual designs from GD, a
plate A, b plate B

and thus a unified solid geometry of the concept plates [54].
Traces of organic form found within the design were identi-
fied as artefacts.

2.3 Design optimisation

3D solid geometries (IGES format) of the concepts were
imported into Netfabb Ultimate 2022 software (Autodesk,
San Rafael, California, United States) for further analysis.
Dimensional analysis of the plate designs identified geomet-
rical features that required modification to conform with the
requirements of PBF-EB, mass finishing and CNC machin-
ing. Plate designs were modified using a combination of
parametric and T-spline modelling within Fusion360.
Internal cavities were modified by editing the organic
form. The cavities were closed by selecting the internal
faces and using the erase and fill tool (Fig. 3a). Subse-
quently, adjacent vertices in the resulting concave surface

@ Springer

(GD output as organic form)

Internal Cavities

Artefacts

Organic Struts

(b)

were pinched using the weld vertices tool, reducing the
depth, and adding material (Fig. 3b). The smoothing opera-
tion was performed iteratively, reducing the curvature of the
form surface (Fig. 3c), until the cavity was completely filled
(Fig. 3d). Artefacts were isolated and removed from the
design. Threads in the plate holes, were to be manufactured
using CNC machining (post-AM), hence stock was added to
create a flat surface, referred as plate pads (Fig. 3e). Addi-
tional stock was incorporated on the plate pads (Fig. 3f) and
globally across the plate geometry to account for material
loss due to post processing. Fillets were added to interfaces
between the organic form and input solids, along with the
edges of the plate holes, to alleviate sharp discontinuities
(Fig. 3g, h).

2.4 Build preparation

Optimised designs were converted into STL format and
then integrated into a manufacturing file for the ARCAM
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(e) U]

Fig. 3 Optimisation of design features in GD HTO conceptual plates,
a face selection to erase and fill, b selection of vertices to weld, ¢ iter-
ative smoothing over area, d closed cavity, e modifying plate holes

EBM Q20 plus (GE ADDITIVE, General Electric, Boston,
Massachusetts, United States) using MAGICS (Materialise,
Leuven, Belgium) software. Plates were oriented in the vir-
tual build volume with ~3.5 mm offset from the build plate
(Fig. 4a). Parts were labelled on the face of a plate pad for
identification. To compensate for warping/shrinkage, parts
were scaled with 1.0092, 1.0092, and 1.0132 in x, y, and z
build directions, respectively. Supports were generated to
achieve minimum possible attachments whilst maintaining
confidence in the build success. Parts were primarily sup-
ported on the two plate pads and the struts, across the length

Fig.4 PBF-EB build prepara-
tion in MAGICS, a part orienta-
tion, b teeth shaped support
connections, ¢ build nesting

: ‘. m
g """"'Ivvn"" it

(d)

(9 (h)

to create plate pads, f stock addition on plate pads, g sharp edges and
discontinuity in the organic form, h fillet addition

of the plate (Fig. 4b). Teeth-shaped connections were used
for the ease of support removal. 9 replicas of each design
were generated, capitalising the build area, packing a total of
18 plates in an alternating manner within the build platform
(Fig. 4c). Density cubes were included in the build to ensure
quality control of part porosity. Subsequently, all parts were
sliced using the ARCAM EBM Q20 plus machine process
parameters (Sect. 2.5) to produce an ARCAM Build Proces-
sor (ABP) file for the manufacture.

v "Vyy

°{I''w
1N ‘ Tl

W’
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2.5 Electron beam powder bed fusion
and post processing

All implants were manufactured using GE Additive Grade
23 Ti-6Al-4 V feedstock, with powder size distribution of
45-106 pm. The ARCAM EBM Q20 plus process features
a thermionic emission gun, which uses a tungsten filament
operating at 60 kV to produce an electron beam. Standard
GE Additive process themes were applied (version 5.2.24).
A substrate plate (300220 mm) made of stainless steel was
used, preheated to~495 °C, with the build chamber main-
tained at approximately 650—750 °C throughout the process.
The powder was selectively melted with a layer thickness
of 0.09 mm. For the hatch process, the maximum current
was 28 mA, with line offset of 0.22 mm. The process took
place in a vacuum at ~4 x 10~ mbar in the chamber and
~1.2x107° mbar in the gun.

Following manufacture, a GE Additive Powder Recov-
ery Station (PRS) was used to remove all trapped powder
through blasting a stream of high-pressure air. The parts
were detached from the build plate and then the support
structures were removed using pliers. Thereafter, parts were
sand blasted using the Guyson Euroblast 4 (Guyson Interna-
tional Ltd, Skipton, United Kingdom) cabinet with Saftigrit
White (grade 80/90) as blasting media.

2.6 Mass finishing

Centrifugal high energy finishing (CHEF) was used to fin-
ish the components, using the CPM 10 system (ActOn, Cov-
entry, United Kingdom). The finishing was performed in
three stages as shown in (Table 1). Process parameters used
in this study were adopted from those used on Ti-6Al-4 V
AM components [55]. Angle-cut triangular-shaped ceramic
media were used in both the cutting and smoothing stages,
whilst granulated Maizorb was used for polishing, with
fresh media being used at the start of each process (Fig. 5).
The multistage process was completed under wet and dry
(wet usually includes the addition of water and brightening
chemicals to the media) conditions.

Fig.5 Abrasive media used in the CHEF process, a SFB 10x 10, b
CFB 6x 10, ¢ Pre-treated Maizorb

2.7 Surface inspection

2.7.1 Optical microscopy and surface roughness
measurement

A three-dimensional optical profiler instrument was used to
assess the morphology of the implant surface after manu-
facture (as-built) and after the CHEF process (polished).
Surface roughness measurements were obtained by visualis-
ing the surface through confocal laser scanning microscopy
using the Sensofar S Neox (SENSOFAR METROLOGY,
Barcelona, Spain) equipped with a 10 X objective lens. A
combination of flat and curved surfaces (Table 2) across
distinctive regions (Fig. 6) of plate A and B were evaluated.
The bottom surface of as-built parts were not examined due
to anchored supports in the region (Fig. 6a). Both flat faces
of the plate pad (Fig. 6¢c, d), and the closed cavity within
plate A were profiled (Fig. 6b). The scans were imported
to MountainMaps Premium 8.1 (Digital Surf, Besancon,
France) software for analysis. Both the arithmetic average of
the surface roughness, R,, and the average arithmetic height

Table 1 CEHF process

Stage Media Compound Time (mins) Material
parameters removal
rate
Cutting SFB 10x 10 50 ml LQ18 + water 120 High
Smoothing CFB 6x 10 50 ml LQ16 + water 120 Medium
Polishing Pre-treated Maizorb None (dry) 60 Low
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Table 2 Surface area corresponding to scan region of plate surfaces

Plate surface scan region Scan area
(mm x
mm)
Bottom (B) 5.0x1.4
Top (T) 50x1.4
Closed cavity (CC) 5.5%3.5
Plate Pad 1 (P1) 4.7x5.3
Plate Pad 2 (P2) 47x5.3

of the surface, S,, were reported according to ISO 4287 and
ISO 25178, respectively.

2.7.2 3D scanning and geometric deviations of surface

Geometrical surface accuracy was compared between the
optimised digital design (part build geometry from MAG-
ICS), to the physical part (post-CHEF). The scan of the
physical parts were obtained using the ATOS III Triple Scan
(GOM, Braunschweig, Germany). The comparisons were
taken from STL files, in which the geometries generated in
the build preparation stage were used as reference. There-
after, STL representation of the physical parts were aligned
using the global best-fit algorithm. Upon aligning, the sur-
face normal deviations between selected surfaces were ana-
lysed using GOM 2021 (GOM, Braunschweig, Germany).

2.8 Machining

The holes and threads were machined using the DMG
Mori (DMG Mori Aktiengesellschaft, Bielefeld, Germany)
DMU 60 eVo 5 axis milling machine. STL files of both plate

Fig.6 Scan regions of plates
for optical microscopy, a bot-
tom and top curved surfaces b
closed cavity of plate A, ¢ plate
pad 1, d plate pad 2

designs (optimised designs) were used to plan the machin-
ing strategy, defining machining operations and process
parameters, to produce a custom G-code for DMU 60 eVo
(Fusion360). Resin based fixturing (Fig. 7) was employed to
mount the workpiece in order to avoid surface impingement
of the polished AM parts.

3 Results and discussion
3.1 Generative design outcomes for HTO plates

The GD outcomes for HTO plates are shown in (Fig. 8). In
contrast to conventional plate fixations [53], GD produced
a network of organic looking struts, branching and intercon-
necting the predefined plate holes throughout the macro-
geometry. Based on the plate-hole configuration, the digi-
tal plates had the same proximal-to-distal length and same
anterior-to-posterior width; 104 and 31 mm, respectively.

The design freedom offered by PBF-EB can leverage the
geometric opportunities of GD. However, whilst AM con-
straints were imposed early on in the GD process, it did not
account for post processing of the final part, essential for
future clinical application. The designs from GD required
further analysis and modification to accommodate DfAM
requirements and attain a manufacturable design. The
organic nature coupled with the specified design constraint
(minimising plate stiffness) produced pockets of internal
cavities across the plate. As seen in Fig. 3g, the interfaces
between the organic form and input solids, as well as the
edges of the plate holes, revealed sharp discontinuities in the
design. Minor artefacts were found in both plates.

(d)
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Fig.7 Custom resin fixturing
machined with negatives of
plate design a plate A, b plate B

Fig.8 GD concepts for HTO
plate design, a plate A, b plate
B, ¢ plate-screw configuration

(a)

3.1.1 Geometric analysis of optimised GD HTO plates

A standard part analysis confirmed both designs were made
up of a single shell fully enclosed solid (i.e., neither design
contained holes, degenerated faces or inverted triangles),
attesting the watertightness of the IGES. Dimensional analy-
sis of the digital plates are shown in (Fig. 9). All plate holes
had an inner and outer diameter of 5 and 9 mm, respectively.
Internal cavity features were digitally measured point-to-
point across their largest cross section and were found to be
ranging from 1.4 to 7.1 mm in both designs. Internal cavities
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with a cross section below 3 mm were considered to be inac-
cessible by the abrasive media that was used in the CHEF
post process and therefore required further modifications.

3.1.2 Design modifications of GD HTO plates

As shown in Fig. 10, four cavities in plate A and one in
plate B were filled with material using T-spline modelling
(Sect. 2.3) to avoid inhomogeneous post processing around
the internal curved regions of the cavity. To account for post
processing, all plate holes across both designs were filled
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Fig. 9 Dimensional analysis of
the design features in GD HTO

Distance: 6.487 mm

XYZ Distance Point-Point

conceptual plates, a plate A, b
plate B

XYZ Distance Point-Point
Distance: 7.155 mm

XYZ Distance Point-Point
Distance: 4.492 mm

XYZ Distance Point-Point
Distance: 5.802 mm

XYZ Distance Point-Point
Distance: 3.972 mm

XYZ Distance Point-Point
Distance: 2.048 mm

XYZ Distance Point-Point
Distance: 3.253 mm

XYZ Distance Point-Point
Distance: 2.662 mm

XYZ Distance Point-Point
Distance: 4.143 mm

XYZ Distance Point-Point
Distance: 4.484 mm

XYZ Distance Point-Point
Distance: 1.721 mm

XYZ Distance Point-Point
Distance: 1.415 mm

XYZ Distance Point-Point
Distance: 6.320 mm

Diameter Circle
Diameter: 5.000 mm

Distance: 1.577 mm

XYZ Distance Point-Point

Diameter Circle
Diameter: 9.000 mm

N4

(a)

with material, creating plate pads. Stock was added to the
plates; 0.5 mm globally, compensating for removal of mate-
rial during CHEF and 1 mm on either side of the plate pads,
leaving adequate stock for machining holes. Sharp edges
and continuities were modified using fillets, and therefore
removing potential stress concentrations within the design
(Fig. 11).

3.2 Manufactured HTO plates

The total build time for the designed plates using the PBF-
EB process was 10 h 8 min, comprising pre-heating of
build platform (1 h 15 min), processing (6 h 50 min) and
cool down (2 h 2 min). An as-built density of 99.66% was

(b)

characterised using the density cubes. Following the removal
of excess powder, the plates remained attached to the build
platform (Fig. 12). Upon support removal, one prototype of
each design, were treated with abrasive media using sand-
blasting and then the CHEF process. The progression of
HTO plates from as-built through to a polished surface fin-
ish is shown in (Fig. 13).

3.2.1 Surface roughness (As-built vs Polished)
The surface evaluation between post-PBF-EB and post-
CHEEF provides the arithmetic average of the surface rough-

ness (R,) and the average arithmetic height of the surface
(S,) (Table 3). Example scans from plate A, comparing the

@ Springer
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Fig. 10 Design optimisation of
inaccessible internal cavities, a
plate A, b plate B

(b)

Fig. 12 As-built Ti-6Al-4v HTO plates attached to build platform

(a) (b)

Fig. 11 Optimised GD HTO conceptual plates, a plate A, b plate B

@ Springer
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(a)

(c)

Fig. 13 PBF-EB manufactured Ti-6Al-4v HTO plate prototypes at different stages of post processing, a As-built with trailing supports, b post-

sand blasting, ¢ post-CHEF

surface topology (3D and 2D) between as-built and pol-
ished protypes for both flat and curved regions are shown in
Figs. 14, 15, respectively.

The as-built plates processed by PBF-EB had initial
R, and S, roughness ranging between 22.89-33.68 and

(a)

(b)

(c) -

00 os 10 15 20 25 30 35 40 as 5.0mm

Fig. 14 Roughness comparison of the closed cavity (C) scan region
in plate A, a 3D surface of the as-built closed cavity, b 2D surface
roughness height across the scan area of as-built closed cavity ¢ sur-
face roughness height across the line of as-built closed cavity, d 3D

15.14-30.61 pm, respectively. The process parameters used
in PBF-EB and the powder particle size influence the surface
roughness of parts [42, 43]. The surface roughness values
of the as-built GD HTO plates are higher in comparison to
those reported for R, 0.49 +0.02 pm of a PBF-EB clavicle

(d)

- L 1 M.

() re'

" :

Parameters  Vae  Unt

00 05 1o 15 20 25 30 35 40 45  somm

surface of the polished closed cavity, e 2D surface roughness height
across the scan area of polished closed cavity, f surface roughness
height across the line of polished closed cavity
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Table 3 Surface roughness (R, and S,) values of as-built and polished surfaces at different scan regions of plate A and B
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plate 0.49+0.02 pm [43] and S, of 12.42+1.11 pm for an
as-built PBF-EB plate [42]. In these studies, the macro-
geometries of the plates are contained within one plane, as
opposed to complex 3D geometries seen in this study. How-
ever, further research would be required to confirm causa-
tion. The abrasive media used in CHEF process decreased
the surface roughness, both R, and §,, at all measurement
points including flat and curved surfaces. The R, and §,
roughness of the polished HTO plates ranged between
1.06-9.71 and 0.77-9.59 pm respectively. This is a signifi-
cant reduction in roughness, and an important result, as it
indicates that friction would be reduced between plate and
surrounding soft tissue. However, these feasibility results
cannot be validated through literature comparison. Cosma
et al. [44] used a combination of sandblasting, carborundum
polishing and ultrasonication to reduce roughness (Ra) val-
ues up to 1.2 pm, albeit this was for pure titanium processed
by PBF-LB.

The results also confirm that the closed cavities expe-
rienced a reduction in roughness (Fig. 14). Theoretically
rough surfaces around support structures would be expected.
However, the bottom surfaces in the polished HTO plates in
this study have a similar roughness profile to that of the top,
support-free surface. Furthermore, the difference between
the as-built and polished values, show that CHEF process
had a larger impact on the top curved surface (T) as opposed
to the flat regions (C, P1 and P2) in the plate.

3.2.2 Geometric deviations (Optimised Design vs Polished)

The colorimetric surface comparisons between the digital
model and physical prototypes are shown in Figs. 16, 17.

It is evident that both plate surfaces have regions with
traces (positive) and loss (negative) of material as a result
of the PBF-EB fabrication and CHEF processes. The maxi-
mum positive, maximum negative and mean deviations of
the surfaces in both plates are summarised in (Table 4).
Sharma et al. [56] report maximum deviations of 0.55 mm
for a PBF-LB manufactured biomimetic titanium plate for
cranial reconstruction. The mean deviation across the over-
all surfaces were — 0.10 and — 0.11 mm, for plate A and
B, respectively. This is comparable to average deviations
of +0.12 mm in PBF-LB manufactured orthopaedic implants
reported in literature [44].

Contact surfaces between the implant and support struc-
tures (Fig. 6a) create repeated regions of positive material
presences, raising concerns about geometrical accuracy on
the bottom surface. The areas with supports revealed posi-
tive deviations ranging between + 0.22 mm and + 0.63 mm,
with more significant deviations in plate B compared to plate
A. Cosma et al. [44] reported a maximum positive deviation
of +0.48 mm on the support surfaces of a Ti-6Al-4 V knee
prosthesis. Positive deviations in other regions can be found
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Fig. 15 Roughness comparison of the top (T) scan region in plate
A, a 3D surface of the as-built top surface, b 2D surface roughness

top surface, e 2D surface roughness across scan area of the polished
top surface, f surface roughness height across the line of polished top

across the scan area of as-built top surface ¢ surface roughness height surface
across the line of as-built top surface, d 3D surface of the polished
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Fig. 16 Colorimetric representation of the geometric deviations in plate A
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Fig. 17 Colorimetric representation of the geometric deviations in plate B

around corners of internal cavities and the interface between
organic form and plate pads. This could be indicative of
geometrical features that are least affected by the CHEF
process. Future research is required to confirm the correla-
tion between support and geometric features and material
traces. This could be compensated for in the detailed design
phase by, for example, the addition of localised as opposed
to global stock.

Negative deviations were generally found around internal
cavities and plate pads, ranging between — 0.32 mm and
— 0.66 mm, across both plates. Maximum negative devia-
tions in both plates were focussed around the internal cur-
vature of the cavities. This could be attributed to the larger
surface area offered by the curved regions of the struts to
the abrasive media. In contrast, the corners of the internal
cavity, especially ones with smaller corner radii, show posi-
tive deviations in the region, due to inaccessibility of media
around sharp corners. In future research, increasing the
internal radii of these corners may ensure more homogenous
post processing of internal cavities. Alternatively, abrasive
media with different shape and of relatively smaller size
could be trialled. In the plate pads, flat surfaces experienced
minimal loss of material ranging between — 0.04 mm and
— 0.13 mm, this is in contrast to the rounded features, which
ranged from — 0.29 mm and — 0.58 mm. This is hypoth-
esised to be attributed to protruding features coming in con-
tact with the abrasive media more often compared to the
plate features.

@ Springer

Table 4 Geometric deviations in plate A and B

Geometric deviation Plate A Plate B
Maximum positive (mm) +0.63 +0.52
Maximum negative (mm) —0.66 —0.66
Mean (mm) —0.10 -0.11

Fig. 18 Plate A clamped to the custom resin fixture for machining
holes and threads
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Fig. 19 GD PBF-EB manufac-
tured Ti-6Al-4 V HTO plate
prototypes (post machining), a
plate A, b plate B

3.3 Machining of HTO plate holes and threads

The plates were secured to the custom fixture at two regions
using the clamps and bolts as shown in (Fig. 18). All holes
were machined using deep drilling and boring operations,
and the internal threads with produced using a custom tool.
The entire machining cycle took 1 h and 37 min. An image
of the final parts can be seen in (Fig. 19).

3.4 Summary

This study explored the progression of GD concepts of HTO
plates, incorporating design interventions through expert
DfAM knowledge, through to PBF-EB fabrication and post
processing. In this feasibility study, where sole samples of
the two plate designs were assessed for surface and geomet-
ric accuracy, the results represent n=1. Care must be taken
when generalising the numeric outcomes of this study. The
comparison between the as-built surface roughness meas-
urements of this study, and previous literature [42, 43],
showed an increase in the roughness values on the com-
parably complex 3D geometry. However, on the different

surface contours of this study, the curved surface showed
a larger reduction in surface roughness measurements after
sandblasting and CHEF. The impact of manufacture and
post processing on the design geometry, was also apparent
in geometric deviations, relative to design features, support
structures and surface curvature. Moving forward, complex
features, such as the internal cavities could be finished using
a combination of post processes [45] to ensure a homog-
enous surface finish. Future work would require repeatable
intrasample and intersample studies, to ascertain statistical
significance relative to feature types and samples, in line
with the optimisation of the PBF-EB and post-processing
parameters aligned with the detailed design modifications.

The cost was not analysed in this study. However, the
advanced methods of design, fabrication, and post process-
ing (including material, time and labour) compared to an
off-the-shelf commercially available HTO T-plate, suggests
a significantly higher cost per plate, as compared to the clini-
cal standard. This is an important factor when considering
commercial and clinical translation. A cost-benefit analysis
of the design and manufacture of the plate compared with
the long-term patient outcomes will be essential to ensure
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the feasibility of clinical translation in a financially limited
national health service. Considering the additive and sub-
tractive nature of the entire process, further future research
could investigate hybrid manufacturing capabilities to
reduce time and cost overheads.

4 Conclusion

This research has explored the progression of G-DfAM HTO
plates into manufacturable prototypes. The comprehensive
workflow described detailed DfAM alterations, PBF-EB fab-
rication, mass finishing and further machining of the HTO
plates. Surface and geometric inspections of the plates deter-
mined the impact of PBF-EB, sandblasting and the CHEF
process on the original digitally defined geometry.

This study has demonstrated that PBF-EB is a viable
option for the fabrication of GD HTO plates. The capability
of GD to produce highly complex HTO plates, when com-
pared to the commercial and research state of the art, was
established. Although readily manufacturable with minimal
design intervention, advanced analysis using CAD/CAM
software was mandatory to integrate further design require-
ments for post processing. Whilst the finalised designs were
manufacturable, the accuracy of the geometry and continuity
of the surface finish correlated with design features rela-
tive to processing parameters. Future work is required to
optimise process parameters of the workflow and ascertain
inter and intrasample statistical significance and undertake
a cost—benefit analysis. The outcomes of this study support
the hypothesis that further localised design modifications,
in line with post-processing parameters, could lead to higher
geometric accuracy between the digital and physical part.
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