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The mechanical strength of additive manufactured intraosseous

transcutaneous amputation prosthesis, known as the ITAP
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Abstract: The focus of this research is the ability to manufacture, when using layer base production
methods, the medical insert known as ITAP used for prosthetic attachment in a femur. It has been
demonstrated using computational modelling that a 3-dimensional build of the ITAP has the lowest
stress present when the honeycomb infill pattern’s percentage is set at 100%, with the ITAP being
constructed on a horizontal printing bed with the shear forces acting adjacent to the honeycomb
structure. The testing has followed the British standard I1SO 527-2:2012, which shows a layer base
printed tensile test sample, with a print setting of 100% infill and at a side print orientation; this was
found to withstand a greater load before failure than any other printed test configuration. These
findings have been validated through simulations that analyses the compression, shear and torque
forces acting upon an augmented femur, with an imbedded ITAP model.

Keywords: Prosthetics; ITAP; additive manufactured; layer based production; tensile testing;
computational modelling

1. Introduction

The Intraosseous Transcutaneous Amputation Prosthesis, known as the ITAP (Figure 1) is the
focus of this study. This research explores the manufacturability of the ITAP with a focus on the
mechanical strength using 3D printing. The ITAP is a cutting-edge piece of medical engineering
equipment used to connect a prosthesis to the remainder of the bone in a limb, based on the design of
deer antlers protruding from the head of the deer without infection or damage to the animal [1]. ITAP
is a continuation the Osseointegrated Prostheses for the Rehabilitation of Amputees (OPRA) setup but
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advances it through safety mechanisms for the user, like ejecting the prosthetic limb in an accident [2].
The biggest difference between ITAP and other systems of attachment that use a socket interface is
that the former will always fit as it is fused to the user, the latter is placed onto the stump and locked
in places using straps and pressure from the closeness of the fitting, this is done to prevent slip that
could cause pain on the stump and attempts to reduce the contact friction, this may not be a safe way
of relieving an amputee’s pain [3]. The benefit of ITAP is its lifespan as it is designed to be a permanent
fixture because the ITAP is fused to the user, while the socket interface can only be used for a finite time
because infection and sores concentrate in the furcation region, resulting in it being unusable [3].

Figure 1. ITAP design, following Newcombe dimensions [10].

The ITAP can be used in both humans and animals, Fitzpatrick et al. (2011) concluded from
there report that the use of ITAP is feasible if the chosen material is biocompatible with correct
installation [4]. ITAP can also be utilised in multiple amputations and medical needs, such as the
reconstruction of complex facial defects, using infection free implants suitable for direct skeleton
attachment for the reconfiguration of the skull [5]. Research indicates that ITAPs produce a greater
quality of life for the user then not having a prosthetic attachment [6].

One inhibiting factor for the use of the ITAP is user lifestyle. The forces generated on a human
leg in day-to-day activities are varied and never constant, and there is a possibility of the ITAP failure,
leading to further damage to bone structure and tissue because the ITAP is fused to the skeleton. The
design and material selection must be suitable to withstand moderate impact and loads associated with
walking and running.

The way the ITAP is designed for the individual is governed by two crucial factors. The first
being the biocompatibility of the material, which is an issue because the wrong material could cause
infection or corrosion in the body. Materials that are beneficial to the skeleton would be preferred
such as titanium or peak [7—9]. The second crucial factor is the generation of the ITAP, by using
layer-based manufacturing technologies, personalised components can be built to individual’s needs.

The aim of this research is to manufacture the ITAP using 3D printing and identify the optimum
ITAP mechanical structure using load bearing simulations and validation of the solutions using tensile
testing of test specimens.In this project Polylactic acid (PLA) samples have been used for all testing,
as the costing for layer base printed titanium samples is considerably higher. PLA could not be used
in a real ITAP as it is not readily biocompatible, but is suitable for tensile testing because it identifies
the optimum 3D printing build combination of infill and orientation. For all simulations the ITAP’s
material has been set to titanium alloy (Ti6AI4V), as titanium is a biomedical material that is
compatible with the human body. Titanium is predominantly used in hip replacements and medical

AIMS Bioengineering Volume 5, Issue 3, 133-150.
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inserts within the body. The research of Chen et al. (2017) [10] shows titanium has the potential of
fusing the ITAP to the human femur when using powder metallurgy.

2. Method of simulations and testing
2.1. Data collection and modelling for forces associated with walking loads

In 2013 Newcombe et al. [11] worked on various lengths of amputation of the femur, putting
them under loads of 664 N, 143 N and 8 Nm of axial (F1), shear (F2) and torque (F3) loading
respectively while using ITAP’s design (Figures 2 and 10). The load from the weight of the average
patient was assumed to be 750 N. The testing was conducted in three different caseloads, where each
case focused on one force (F) at a time. It was found that the stress from the shear load was greater
than the axial load stress in the experiments. At the longest length of femur, the calculated axial and
shear forces produced a maximum stress of 38 and 41 MPa respective to each case load, the forces in
this experiment were applied to the protruding end of the ITAP (Figures 2, 4, 5).

F2
ITAP Femur

F1

Figure 2. Newcombe et al. largest ITAP set up, 160 mm insert with 14 mm diameter.

The conclusion of the paper was that it is not recommended that an amputee should be fitted with
an ITAP when their amputation is close to the joint of the hip, as this is weaker material and is unable
to facilitate the transmission of stress on the bone anchor. However, Newcombe et al.’s research
stated that a quarter amputation of the femur is a feasible region of use for the ITAP.

As such the focus of this research builds on the findings of Newcombe et al., working with a
quarter amputation. The simulations that Newcombe et al. used to identify the stress in the ITAP, have
been used in the report to validate the mechanical strength generated by the ITAP, when using
different infill and orientation settings. For comparisons of Newcombe’s work this study used the
same control measures. These include, the same length of amputation on the cylindrical femur and
outer diameter of 26 mm, with the same length and diameter of the ITAP’s insert into the bone, this
being 160 mm and 14 mm respectively, with the acting forces F1-F3 on the assembled femur and
ITAP model. A control variable used in Newcombe et al’s work is the weight of the user of the ITAP
being applied in each simulation.

By following the same simulation controls as Newcombe et al., it has been possible to identify
the maximum stress (omax) found within the ITAP assembly with the femur. This high stress region is
critical for the ITAP when being manufactured. To optimise the build of the ITAP infill percentage
for the simulation have been set to 25, 50, 75 and 100% for all three-possible print orientation.

AIMS Bioengineering Volume 5, Issue 3, 133-150.
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The simulation study of the ITAP model has been run with CAD design software as this will
allow visual representation of the ITAP stresses and the repercussions of the loading forces. This
process may identify where changes are needed to produce a design that can handle loads without
failure while distributing the stress throughout the model. As this is a product that can be used by
humans or animals, it is imperative that it meets the recognised standard of design and follows the
factors of safety (FOS) set in place. The FOS for the ITAP has currently not been identified in any
medical engineering research papers or design specification.

The initial design of the ITAP produced by the engineering standards is shown in Figures 1 and 2.
The femur used in this report has been generated using computed tomography (CT) on a deceased
subject, the CT scanned data had then been imported into digital imaging (DI) software resulting in
the femur model (Figure 3). This femur has been printed to a 1:1, as well as the augmented femur
used in this report, with accompanying ITAP for a visual representation of the medical devices. The
details of the deceased person are as follows: Male, Left leg, Age 44, Death 2016, Weigh 85 kg,
Height 185 cm. The CAD designer who imported this item is Mahmoudi 2017 [12].

Augmented
femur

'Healthy femur{

/A J "

—Augmented femur

@—ITAP

vy "Healthy femur'

Figure 3. Initial femur and augmented ITAP design in the human femur [12].

The bone material used in the SolidWorks simulation has been generated by the information
gathered from four separate sources. The research gathered by Yousif 2012, of the human femur bone
during normal walking and standing up [13] is the primary source of data collection, however the
research of Ahuja et al. [14] and Yeni et al. 1998 [15] and the SolidWorks community database 2017 [16]
also produces concordant data to use (Table 1). As the density and the material characteristics of the
femur changes throughout the bone, the lowest values of data in the femur have been chosen, this being
trabecular bone, in order not to under-engineer the ITAP’s impact on the femur in the simulations.

Table 1. Properties of trabecular bone material [13].

Ultimate Tensile strength Elastic Modulus Shear Modulus Poisson’s Ratio
49 Mpa 2029.4 MPa 4.69 GPa 0.4

Shear Stress Compressive strength Density [p]

65 MPa 131 MPa 1.3712 g/cm®

AIMS Bioengineering Volume 5, Issue 3, 133-150.
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Figure 5. Close section view of the loading applied to the ITAP and the head of the femur [11,12].
2.2. The production and testing of the ISO test specimens

The method of testing of potential material will follow the necessary standards suitable for use,
the standard used here is the tensile properties BS EN 1SO 527-2:2012 (ISO 527) [17]. This standard
of testing is used on rigid and semi-rigid thermoplastics and thermosetting plastics produced by
different production methods, including the use of layer based production.

The production of the parts to be used must follow the part dimensions given in the standards of
the 1SO 527, which is suitable to use in test sample 1B (Figure 6). As different orientations of layer
based production, density of filament and printing temperature affect the strength generated in the
product, these samples will have the ISO principles applied to them to identify the best combination to
suit the ITAP design. If the procedures are not followed, then the gathered data is invalid. The test
samples used have the same infill densities as the simulations, these being 25, 50, 75 and 100% fill density,
printed on 3 different planes (Figure 7) using the same control variables on the Ultimate 2+ 3D printer
using PLA infill. Upon completion, these samples were subjected to testing of the ISO’s standards.

AIMS Bioengineering Volume 5, Issue 3, 133-150.
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Figure 6. ISO 527 testing specimen 1B dimensions [17].

Build Direction
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e Z-Build
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Figure 7. Print orientations: Side, Flat and Vertical.

The Infill Pattern has been set to Tri-Hexagonal as this follows honeycomb design (Figure 8).
Extensive research has shown that this infill technique is stronger. It uses triangulation in its structure,
as a result conferring a high strength to weight ratio that also has the capability of high-energy
absorption [18,19]. The production of the honeycomb filament in 3D printing has the benefit of
handling a greater stress because, as the triangulation increases so does that of the filament
density [20,21] in this case producing a stronger test specimen for the ITAP. See Table 2 for all
control variables and production of test specimens. The dependent variables for the samples are the
infill percentage and orientation of printing. The result of both the control and independent variables
gives way to the dependent variables, these being the yield load (YL), ultimate tensile load (UTL),
yield stress (YS) and ultimate tensile stress (UTS).

Figure 8. Square and honeycomb infill models [19].

AIMS Bioengineering Volume 5, Issue 3, 133-150.
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Table 2. Control Variables on printing ISO 527 specimens.

Control Variables for ISO printing of test specimen:

Layer Height 0.1 mm Gradual Infill Steps 0
Top/Bottom Thickness 0.8 mm Generate Support Yes
Infill Pattern Tri-Hexagonal Plate Adhesion Type Brim
Support Placement Everywhere Brim Width 10 mm
Temperature of bed 60°C Temperature of Extruder 200°C

Unfortunately, in the production of the test sample the print failed when printing the vertical
samples for the 1SO test specimens. This was due to the specimen peeling from the heated bed, but
continuing to print and resulted in the specimen’s failure. However, this did not affect the other
samples being printed. As such the vertical print orientation will not be used in this report as it is
unstable when being manufactured. It is also the weakest orientation as identified through the research
of Tanoto et al. 2017, where it was observed that the print with the greatest vertical orientation had
less than half the maximum tensile stress capability found in its counterparts, which were printed in
the x and y orientation. This can be attributed to the forces acting on either side of the plastic layers
where there are minimal strands holding the layers of the test sample together [22].

The PLA ISO 527 specimens were tested using the Hounsfield 25 kN electrically operated
tensile test machine (Figure 9). This procedure follows the British testing standards stated in 1ISO 527.
Each specimen was loaded into the grips of the tensile machine. A constant value of torque was
applied to the grippers, this value of torque was judged by the feel of the apparatus tightening, to
ensure repeatability in testing and security of the parts being clamped in place. Its imperative to not
under or over tighten the specimens, as the former would strip away material of the specimen when its
being pulled out when undergoing tensile testing. The latter is an issue as over tighten could course a
stress construction in the specimen, processing inaccurate data.

Figure 9. Hounsfield 25 kN electrically operated tensile test machine.

AIMS Bioengineering Volume 5, Issue 3, 133-150.
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The set speed for testing all samples is at a rate of 1 mm/minute, where the data is recorded
every 0.5 seconds. The direction of the measured steers and displacement in each sample was
recorded on the largest section of each specimen in the same direction of testing, this being in the Z-axis,
see Figures 7 and 9. Upon completion of testing, five complete sets each consisting of the four
specimens with the greatest UTL have been printed on the Ultimate 2+.

Flat specimens where used for the testing as 3D printing cylindrical samples was found not to be
suitable on the machines available, as failure had a very high chance of happing, especially when
lowering the infill percentage. As such it was concluded that it was better to use a dog bone sample to
identify the failure in a variety of infill and print orientations. This can then be used for the
development of ITAPs that may not be cylindrical in nature.

3. Results of the simulations and testing
3.1. Axial, shear and torque simulations on the ITAP

A preliminary simulation was undertaken using SolidWorks; to identify the stress found studying
F1 at an infill percentage of 100%. A omax Of 18 GPa was identified directly to the ITAP embedded in
the femur. A pressure such as this would splinter the femur and cause irreparable damage to the bone
with fragments potentially penetrating the femoral artery. Such a scenario would require immediate
medical attention and further amputation. The identified maximum axial stress value is inaccurate
when compared to 38 MPa result identified in the work by Newcombe et al. When looking at a femur
with a quarter amputation of the stress were equal to 18 GPa, the ITAP would not be used in
prosthetic fittings.

Due to the limitation of solid works computational modelling, ANSY'S has been used to validate
the work of Newcombe et al. to achieve a higher accuracy and produce accurate simulations of the
ITAP model (Figure 10). The simulations used imported CAD files generated by using SolidWorks
that were then loaded into ANSYS. In total there were twelve models, one for each infill percentage
and possible print orientation; for each model there was a total of three simulations for each load,
overall equating to 36 simulations of the augmented femur. The loads applied for each simulation are:
F1 the axial load of 664 N, F2 the shear load of 143 N and F3 the torque load of 8 Nm.

Fixed Support

(750 N)
25% Infill
[TAP |
Fl F3 Simulated Femur

Figure 10. Vertical 25% infill ITAP ANSYS model, with 24 mm diameter and 312.26 mm
length one quarter simple augmented femur model.

AIMS Bioengineering Volume 5, Issue 3, 133-150.
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The model of the ITAP changed by the infill percentage and print orientation, the simulations
mimicked this by having marital removed in different axis’s of printing orientation. A honeycomb
grid was built in to and completely coved the printed orientation side of the ITAP using 4mm
pentagons, the same dimensions used in the 3D printing software in the Ultimate 2+. Within these
pentagons smaller one where built at the sizes of 1 mm, 2 mm and 3 mm, and extruded throw out the
ITAP module resulting in the 75%, 50% and 25% models.

The meshing of the simulated module of the ITAP assembly used three separate meshing
sensitivities in each simulation, these sensitivities being: Low with a mesh refinement level setting of 2
for solid object; High with a mesh refinement level setting of 4 for solid object; and Fusion which had
a mesh refinement level of 5 for edges of contact with two bodies. The mesh sensitivity set to Low
was set to the femur module, as this was a constant parameter in each simulation, and had no change
in geometry or weight. The area that had a higher mesh control was that of the ITAP, which was
imbedded in to the femur. Different simulations had different amounts of material removed, as such
the increase in the mesh density produced simulations with accurate data. The final mesh sensitivity,
Fusion, was set to the areas were the forces where applied to the simulation and the points were the
ITAP and femur fussed together after being fitted top the user, this sensitivity had the largest mesh
density as this is there area were stress would be most likely to congregate in the model. Both the
mesh sensitivities of high and fusion were not uniform as the change in geometry altered the element
nodes used for meshing.

The vertical simulations have been included in this simulation for a comparison between samples,
the results of these simulations can be seen in Table 3. The horizontal simulations are countable for
the ITAP being printed on a flat or side build, as the ITAP is cylindrical in this design, making both
prints identical, the only exception is the orientation of fitting (Figure 11), this will have a critical
impact of the performances, as seen in Tables 4 and 5. A further simulation of a “healthy femur” was
undertaken for a compression in data, for this section of testing, see Table 6.

Table 3. Maximum stresses and displacement found in the simulations of vertical
orientation of printing.

Infill percentages of ITAP model

Load 25% 50%
Stress [MPa] Displacement [mm] Stress [MPa] Displacement [mm]
F1 152.02 1.0746 57.132 1.0596
F2 4729.4 147 5996.9 250.34
F3 1.8118 1.34E-02 1.0544 2.25E-03
Infill percentages of ITAP module
Load 75% 100%
Stress [MPa] Displacement [mm] Stress [MPa] Displacement [mm]
F1 82.039 1.059 9.365 1.0546
F2 1615.2 424.08 109.6 424.433
F3 0.330141 0.0048445 0.6095 0.2287

AIMS Bioengineering Volume 5, Issue 3, 133-150.
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Table 4. Maximum stresses and displacement found in the simulations the horizontal
orientation of printing, with flat orientation of fitting the ITAP.

Infill percentages of ITAP module

Load 25%
Stress [MPa] Displacement [mm]
F1 44.474 1.0978
F2 763.32 429.76
F3 0.19065 5.54E-03
Infill percentages of ITAP module
Load 75%
Stress [MPa] Displacement [mm]
F1 14.728 1.0526
F2 296.98 420.76
F3 0.111243 3.76E-03

50%

Stress [MPa] Displacement [mm]
22.836 0.94148

379.99 421.83

0.06702 1.93E-03

100%

Stress [MPa] Displacement [mm]
9.365 1.0546

109.6 424.433

0.60951 0.2287

Table 5. Maximum stresses and displacement found in the simulations the horizontal
orientation of printing, with side orientation of fitting the ITAP.

Infill percentages of ITAP module

Case Load 25% 50%
Resulting Max Stress  Resulting Max Resulting Max Resulting Max
[MPa] Displacement [mm] Stress [MPa] Displacement [mm]
F1 44.47 1.097 22.83 0.9414
F2 727.4 435.8 237.5 191
F3 0.1906 5.54E-03 0.06702 1.93E-03
Infill percentages of ITAP module
Case Load 75% 100%
Resulting Max Stress  Resulting Max Resulting Max Resulting Max
[MPa] Displacement [mm] Stress [MPa] Displacement [mm]
F1 14.72 1.052 9.365 1.054
F2 389.8 326.3 109.6 424.4
F3 0.1112 3.76E-03 0.6095 0.2287
Table 6. Simple simulated femur under loads F1-F3.
Case Load
Simulated output F1 F2 F3
Resulting Max Stress [MPa] 1.421 34.08 0.004671
Resulting Max Displacement [mm] 2.863 833.9 0.007448

AIMS Bioengineering
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143 N: Flat fitted ITAP's shear force
orientation.

143 N: Side fitted ITAP's shear f01ce
orintation.

Figure 11. Horizontal printed ITAP with side and flat fitted orientation of force F2 at an
infill density of 25%.

3.2. 1SO 527 tensile testing analysisof PLA specimens

The tensile characteristics of the PLA specimens are recorded in Table 7 and in Figures 12 and 13.
All specimens had a greater region of elastic deformation than a region of plastic deformation. The
samples printed on a flat orientation have a much greater plastic deformation range, this being
between the YS and the point of failure. It can also be seen that all specimens failed in a brittle
manner. However, the specimens with the greatest UTL and YL, are: Flat printed 100% infill; Flat
printed 75% infill; Side printed 100% infill and finally Side printed 75% infill. As such an in-depth
study of these samples was undertaken to identify the average characteristics on the specimens under
loading. For this in-depth study both 100% and 75% samples have been printed on a flat and side
orientation, in total five complete sets, a total of 20 specimens, were produced allowing a standard
deviation in testing.

Table 7. Tensile tests properties of the first specimens.

. . Ultimate Tensile  Yield Stress Ultimate Tensile
PLA Sample properties Yield Load [N] Load [N] [MPa] Stress [MPa]
Flat Print 100% Infill 2048 2122 51.41 53.06
Flat Print 75% Infill 1293 1330 31.87 33.27
Flat Print 50% Infill 1151 1170 28.97 29.25
Flat Print 25% Infill 960.0 1000 22.45 25.00
Side Print 100% Infill 2100 2196 52.81 54.91
Side Print 75% Infill 1124 1159 27.91 28.97
Side Print 50% Infill 885.8 931.6 22.75 23.29
Side Print 25% Infill 763.3 803.3 19.43 20.08

AIMS Bioengineering Volume 5, Issue 3, 133-150.
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Figure 12. Strain against stress (MPa), for the initial 8 specimens.
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5% Infill, Flat print
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®  75% Infill, Side printed fatlure X 5% Infill, Flat printed failure

""" 100% Infill, Side print
75% Infill, Side print.
®  100% Infill, 3ide printed failure

Figure 13. Average strain against stress (MPa), for both 100% and 75% flat and side
printed samples, with points of failure of specimens.

The production of the specimens was carried out on the Ultimaker 2+, following the same
controls as the initial samples (Table 2). After the production of the samples a digital calliper was
used to ensure that the samples were adequate for testing, Table 8 shows the mean averages and
standard deviations for the width, thickness and length measured from the samples. The thickness and
width readings were taken in the middle of the samples, while the length was measured from end to
end. These average readings where used to calculate the stress and strain for each specimen class.

Table 8. The average and standard deviation for the width, thickness and lengths of the

printed specimens.

Sample properties

Average [mm]

Standard Deviation [G]

Width 10.18 0.02030
Flat Print 100% Infill Thickness 4.080 0.04620
Length 150.1 0.05350
Width 10.36 0.1398
Side Print 100% Infill Thickness 4,168 0.06410
Length 149.8 0.4611

AIMS Bioengineering
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Sample properties Average [mm] Standard Deviation [c]
Width 10.11 0.03460
Flat Print 75% Infill Thickness 4.190 0.02440
Length 150.0 0.1447
Width 10.30 0.09470
Side Print 75% Infill Thickness 3.992 0.06450
Length 150.1 0.1651

The recorded average for all four specimens’ forces displacement graph and stress strain graph
can be seen in Figures 12-14. It can be demonstrated that all the samples behave in a linear manner to
the points of YS, but as the specimens enter the region of plastic deformation, the specimens start to
fail, the mean average stress readings have removed the data of failed specimens to continue a trend
line of results. The point of failure of the specimens is shown by a sharp decrease in forces or stress
respectively shown by a cross or dot in Figure 13. The specimen with the greatest UTS is that of the
side print with a 100% infill, whereas the specimen with the lowest UTS is that of the side print with
an infill of 75%. The points of the YS and UTS found in the specimens can be seen in Figure 14, this
graph shows a clear representation of the points of maximum mean average stress, these points can
also be seen in Table 9. The accompanying error bars are derived from the standard deviation
calculated by the differences between strain and stress respectively.
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Mean Average Strain &
= YS 100% Infill, Side print. + UTS 100% Infill, Side print.
YS 100% Infill, Flat print. UTS 100% Infill, Flat print.
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Figure 14. YS and UTS of both 100% and 75% flat and side printed samples, with
corresponding lines between YS and UTS.

Table 9. Mean average tensile tests properties of the 20 PLA specimens.

PLA Sample properties Yield Load Ultimate Tensile  Yield Stress Ultimate Tensile
[N] Load [N] [MPa] Stress [MPa]

Flat Print 100% Infill 2199 2247 50.93 52.03

Flat Print 75% Infill 1326 1375 32.23 33.42

Side Print 100% Infill 2225 2291 53.54 55.14

Side Print 75% Infill 1234 1271 32.23 30.00

AIMS Bioengineering Volume 5, Issue 3, 133-150.
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4. Discussion

In Tables 3-5 the stresses and local displacement found in the augmented femur following the
work of Newcombe et al. can be identified. The results are compared to that of a simple femur model
data in the same simulation seen in Table 6. It has been shown that both the vertical and horizontal
(side and flat fitted) simulated ITAP models, when at an infill of 100%, have the lowest stresses and
displacements in each caseload, except for caseload F3, as at 100% infill there is less flexibility in the
modal making the stress more prominent in the simulation, in comparison to a lower infill (Figure 17).

As the infill percentage increases from 25% to 100%, the omax In €ach simulation was found to
decrease, except for the stress recorded at F3 for an infill of 100%, which increased after its minimum
stress value at 75% infill. The other exception is that an infill of 50% produced stresses greater than
an original infill of 25% when studying F1 and F2. Regarding the similarities in stress and
displacements produced by the loads F1 and F3 for the flat and side fitted ITAP models, the values
were found to be the same; this is due to the geometry of the ITAP not changing with respect to the
forces being applied. However, the stresses found in the vertical models is considerably higher than
that of their horizontal counterparts, most notably when working with caseload F2. This is concordant
with the work of Tanoto et al. [22], which as discussed, proved that a vertical printed specimen has a
considerably weaker ultimate tensile load and consequently would have poor stress distribution.

Figures 15-17 show the changes in stress for both the vertical and horizontal variations of
simulated specimens. However, these are only simulations of the acting forces of movement; many
forces are applied in this motion that have not been utilized in the simulations, such as the pressure of
the muscles surrounding the femur. The values produced by F1-F3 are greater in the augmented
femur simulations than the simulations that generate the stress for a standard ‘healthy femur’. This is
expected, as the inclusion of a stress raiser from an amputation and ITAP insert would increase the
stress in simulations of the femur. As the augmented femur’s geometry has changed to incorporate the
complex design of the ITAP, all positions of the forces (F1-F3) have moved to the head of the ITAP,
excluding the weight of the user which is applied to the base of the femur (Figure 10).

160 _
140 —-=—F1 Vertical

——F1 Horizontal (Side and Flat)

25 50 75 100
Percentage Infill [%]

Figure 15. Max stress recorded from Axial Loading (F1).
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Figure 16. Max stress recorded from Shear Loading (F2).
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Figure 17. Max stress recorded from Torque Loading (F3).

The values generated from these simulations following the method of Newcombe et al. are
different from the published data. Differences in density and material properties used for simulation of
the femur account for this variation. It has also been determined that out of the two possible horizontal
prints, side or flat (Figure 7), a side printed sample can hold a greater applied load before failure
occurs this being at an infill of 100%. By lowering the infill percentage, the load needed for failure
decreases drastically. The inference from this is that the ITAP is more likely to fail as material if
removed from it internally. This is consequently perceived as a cause of critical failure for the devices,
and a minimum limit for the infill percentage should be set to reduce the possibility of ITAP failure in
day to day use.

The result of this limitation would depend on the material used for the ITAP, as the properties of
the material influence the bonding ability between fused layers and its biocompatibility when
considered for use in the human body. A material with such characteristics is titanium [25]. This
would allow a higher mechanical strength at a lower infill percentage for the ITAP. Titanium is
suitable for the use of the ITAP because the fusion between layers is much stronger then than that
found in PLA samples, because a greater heat is applied fusing the metal layers together. Titanium is
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traditionally printed using indirect metal laser sintering (DMLS) [26] which is an additive
manufacturing layer base process. PLA is inadequate as a material for the ITAP because the material
IS not strong enough between infill layers for intense loading. PLA is also not always biocompatible
with organic tissue found within bone or muscle, because PLA needs sterilisation and chemical
processing when used for medical operations [27].

Consistency of results is essential for the ITAP to succeed as a medical device. It can be seen in
Figures 15-17 that the testing of the 1SO 527 specimens had inconsistent points of failure within the
region of plastic deformation. These results indicate error in the process of production; this error is the
effect of Ultimaker 2+ not having a constant temperature across the working heat bed. Because of this,
samples that have been printed away from the centre of the heating element have not had a consistent
fusion between layers, resulting in errors. However, the region that is consistent in data collection is
the elastic region of deformation. This is the region where deformation is not permanent. As such it is
prudent that this is the area that has a greater repeatability, because permanent deformation would
cause interior and exterior problems to the user of the ITAP. A warped ITAP would not distribute
load correctly, potentially rendering the ITAP useless.

An additional point to consider before the use of a layer base printed ITAP is the effect of the
bonding between the layers. The simulations assume one solid model for the ITAP, whereas in
practice the ITAP has been constructed from many layers fused together. Such a difference in the
ITAP’s characteristics would alter the stresses found under load. However, this would be only a small
discrepancy as the machinery used for this level of manufacturing is extremely accurate in bonding
between layers.

5. Conclusion

In this paper, the optimum orientation and infill percentage of layer base production have been
studied, to produce the medical prosthetic device known as the intraosseous transcutaneous
amputation prosthesis. The use of layer base production methods can be used to make a bespoke
ITAP suited for the user’s lifestyle needs. The research found the following.

e A test specimen being printed can withstand a greater load before failure when printed on a
side orientation, with an infill percentage of 100%. This has been derived by the testing of the
ISO 527 tensile test specimens and is verified by the simulations following the methodology
of Newcombe et al.

o It has been identified that a simulated model, printed on a horizontal bed and fitted with a side
orientation (Figure 14) produced the least stress, except for caseload F3. These simulations
quantified the omax detected under loads associated with walking.

When considering the use and surgical insertion of layer base printed ITAPs, further data on both
the patient’s femur, using CT scanning, as well as data collection from the patient regarding their
lifestyle is needed. This will allow a bespoke ITAP to be produced using layer base production
methods, ensuring that the ITAP can meet the individual’s needs. For this process to happen, further
research, using the 1ISO 527 standards, is needed in tensile testing of the material selected for use in
the ITAP. This is crucial as such testing will validate the simulations following the work of
Newcombe et al. and allow dedicated designs whereby orientation and infill percentage is optimized
for the ITAP, to match each individual user’s lifestyle. If the resulting analysis of the further testing,
shows that a conventional test sample, produced by tooling process, is more suited to load distribution
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than layer base production. Other processes are available for use, such as bulk machining but they do
not possess the same ability to produce a bespoke interior design.
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