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Abstract: Amputated femurs traditionally have multiple health concerns, including the risk of
infection. One way to mitigate this risk could be to use an intraosseous transcutaneous amputation
prosthesis (ITAP), which is a way of attaching a prosthesis directly to the bone of the user. This paper
attempts to customize an ITAP used in a transfemoral amputation so that it fails in a controlled
manner, should failure be unavoidable. ABS specimens were 3D Printed and tested to understand
how current designs fail. From these tests, an alternative design was developed. Simulations were
conducted to insure the optimized design would withstand expected forces from walking. Titanium
samples were then produced using additive manufacture and were subjected to tensile testing. These
specimens incorporated a notch in the centre of the specimen to act as a stress concentrator. The
design presented in this paper identified that the location of failure should move towards the
prosthesis, and away from the femur. It was also shown that, titanium was found to have a greater
breaking force than the femur; and is therefore not viable for use at this current stage.
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1. Introduction

Traditional above-knee amputation prostheses use a stump and socket attachment. These
products can lead to multiple health issues, including discomfort and bacterial infection [1,2]. Such
problems can also limit the use of prostheses for users, further limiting their quality of life [1,2]. One
possible way of minimizing the challenges associated with these prosthesis products is to use a
transcutaneous prosthesis, which is attached directly to the bone. Direct skeletal implants have been
used in dentistry to attach implants with over a 90% success rate [3]. One particularly promising area
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of research is the intraosseous transcutaneous amputation prosthesis, known as an ITAP. The ITAP
has been inspired by deer antlers in that the protrusion has a tissue and bone interface that is not
prone to infection [2]. To replicate this phenomenon, the new attachment design requires a flange
immediately below the epithelial layer of skin to reduce the risk of infection and minimize tissue
damage for amputees. The uptake of ITAP products must be based on evidence that they cause
minimum harm to the user in both the long and short term. Therefore, for direct skeletal implants to
be used in load-bearing bones, additional research to understand the loads which would cause an
ITAP to fail need to be conducted. The main area of research covered in this paper is identify
different ITAP design features which can result in a specified failure. For example, failure inside the
femur could be catastrophic, possibly requiring further amputation and/or leading to infection. To
avoid this, Newcombe et al. [4] suggest the space between the prosthesis and the bone anchor can be
used for a fail-safe feature.

The ITAP has many possibilities to be customized to an individual; creating a bespoke design
depending on the body weight and life style of the user. If the attachment is to be used in every-day
life without inhibiting the user, it must withstand the forces (F) present in walking without failing.
Thambyah et al. [5] found that approximately 3 times a person’s body weight acts through the
tibiofemoral joint when walking. Therefore, with no specific F acting on the joint, an ITAP
design variation for people of different weights should be considered. Furthermore, the
characteristics of the femur vary from person to person. Bone is made from cortical (dense, outer
layer) and trabecular (spongy, cancellous, inner section) bone [6] and can be classified into ‘organic’
or ‘mineral’, phases [7]. In order for the ITAP to be inserted into the femur, it is assumed that the
trabecular bone would be removed, and the prosthesis held in the center of the femur, held in place
by the cortical bone surrounding it. Cortical bone can be described as elastic-brittle, and when tested
under quasi-static loading, its resistance to a tensile F is lower than its resistance to a compressive
F [8]. As the ITAP must fail without transferring excessive F to the bone; it is therefore required to
break under a load which is less than the tensile F required to break the cortical bone.

The mechanical strength of a femur varies from person to person and depends on numerous
factors. This can depend upon mineral content, age, and its porosity [9,10]. Furthermore, the porosity
of the cortical bone also effects the fracture mechanics of the bone, as the pores act as local stress
concentrations [11]. For example, an osteoporotic patient will suffer an increased risk of fracture
compared with someone who does not [8]. When conducting research and simulations on the fracture
of femurs, Marco et al. [12] summarized the mechanical properties of a femur, shown in Table 1.
Furthermore, Reilly and Burstein [13] investigated the elastic and shear moduli of bone using human
specimens, which are also outlined in Table 1.

Table 1.Mechanical properties of bone [12,13].

Mechanical property Bone type
Trabecular Cortical

Density (g/cm3) 0.27 1.64
Young’s modulus (MPa) 155 10,400
Shear modulus (MPa) - 3,7100
Poisson’s ratio 0.3 0.3
Failure strain - 0.0165
Fracture toughness (N/m0.5) - 1549,214
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Considering that the weight of the user is such a key factor in understanding the F the ITAP
would be expected to withstand, and that every individual will have varying mechanical properties of
bone, there is a need for customizing the design of the attachment to the individual. Modern
manufacturing methods, such as 3D printing allow for bespoke designs to be manufactured that
would otherwise be too difficult to produce with traditional machining methods [14]. However, it is
important to note that the orientation of the print can affect the material properties; as that is not the
topic of this report, the specimens must be printed such that the tensile force is parallel with the
layers of the material [15]. As such bespoke designs may be required, it is possible that additive
manufacture (AM) presents itself as a candidate manufacturing process that would be used in the
production of direct skeletal implants in the future.

The focus of this paper is to explore the fracture mechanics of a fail-safe features on ITAP
designs that have been produced via AM. In Section 2, current designs were tested under tensile
loads to understand how they fail. These designs were manufactured using 3D printed acrylonitrile
butadiene styrene (ABS). The ABS specimens were compared against simulated results to validate
the use of finite element analysis (FEA) throughout this report. Using FEA, Two different fail-safe
features were tested; a ‘necked’ design, where the diameter of the exposed region of the ITAP is
continuously reduced to the mid-point, and then increased again up to the prosthesis, and a ‘notched’
design, which has a constant diameter, with a stress-raiser in the center of the exposed section. In
Section 3, the notched fail-safe feature was subject to further simulations using ANSYS which were
used to test different notches, to ensure the ITAP would withstand the expected F associated with the
user walking. In Section 4; titanium (Ti) specimens with a notch, which acted as a stress
concentration, were produced using AM, and subject to tensile testing to understand if it would be a
suitable material for producing the optimized designs [16]. Ti was chosen as the test material as it is
commonly used in biomedical applications and can be readily used in AM processes [17].

2. Experimental methodology

2.1. Preliminary testing and simulations

Preliminary tests were required to understand how and where current designs of ITAP fail, in
order to redesign the exposed region appropriately, to ensure any failure is away from the femur. In
order to accurately model the ITAP, 3D printing was used to allow the complex geometry of the
prosthesis were manufactured. Tensile tests were conducted on the 3D printed specimens and their
results are displayed in Table 2. These tests could be used to compare simulated results to ensure that
the ITAP would withstand expected walking loads.

Table 2. Locations of failure and F in initial testing.

F at failure (N) Location of failure
3901.66 flange only
3681.67 flange and 3.6 mm (avg) towards the bone from flange

These tests required an initial ITAP to be modelled and manufactured. Transfemoral
amputations may be required at any point along the length of the femur [18]. Newcombe et al. [4]
designed four different length ITAPs depending on the resected length of the bone. The designs,
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however, all used a 140 mm insert to go into the bone which was 14 mm in diameter. Devinuwara et
al. [19] state that the optimal transfemoral amputation leaves a 120 mm clearance above the fulcrum
of the contralateral lower limb. These three dimensions were used to model an initial ITAP, which
was 3D printed in ABS, as shown in Figure 1. These specimens were printed with 100% infill on a
stratasys objet 1000 fused deposition modelling 3D printer. They were printed horizontally to
ensure that the specimens did not collapse during manufacture, and that the layers were parallel
to the tensile force [15,20]. These 3D printed ITAPs were subjected to tensile loads using a
hounsfield 50 kN tensile testing machine [21] shown in Figure 2. The specimens were displaced at a
rate of 3 mm/min, in line with British Standards [22] They were subjected to a F until the specimens
failed in order to establish how the current designs fractured, as shown in Figure 2. Table 2
highlights the results from the initial tests.

Figure 1. Current ITAP design [4,17].

Figure 2. The preliminary test set-up (a) and the failed specimens (b).

The most important information from these preliminary tests is the ‘location of failure’ as this
shows where the present ITAP designs fail. Table 2 shows that when subjected to a tensile load, the
ITAP failed at the flange in both tests. In the first test, only the flange failed, and in the second test,
the shaft failed approximately 3.6 mm towards the bone-side of the ITAP, from the flange. Following
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the preliminary tensile tests, initial stress (σ) analysis simulations were conducted. These simulations
used a simplified model of the ITAP, to confirm if the FEA would show a similar point of failure
compared with the tensile test results from Table 2. The simplified model did not feature any ‘human’
sections in the tests, but assumed that the section of the ITAP which would be inserted into the femur
was fixed, and F were applied where the prosthesis would be attached. The F used for the initial
simulations were based on an average body weight of 67 kg. For the preliminary simulations it was
assumed that the ITAP was fixed in the bone. As shown in Figure 3a, the simulations showed the σ
concentrated approximately at the flange which is a very similar location to the preliminary tensile
tests.

As the preliminary experiments and the initial simulations both showed failure around the
location of the flange, it can be assumed that all simulations conducted would also be comparable to
physical testing. Two different alternative fail-safe designs of ITAP were then simulated, a ‘notched’
design, and a ‘necked’ design, shown in Figure 3b and Figure 3c respectively. The ‘notched’ design
has a σ concentrating notch in the center of the exposed section of the ITAP (Figure 3b). The
alternative ‘necked’ design includes a continuously reduced diameter to the mid-point of the ITAP,
which then then increases up to the prosthesis (Figure 3c). A maximum diameter of 14 mm was used
in every model. Both the notched and necked designs were simulated with minimum diameters of 5
and 10 mm. The simulations indicated that both designs have high areas of σ at approximately the
center of the exposed region of ITAP, shown in Figure 4. However, the notched designs have a
concentration towards the attachment to the prosthesis; whereas the σ concentration in the necked
design is closer to the bone. Figure 4 shows how the σ varies along the necked and notched designs
with a 10 mm minimum diameter respectively.

The FEA results in Figure 4, show the variation of σ increases consistently as the diameter of
the ITAP decreases, this is not ideal for controlled fracture as it does not offer a singular focused area
of σ. The maximum stress (σmax) of the notched design is approximately 1.38 times greater than the
σmax the necked design undergoes. Furthermore, it does not increase linearly along the length of the
ITAP, but there is a sudden increase in σ in the area of the notch, as seen in Figure 4. The σmax in the
notched design is approximately 5 mm further away from bone than the σmax in the necked design.

Considering that the notch caused a sudden increase in the σmax along the specimen, and that it
would cause failure approximately 5 mm further away from the femur, and towards the attachment to
the prosthesis only the notched design was chosen for further development and analysis in
Section 2.2.

Figure 3. Simulations using ANSYS to test the (a) standard design (b) notched design
and (c) necked design.
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Figure 4. Stress along the length of the exposed section of the ITAP.

2.2. Simulations under expected walking forces

To ensure the prosthesis attachment would break without compromising the bone more realistic
simulations were conducted. The optimised model includes a human femur in the simulations, and
the mechanical properties of bone were applied to the computational model. The information from
Table 1 was used to conduct advanced simulations under normal walking F. The expected walking F
is then used to identify the areas of σmax under normal conditions.

If the ITAP is to be used in every-day life without inhibiting the user, it must withstand F
present in walking, when approximately 3 times a person’s body weight acts through the
tibiofemoral joint. Using the maximum forces (Fmax) that three human knee joints went through when
walking [5], a vertical compressive force (Fy) and a proportional shear force (Fx) were applied to the
exposed end of the model. The mechanical properties of cortical bone from Table 1 were applied to
the model in a simplified femur, and the outer layer was fixed. This was carried out with the
assumption that the femur would be held in situ by the surrounding muscle. The ITAP was then
tested with the designed failure feature. In particular, the following were investigated; no notch (i.e.
minimum diameter of 14 mm), and 13 down to 2 mm minimum diameter, in 1 mm increments. The
equivalent σ in the ITAP was measured in each iteration. In all the simulations, the σmax was present
in the notched area apart from the no notch simulation. The σmax and displacements from each
simulation are shown in Table 3. The results show that the 2 and 3 mm minimum diameters cannot
be used, as the specimen failed under expected F. Furthermore, Table 3 indicates that the ITAP
should withstand expected loads in daily use, as long as the notch in the exposed region is no smaller
than 4 mm.

The σmax measured was then compared with the minimum diameter. The 2 and 3 mm diameters
were omitted as they failed in the simulations. Figure 5 shows the relationship between the diameter
and σmax. For the maximum and average walking loads, σmax increases up to 5 mm, then decreases.
This pattern is observed at 4 mm in the minimum walking load case. This is likely due to the
relationship between σ, the cross-sectional area (A), and F; given that F is directly proportional
to σ, whereas A is inversely proportional to σ. This implies that when σ increases, F is the
dominant parameter on the specimen; whereas when σ decreases A is the dominant parameter.
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Table 3. The σmax and maximum displacement in the ITAPs found in the iterative
simulations, with different compressive (Fy) and shear (Fx) forces.

Notch
root
diameter
(mm)

Test 1 Test 2 Test 3
Fy of 2075 N, Fx of 186 N Fy of 1900 N, Fx of 95 N Fy of 2250 N, Fx of 190 N
σmax
(MPa)

displacement
(mm)

σmax
(MPa)

displacement
(mm)

σmax
(MPa)

displacement
(mm)

14 99.1 0.831 56.6 0.435 102.2 0.851
13 114.3 0.833 70.0 0.435 118.6 0.852
12 155.4 0.834 95.0 0.438 161.2 0.857
11 216.9 0.847 131.9 0.443 224.9 0.867
10 234.4 0.856 142.2 0.444 242.9 0.879
9 299.3 0.880 178.9 0.456 309.8 0.900
8 429.3 0.922 253.6 0.478 443.9 0.943
7 578.3 0.990 336.9 0.512 597.2 1.012
6 795.3 1.111 456.4 0.574 820.2 1.136
5 1329.2 1.359 750.6 0.700 1368.9 1.389
4 1104.5 1.997 1174.5 0.978 1119.9 2.016
3 Failed 1171.8 1.814 Failed
2 Failed Failed Failed

Figure 5. σ max for different notch root diameters under walking forces.

2.3. Manufacture of titanium specimens and testing

As outlined in Section 2.1, the ITAP should withstand the expected loads associated with
walking, as long as the attachment does not have a notch with a minimum diameter of under 4 mm.
However, the notch should focus failure away from the bone when subject to an excessive load. This
failure should be caused by a load less than the Fmax that a femur can withstand. Mather [23] found
that the average F required to break the femur of a male is approximately 3.2 kN, and to break the
femur of a female is approximately 2.2 kN. Ti specimens were produced using AM to verify if the
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material and manufacturing technique can be used to produce customized ITAPs. The Ti specimens
to be printed were selected based on the results in Figure 5 and diameters of 13, 9, and 5 mm were
chosen, as these represent a wide range of σmax. Ti is currently used in medical applications as it is
widely bio-compatible, and therefore was chosen for testing [10]. Due to the limitations of the
selective-laser melting (SLM) machine available, the height of the specimens had to be reduced. As
such, the required dimensions for the sample were calculated using British Standard ratios [24]. The
diameters of the samples had to be reduced to use the SLM machine, shown in Figure 6. Therefore,
all subsequent discussion shall refer to specimens by the percentage reduction in diameter; the 13, 9,
and 5 mm specimens had a percentage reduction in diameter of 7% 36% and 64% respectively. The
samples were tensile tested on a hounsfield 50 kN tensile testing machine, at a rate of 3 mm/min.
This displacement speed was chosen to ensure the tests were comparable with the preliminary
experiments conducted in Section 2.1. The vertical tensile force (Ft) and displacement were sampled
every 0.5 s. The failed specimens are shown in Figure 7.

Figure 6. From left to right: diameter reduction of 7%, 36% and 64%.

Figure 7. Example samples after testing (a) from left to right diameter reduction of 7%,
36% and 64% (b) face of the fractured surface on the 36% specimen.
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2.4. Tensile testing results

All the specimens failed in the notched region, as shown in Figure 7. The F against
displacement curves for each of tested specimens tested are shown in Figure 8, which shows that
introducing a notch diameter can cause consistent failure in the specimen. The 7% reduction
specimens failed at approximately 41 kN, and the 64% specimens failed at 8–9 kN. There was more
variation observed in the 36% reduction specimens, which failed at approximately 17 kN, with one
specimen failing at 19 kN and another specimen failing at 21 kN.

Figure 8. Force against displacement for all tensile tested specimens.

The specimens exhibited ‘mode 1’ failure, whereby the crack propagates perpendicularly to the
applied F [25]. Figure 7 b shows the face of the fractured 7% specimen, where it can be seen that
there is a very small cup, indicative of ductile failure. This is apparent in the stress-strain graphs in
Figure 9, where all the specimens underwent brittle failure apart from the 7% specimen curves which
show a small change in gradient prior to failure. Additionally, Figure 10 shows the stress-time graphs
for all of the specimens. The accelerated failure in the 7% specimens suggests that they underwent a
minimal amount of ductile behavior prior to failure. However, once the specimen had started to neck,
the specimen failed rapidly. This suggests that the notch causes an accelerated failure once the crack
starts to propagate, which appears as a brittle failure on the stress-strain curves, and as an accelerated
failure on the 7% specimens.

This is because the notch acts as a σ concentration [26], and the reduced diameter increases the
σ in that region. If the stress is raised by the notch such that the ultimate tensile load (UTL) the
specimen can undergo before it fails is reduced to below the Elastic Limit (EL) of the material, the
notched specimen will fail before it can plastically deform. The EL is the σ that will start to cause
plastic deformation, which for a Ti specimen is approximately 600–880 MPa for machined or
sintered Ti [27,28] and for SLM specimens the EL is approximately 400 MPa [29]. Over a σ
of 400 MPa, the specimen would start to exhibit plastic deformation prior to failure, whereas any
failure beneath this limit would be considered as an accelerated failure.

Thus, introducing a notch into the specimen reduces the EL that Ti can undergo significantly,
reducing the UTL to below the EL. This can be seen in Figure 9, where all the specimens failed at a
σ below 400 MPa. The varying gradient in the 7% specimens suggests that the specimens yielded;
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this can be attributed to a ductile behavior. However, as this ductile region is very minimal compared
with the brittle region, and as the specimens all failed below 400 MPa, this can still be considered as
brittle failure.

Figure 9. Stress against strain for all tensile tested specimens.

Figure 10. Stress against time for all tensile tested specimens.

Reducing the UTL of the ITAP by introducing a notch is comparable to introducing a σ raiser;
which focusses the σ into a specific area of the specimen [30]. The effect of different defects or
cracks in a material can be measured using σ concentration factors [26,31]. A σ concentration factor
indicates how different σ-raising geometric features will affect a material [30,32]. The theoretical σ
intensity factor for a cylindrical specimen with a ‘V’-shaped notch is given by Equation 1. This in
turn can be used in Equation 2 to calculate the σ at an ‘infinite’ distance away from the notch, σyy.

(1)
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Where Ktθ is the stress intensity factor in a ‘V’ notched specimen compared with Ktu is the factor
caused by a ‘U’-shaped notch. The angle of the notch in the equation is θ, and r is the length of the
crack [30].

Equation 2 indicates that the greater the length of the crack, the lower the σmax, a specimen can
undergo prior to failure. This is also observed in Figure 6 as the diameter is reduced, the specimen’s
resistance to force is also reduced. Whilst this demonstrates that the smaller the notched diameter,
the weaker the sample becomes; it is still too strong to be implanted into a femur. The 68% reduced
diameter specimens failing at 7 kN without scaling the F to be applicable for a full-sized ITAP,
whereas the femur has a UTL of 2.2–3.2 kN, as such the femur would fail before the ITAP.
Therefore, the chosen material is too strong for purpose. If the ITAP were to undergo a F strong
enough to fail, the femur would already have failed. This suggests that the modified design is
‘over-engineered’, despite moving failure away from the femur. However, if a material with a lower
tensile strength was used to manufacture the ITAP, this may not be the case. Further research into
different materials would be beneficial to understand if the notched design creates enough of a
σ-concentration.

3. Conclusions

The potential of the ITAP method of attaching a prosthesis directly to the bone of the user could
be a step to improving the quality of life for amputees. The investigated designs considered a
functional ITAP with a fail-safe method that included a notch design that prevents possible damage
to the user’s bone. The results show that a combination of Ti and the notched design cannot currently
be used as a fail-safe as the Ti material has a significantly higher UTL and EL compared with a
femur. This means that the femur would break or shatter before the ITAP would fail and that the
prosthesis attachment could break the bone it is anchored to. Currently, the health risks and
discomfort of a stump and socket attachment are minimal compared with the risk of breaking the
bone, which could make further amputation necessary. Further development, using a different
material should be conducted to ensure failure at a lower force than the UTL of a femur.
Alternatively, Ti could continue to be the subject of research using a different modified design of
ITAP, potentially using a generative design to produce the weakened model, where only the
structural material is necessary to ensure that it would not break under walking loads. The main
findings from the research are as follows:
 Current ITAP designs risk failure near the flange, and could risk damaging the user’s body,

specifically the femur, and the skin at the boundary of the amputation.
 The notch in the additively manufactured titanium ITAP reduces the ultimate tensile load the

specimen can undergo to below the elastic limit of machined or even SLM titanium with no
notch. This can be exploited to cause controlled fracture outside the femur, and in the exposed
region of the ITAP.

 Introducing a notch into the exposed region of the ITAP could induce failure in a manner which
does not cause harm to the user when compared with failure inside the femur. However, this
notch does not inhibit everyday use, as the ITAP can still be used for walking, and will

(2)
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withstand expected forces.
 Titanium is too strong a material to be used in the ITAP with the current designs researched.

Results show that it will break under a force greater than a force required to break a femur.
Further designs could be researched so that the bone would have a higher ultimate tensile load
compared with the ITAP.
Further research is recommended to better the design for bespoke use depending on the lifestyle

of the user. This may include studying the forces and loading associated with different activities,
such as running and jumping, or side-ways movements. Further research should also look at the
shear forces associated with a sudden extreme load. Repeat loading should also be studied, to
understand how the notched region or further design iterations withstand walking loads over time,
and if there is any wear due to repeat and constant cyclic loading.
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