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Exo-endoprosthesis is a limb salvage procedure for animals, although only expensive

metal devices have been described. Now-a-days, new materials for this type of implant

could be considered due to novel and affordable manufacturing techniques. However,

a factor of safety (FoS) should be considered. There are kinetic and kinematic studies

of canine natural gaits, which can be used to establish an FoS for mechanical tests for

new non-metallic devices. Polyetheretherketone (PEEK) is used in different specialties

in human medicine. Its mechanical properties (and its close mechanical stiffness to

that of bone) make this polymer an alternative to metals in veterinary traumatology.

PEEK could also be used in 3D printing. The suitability of a novel inner part of an

exo-endoprosthesis manufactured by fuse deposition modeling (FDM) was presented

in this study for long canine bones. Mechanical characterization of 3D-printed PEEK

material and ex vivo mechanical tests of a customized endoprosthesis were performed

to address it. Young’s modulus of 3D-printed PEEK suffered a reduction of 30% in

relation to bulk PEEK. Customized 3D-printed PEEK endoprostheses had promising

outcomes for the tibiae of 20 kg dogs. Pure compression tests of the non-inserted

endoprostheses showed a maximum force of 936 ± 199N. In the bending tests of

non-inserted endoprostheses, the PEEK part remained intact. Quasistatic mechanical

tests of bone-inserted endoprostheses (compression-bending and pure compression

tests) reached a maximum force of 785 ± 101N and 1,642 ± 447N, respectively. In

fatigue tests, the samples reached 500,000 cycles without failure or detriment to their

quasistatic results. These outcomes surpass the natural weight-bearing of dogs, even

during a galloping pace. In conclusion, the 3D-printed PEEK part of the endoprosthesis

for an exo-endoprosthesis can withstand loading, even during a galloping pace.

Keywords: biomechanical test, patient-specific implant, FDM, PEEK, exo-endoprosthesis, ex vivo, tibia, canine

INTRODUCTION

Exo-endoprosthesis is a limb salvage procedure in humans and, to a lesser extent, in animals (1–5).
Because the implant is inserted into the medullary canal of a long bone, its advantages are no pain,
no delay in load transfer, energetic efficiency, and good proprioception. However, complications
have been reported, such as infection, skin breakdown, aseptic loosening, device failure, and
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avulsion (2, 5, 6). The two last complications can be related to
stress-shielding phenomena (7). Therefore, aseptic loosening and
stress-shielding are related to the higher stiffness of metals as
compared to bone (7, 8) and metallic debris. A rigid material is
reluctant to deform and difficult to adapt when it is inserted in
a flexible object, like the medullary canal of a bone. So perfect
fitting of the rigid material to the bone cannot be expected.
This mismatch produces a lack of stress transmission between
rigid material and bone, which is one of the reasons for stress-
shielding. In the same way, it is the flexible material, the bone,
which is deformed because of the rigid material in case of
irregular stress transmission. Thus, these phenomena are related
to the chosen material of a medical device, and their effect could
be reduced by selecting other materials with a stiffness closer to
the bone. Now-a-days, all veterinary implants are individualized,
andmade inmetal. These characteristics make them an expensive
solution that few owners can afford for their pets.

Seeking price reduction and avoiding the aforementioned
complications related to metal stiffness, other materials could be
considered for implants. The stiffness is directly related to the
elastic properties of a material, such as Young’s modulus, tensile
strength, and bending strength among others (9). Materials with
a much higher Young’s modulus, such as metals, when compared
with bone, could be prone to stress-shielding of the host bone
due to their rigidity (7, 10). Therefore, a non-metallic material
with bone-like elastic properties could be considered to reduce
the aseptic loosening and stress-shielding of a medical device on
a bone.

Polyetheretherketone (PEEK) is one of those alternative non-
metallic materials for medical devices. PEEK is a thermoplastic
of the polyaryletherketone family that is generally used for
different specialties in human medicine, such as neurosurgery,
traumatology, and dental and craniomaxillofacial surgery (11,
12). PEEK is also bioinert in the physiological environment
and has good biocompatibility (11). It is one of the polymers
with good mechanical properties, such as its weight-bearing
and strength properties (11). Furthermore, its stiffness is closer
to that of bone than to that of metal (11). All of these
specific characteristics make it a candidate for the avoidance of
stress-shielding as is assessed on ovine or canine specimens in
experimental studies for different traumatological devices (11–
14).

Now-a-days, thanks to additive manufacturing (AM), quite
a range of materials can be considered for manufacturing small
productions of final devices with a minimum cost (15, 16). There
are different technologies in the field of AM, although only
direct metal laser sintering (DMLS) has been reported in papers
in the field of veterinary medicine as a manufacturing method
for endoprosthesis or intraosseous implants (5, 6, 17, 18). This
type of technology is cheaper than traditional manufacturing
(15). However, it is still quite expensive when compared
with fused deposition modeling (FDM) (16). Currently, there
are a few patents for 3D-printed exo-endoprostheses that
are manufactured in FDM, such as ES2736410A1 (19) or
US10925755B2 (20). Nevertheless, the mechanical properties
of polymers manufactured by FDM should be evaluated, as
these properties are usually inferior to those obtained by the
injection molding process (21–23). Thus, preliminary tests are

recommended with tensile test samples of the studied polymers.
Tensile test samples are shaped according to ISO 527-1 (24).

To assess a new material for a load-bearing device, a factor
of safety (FoS) should be determined to endorse the feasibility
of the material for that activity and situation. Currently, the FoS
and working load have not been determined for veterinary limb
salvage devices. Working load is the applied load on the device
during the activity. FoS is a ratio defined for any mechanical
device to avoid failure during its work, expressed as the ratio
of the maximum load (failure load) to the working load. As
a working load, these devices will withstand different body
weights (BWs) according to the type of pace and moment of the
stance phase (25–27) during the gait cycle. Each canine pelvic
limb bears approximately 0.44 times its BW during walking
(28, 29), around 0.71 times its BW during trotting (25), and
1.5 times its BW while dogs are in a steady gallop (26, 30).
To compare the aforementioned weight-bearing forces, data
have been normalized to the BW of animals using the BW
equation described by Krotscheck et al. (31). Hence, these values
could be considered as working load for determining the FoS
for ex vivo mechanical testing of new load-bearing implants.
Currently, published quasistatic and dynamic mechanical tests of
other veterinary implants (5, 32, 33) just expected device failure
without relating it to an actual canine weight-bearing force. In
addition, themechanical tests will need the placement of the bone
specimens as close as possible to the real positions during canine
paces. Kinematic studies can be used as a reference for this issue.
A range of 126◦ to 147.2◦ is collected for a stifle joint during
walking at a stance stage (34), while a range of 107◦ to 159◦ is
registered at trotting, galloping, and acceleration (27, 30). These
data give an average stifle angle of 135◦, which is the assumed
value of this joint for dogs in veterinary medicine. In a dynamic
test, the stride per second of each pace can be used as a reference
for adjusting frequency values (35). Strides per second range
approximately from 3 to 1 depending on galloping to walking
pace, respectively.

The aim of this study is to determine if PEEK material in
contact with the bone could be a possible weight-bearing option
for canine patients during their regular gaits. This work describes
initial ex vivo research on the use of a PEEK sleeve to interface
between the bone and inner part of an exo-endoprosthesis in the
context of limb-sparing surgery. The 3D-printed endoprosthetic
element was tested by new loading protocols to mimic normal
canine loads during walking, trotting, and galloping. To our
knowledge, no evidence of mechanical tests was found for other
exo-endoprostheses in veterinary medicine.

METHODS

Endoprosthesis Design
The assessed endoprosthesis was patented by Mendaza et al. (19)
and was composed of two main elements: (i) the PEEK sleeve,
composed of a base, “umbrella”, neck, and stem (36), which will
be in contact with bone tissue, and (ii) surgical metal threaded
rod, made of AISI 316 austenitic stainless steel, which will be
attached to an exoprosthesis (Figure 1).

The PEEK sleeve of the endoprosthesis was designed with a
CAD program (SolidWorks, SolidWorks Corp., Waltham, MA).
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FIGURE 1 | (A) 3D-rendered model of the tibial endoprosthesis and (B) 3D-rendered assembly of the exo-endoprosthesis inserted into a tibia. The exo-prosthesis

part (blue) is an example of the ideal construct. Where (1) represents the stem; and (2) represents an approximation base- “umbrella” section.
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FIGURE 2 | Printing simulation of (A) dog bone sample (its dimensions were 75 ± 0.5mm length, 5 ± 0.2mm width, and 3.5 ± 0.2mm thickness, with a gauge

length of 25 ± 0.5mm) and (B) endoprosthesis (its dimensions were 16.54*50.21*14.72 mm3, which are width, length, and thickness of the printing bed, respectively)

in Simplify 3D.

TABLE 1 | Characteristics of FDM printings at Simplify 3D slicer. DB- and RB-

samples, are tensile test and bending test samples.

Tibial

endo-prosthesis

DB- and RB-

samples

N◦ Models each printing 2 (40mm distance

between them)

1

Extrusion multiplier 0.92 0.92

Layer height (mm) 0.05 0.05

Skirt Layer 1 1

Skirt outlines 15 15

Infill (%) 50 50

Speed Default (mm/s) 30 30

Outline underspeed (%) 50 50

Solid infill underspeed (%) 80 80

Supports underspeed (%) 80 80

The external diameter of the stem was 0.40mm larger than the
drilled medullary canal of a tibia (9mm). Thus, all external
diameters of the stems measured 9.40mm. The diameter of the
inner cavity of the PEEK sleeve was 6mm just like the diameter
of the threaded rod. This cavity was slightly reduced at the level of
the stem for applying extra-radial compression to the bone, such
as that described by Mendaza-DeCal et al. (36).

3D Printing Material
Tibia endoprostheses and tensile and bending test samples
were printed in PEEK (3D4Makers, Amsterdam, Netherlands).

Filaments were stored in a special ziplock multi-layered bag with
a special EVOH barrier film and silica desiccant sachets provided
by the filament supplier. Otherwise, following the recommended
protocols in the literature (22) and by filament manufacturers,
spools were dried at 150 ◦C for 3 h in a dry heat oven before
printing with PEEK.

3D Printing Manufacturing Parameters
Tensile and bending test samples and endoprostheses were
printed by FunMat HT (INTAMSYS, Shanghai, China) based on
FDM technology, with a build volume of 260mm × 260mm ×

260mm (x, y, and z). The printer has a hardened steel nozzle of
0.4mm diameter. This printer reaches a nozzle temperature of
up to 450 ◦C, bed temperature of up to 160 ◦C, and chamber
temperature of up to 90 ◦C. Before printing, 3D virtual models
were sliced by Simplify 3D software (Cincinnati, USA).

All 3D models were horizontally oriented with respect to the
printing bed (36). The largest axes of the endoprostheses and
tensile test samples with dog bone shapes were oriented parallel
to the printing bed (Figure 2). Endoprosthesis dimensions were
16.54∗50.21∗14.72 mm3, which are x, y, and z of the printing
bed, respectively. Also, the bending test samples were printed
like rectangular bars, with the same printing orientation as the
other 3D models. A horizontal orientation was carried out to
take into account the main mechanical forces borne inside the
medullary canal. The general printing parameters were constant
for all 3D models, which are shown in Table 1. Also, the
temperature parameters were the same for both 3D models:
nozzle temperature of 410 ◦C, bed temperature of 130 ◦C,
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FIGURE 3 | Transverse cut (A) and MC-concentric drill (B) guides. Both self-designed and printed at PLA. At (A), the red dash line represents where the transversal

cut was made on the distal tibia. At (B), the red arrow represents the drilling direction of the MC to homogenize the MC diameter.

chamber temperature of 90 ◦C, and the cooling fan speed of 50%.
All these parameters were set without variants between the 3D
models because it has been proven that the mechanical properties
of 3D-printed models varied due to printing conditions (21, 23,
37).

Furthermore, immediately before each printing, a specific
liquid fixative (Dimafix, DIMA 3D, Valladolid, Spain) for 3D
printing was applied to the cold print bed for better adhesion of
the material during printing. A preheat of the chamber and build
bed temperatures were set and allowed to stabilize for at least for
30min before starting any printing.

Preparation of the Endoprosthesis-Tibia
Construct
The endoprosthesis-tibia interface will be referred to as
endoprosthesis-tibia construct in this article. The construct was
assessed by mechanical tests. Ex vivo fresh tibiae were used
to insert the endoprostheses. The 33 tibiae used for this study
belonged to canine specimens (20.85 ± 1.25 kg BW) that were
euthanized for reasons unrelated to this study. The longitudinal

length of tibiae was 208.51 ± 40.27mm. The fresh bones were
immediately stored inside a vacuum bag in a freezer until the
insertion of the endoprosthesis. Bones were perpendicularly cut
to the longitudinal axes above the distal epiphysis. Immediately,
the medullary canals of the tibiae were measured on the cut
plane by ametric digital caliper. Tibiae with an averagemedullary
canal diameter of 9.48 ± 0.29mm were selected. This average
medullary canal diameter was observed on the selected canine
specimens. After measure, the medullary canal was drilled with
a 9mm bit to homogenize the canal. Two PLA 3D-printed
self-designed surgical guides were used to make perpendicular
cuts and to align drilling (Figure 3) (36). Insertion of the
endoprosthesis was made by soft blows with a hammer. Later, an
AISI 316 austenitic stainless steel threaded rod with a diameter of
6mmwas gently inserted using a locknut, with a length of 30mm
being left outside the PEEK sleeve. Cutting, drilling, and insertion
were carried out by the same operator.

Once the endoprostheses were inserted, 25 tibiae were
attached with a two-component epoxy resin (Resoltech
1050/1058S, Eguilles, France) in aluminum holders. Tibiae
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FIGURE 4 | (A) Schematic figure of the decompounded ground reaction force (black arrow) on the canine tibia in compression (green arrow) and bending forces (pink

arrow). Angle of the stifle joint (135◦) was split in half by a red line as a reference for testing. (B) Endoprosthesis-tibia construct at 67◦ to the testing table for

compression-bending and fatigue testing.

TABLE 2 | Elastic properties of bulk PEEK, stainless steel, titanium, and canine

tibia obtained from the literature.

Material Tensile strength

(MPa)

Young’s modulus

(GPa)

Bending

strength (MPa)

Bulk PEEK (41) 97–117 3.76–3.95 105–116

316L-SS (41–43) 90–1,100 193–210 170–310

Ti (46,47) 240–1,100 110 130–1,280

Canine Tibia (44, 45) 107.7–199.12 8.85–15.59 142–193

were cured in the holders at half the average angle of
the stifle joint when the dog is standing (Figure 4A), as
described by Holler et al. (38). The angle value of attachment
was 67◦ of the tibial axis to the test table (Figure 4B) for
compression-bending and fatigue tests. This angle is consistent
with the average angle in maximum weight-bearing during
trotting, acceleration, and galloping, as it has been described
in the introduction section. The remaining eight tibiae
were perpendicularly clamped to the test table for a pure
compression test.

Mechanical Testing
Mechanical Characterization of the 3D-Printed PEEK
The tensile properties of the 3D-printed PEEK were determined
using tensile test samples with dog bone shapes (DB-samples)
(39) (Figure 2A). The dimensions for each sample were 75 ±

0.5mm in length, 5 ± 0.2mm in width, and 3.5 ± 0.2mm
in thickness, with a gauge length of 25 ± 0.5mm. All these
measurements were according to the Spanish standard UNE

116005:2012 (39). Tests were performed according to ISO 527-1
(24) using the universal testing machine Elib 20W (SAE Ibertest
Madrid, Spain) with a load cell of 2 kN, which operated at a
crosshead speed of 1 mm/min.

A three-point bending load arrangement was used to
determine the bending properties in accordance with ISO
178 (40). The tests were conducted using the universal
testing machine IBTH/500 (Ibertest, Madrid, Spain) with a
load cell of 500N, which operated at a crosshead speed
of 5 mm/min. For the bending tests, the samples were
rectangular bars (RB-samples) with dimensions of 80.0 ±

0.1mm length, 10.0 ± 0.1mm width, and 4.0 ± 0.1mm
thickness [dimensions according to the Spanish standard UNE
116005:2012 (39)]. Eight samples were tested for each kind
of test.

The results of the elastic properties were compared with those
of canine tibiae, bulk PEEK, 316L stainless steel (316L-SS), and
titanium (Ti) obtained from the literature (Table 2).

Quasistatic Mechanical Testing of the Endoprosthesis
Pure compression (Figure 5A) and bending (Figure 5B)
tests were carried out onto endoprostheses themselves (E-
samples) using the universal testing machine Elib 20W
with a load cell of 2 kN, which operated at a crosshead
speed of 500 mm/min. Five samples were tested for each
kind of test. The aim of these tests was to find the weakest
zone of the endoprosthesis and estimate if the mechanical
strength of the endoprosthesis in the main load direction
(vertical position) was enough to support the BW of
the dog.
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FIGURE 5 | (A) Pure compression (endoprosthesis at vertical position) and (B) bending test (endoprosthesis at horizontal position) of the endoprosthesis. Yellow

arrows represent the direction of the applied force.

Pure Compression and Compression–Bending

Testing of the Endoprosthesis-Tibia Construct
To obtain a more realistic result about the mechanical behavior
of the endoprosthesis-tibia construct, samples (ET-samples) were
prepared as described in section 2.4 above for pure compression
(90◦) and compression-bending test (67◦). Each of the ET
samples was assessed using the universal testing machine Elib
20W (SAE Ibertest Madrid, Spain) with a load cell of 2 kN
(Figure 6A). Tests were conducted under room conditions (22±
1 ◦C). Bones of ET-samples were covered with a gauze soaked in
phosphate buffer solution (PBS) to maintain the correct pH and
degree of humidity, simulating the in vivo conditions. Eight ET-
samples were evaluated by pure compression testing (Figure 6A)
and 15 ET-samples by compression-bending testing (Figure 6B)
at a crosshead speed of 500 mm/min.

Fatigue Compression-Bending Testing of the

Endoprosthesis-Tibia Construct
Fatigue tests are particularly important to study the long-term
behavior of the endoprosthesis-tibia construct. The load to be
supported by the tibia can be approximated by equation 1

(26, 30). For a theoretical 20 kg dog, if we consider the most
unfavorable circumstances (dog at galloping), the maximum load
to support would be approximately 300N. This value was also
considered as a working load to determine the FoS.

Maximum load (N)=1.5 x DW
(

dog weight in kg
)

x 9.8 (1)

Fatigue testing was conducted under room conditions (22 ± 1
◦C) using an electrodynamic testing machine with a load cell
of 3 kN (ElectroPlus E3000, Instron, Norwood, MA, USA). ET-
samples were prepared as described in section 2.4 (Figure 6B) for
compression-bending testing. These samples were assessed until
failure or until 500,000 cycles, using a sinusoidal force cycle with
amaximum load of 300N and a load ratio of R= 0.1. A frequency
of 2Hz was used for the test, which is similar to the pacing
frequency when the dog is trotting. Under these conditions, 10
ET-samples were evaluated.

Statistical Analysis
Data from pure compression of E-samples and ET-samples
tests were analyzed by analysis of variance (ANOVA) using
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FIGURE 6 | Pure compression (A) and compression-bending (B) tests of endoprosthesis-tibia construct. (A) samples were tested clamped directly to the bone, and

(B) samples were potted at 67◦ to the ground before testing. Red arrows represent the direction of the applied force.

the STATGRAPHICS program (XVII Centurion. Ver. 17.2.00,
StatPoint, Inc., Herndon, VA, USA). Also, compression-bending
data with or without fatigue tests were analyzed by analysis of
variance (ANOVA). Significant differences were observed (p ≤

0.05) by the F-test for both comparisons.

RESULTS

Mechanical Testing of 3D-Printed PEEK
Samples
Tensile strength, Young’s modulus, and bending strength of the
DB- and RB- samples, as described in section 2.5.1, were 36–52

MPa, 2.1–2.9 GPa, and 46–70 MPa, respectively. These results
were compared with those of Ti, 316L-SS, bulk PEEK, and canine
tibiae obtained from the literature. 3D-printed PEEK exhibited a
reduction of tensile strength of 2- to 16-fold compared with the
other materials. Comparing 3D-printed PEEK with bulk PEEK,
the reduction was 2.5-fold. Young’s modulus of 3D-printed PEEK
was closer to that of bone than to that of metal. 3D-printed PEEK
was 0.2-fold inferior to that of bone, while 316L-SS and Ti alloys
exhibited Young’s modulus 9- and 16-fold higher, respectively
(Supplementary File 1).

3D-printed PEEK exhibited a reduction of bending
strength of 1.9- to 12.2-fold compared with that of
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FIGURE 7 | (A,C) show force-displacement curve and ET-samples after endoprosthesis failure in a long tibia. (B,D) show force-displacement curve and ET-samples

after bone failure in a short tibia. Compression-bending test of the tibia-endoprosthesis constructs at 67◦ to the ground.

other materials. Additionally, its bending strength was
closer to that of bone than to that of metal, especially
compared to Ti.

Mechanical Testing of the Endoprosthesis
Mechanical Testing of the Non-inserted

Endoprosthesis
In all the bending tests, the endoprosthesis remained intact, while
the steel rod showed plastic deformation. In the compression
tests, the failure occurred between the umbrella and stem of
the endoprosthesis, with a maximum load of 936 ± 199N
(Supplementary File 2).

Compression-Bending and Pure Compression

Testing of the Endoprosthesis-Tibia Construct
The compression-bending test (67◦) was assessed for the 15 ET-
samples (Supplementary File 3). The tested samples showed two
different types of failure. In eight of them, the endoprosthesis
broke, leading to a force-displacement graph with a first peak
load due to endoprosthesis failure and a second peak that
indicates the fracture of the tibia (Figures 7A,C). The bone
failure occurred in the seven remaining samples, without any
damage to the endoprosthesis after testing. In these cases, the
force-displacement curves only showed the peak of the tibia

fracture (Figures 7B,D). Considering only the breaking data of
the eight endoprostheses, the average failure force is 785 ±

101N. The calculated FoS was 2.6 ± 0.3 for ET-samples at the
compression–bending test.

The results of the pure compression test reached a maximum
force of 1,642± 447N before failure (Supplementary File 2). For
higher forces, the endoprostheses failed between the umbrella
and distal tibia (Figure 8). The calculated FoS was 5.8 ± 1.4 for
ET-samples at pure compression.

Fatigue Testing of the
Endoprosthesis-Tibia Construct at 67◦

Upon fatigue test, the assessed ET-samples reached 500,000 cycles
without failure. To analyze the effect of fatigue, the survivor
samples were evaluated for failure by means of the quasistatic
compression-bending test described in section 2.5.3. The samples
could stand 764 ± 62N upon static compression-bending
test after fatigue before breaking (Supplementary File 3). No
statically significant differences were observed between the
maximum force at the compression–bending test with or without
the previous fatigue test with a p ≤ 0.05. The calculated FoS
was 2.5 ± 0.2 for ET-samples at the compression–bending test
after fatigue.
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FIGURE 8 | Failure example of the tibia-endoprosthesis constructs observed after pure compression test.

DISCUSSION

The 3D-printed endoprosthetic element can withstand normal

weight-bearing loads reported in dogs at walk and trot.
Additionally, we demonstrate that the behavior of the construct
with acute loading to failure is not significantly different if
the endoprosthesis is pre-fatigued with 500,000 cycles of pre-

loading. The PEEK part of the endoprosthesis bore higher flexion
and compression forces than canine tibiae during galloping
(26, 30). All obtained results during our tests were more than
two times the vertical load that the endoprosthesis will have to

support during the life of the canine. Thus, PEEK could be an
interesting option for weight-bearing implants in quadrupedal
animals because a single limb would support the entire weight

of the animal.
The ET-samples showed a maximum load at failure of more

than 2-fold the selected working load (300N for a 20 kg dog)
in the compression–bending test. These results are even more
promising considering that we only used a wet canine tibia
without the remaining skeletal system components of the pelvic
limb. Besides, we are comparing compression-bending results
with the force borne by the whole pelvic limb, which is another
handicap for the studied endoprosthesis. In addition, it should
be considered that the compression-bending tests were carried
out in a standing-like position, imitating the canine stifle angle
(38). It means that the endoprosthesis suffered bending and
compression load, at the same time, during our compression-
bending test. Taking into consideration that all tibiae had a
medullary canal of 9mm and the inserted endoprostheses had
the same size, two types of failure have been described in the ET-
samples during this test. In eight samples, failure occurred in both
the prosthesis and bone, and in seven samples, the endoprosthesis
remained intact while bone failure occurred. These failure modes
could be explained due to the lengths of the assessed tibiae.
Thus, if the ET-sample is considered as a cantilever, with more

bone length, more bending moments would suffer the endo-
prosthesis (9). Thus, in longer tibiae, both failure of bone and the
PEEK part will be expected. We can confirm that these facts are
disadvantages for the endoprosthesis because, during the bending
test of the E-samples, the PEEK part remained intact while the
steel rod showed plastic deformation.

The fatigue test shows the long-term behavior of a device.
The results of fatigue and the following compression-bending
test indicate that the endoprosthesis can withstand 500,000 cycles
with a trotting-like frequency and the total BW during galloping
without detriment of its strength. The fatigue parameters, cycles,
and frequencies were set based on other papers where fatigue
resistance was evaluated for different metal implants (32, 33)
and assuming that trotting is the dog’s pace with more step
frequency. These test conditions were considered the most
unfavorable scenario. No significant differences were observed
between the maximum force at the compression–bending test
with or without the previous fatigue test. Therefore, the FoS
after fatigue indicated that the endoprosthesis designed for this
work would not experience dangerous levels of load during
normal activity.

Pure compression results confirm that force-bearing data
from only pure compression of the E-samples or from pure
compression of ET-samples are significantly different. The ET-
samples could stand 1,642 ± 447N on pure compression (5-
fold increase in the dog’s weight-bearing), in contrast to 936 ±

199N in the E-samples. This means that the endoprosthesis has
better results in an environment closer to a real one, such as
using wet bones (46) as receptacles for the endoprosthesis. Bone
is considered an anisotropic material that has different elastic
behavior and strength according to the percentage of humidity,
the forces applied, and the force speed application (46–48). Thus,
achieving a test environment close to a real situation for medical
application is essential for bone. Likewise, this increase in force-
bearing results was because of the lateral compression exerted by
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the tibia during the endoprosthesis since part of the load applied
to the endoprosthesis is transmitted to the tibia.

When a 3D printer is used to obtain solid pieces, the resultant
material shows anisotropic behavior (49). Therefore, the 3D-
printed PEEK properties will be different in each direction
and will depend on the printing conditions. For this reason,
mechanical characterization was carried out on 3D-printed
PEEK samples (under the same printing conditions as the
endoprostheses) to determine the mechanical properties of the
PEEK material used for the endoprosthesis and to compare
them with those of the tibiae. The differences observed in the
mechanical properties between 3D-printed PEEK and bulk PEEK
are due to the small spaces between the printed layers, which is
typical in FDM technology, and to the infill parameter of 50%
for the dog bone shape samples. This infill parameter was the
same as that of the endoprostheses, which causes a drop in the
mechanical properties (49) of 3D-printed PEEK. Nevertheless,
its elasticity was still within canine cortical bone ranges and
closer than those of metallic materials (21, 22). Young’s modulus
especially was in the same order of magnitude as that of bone.
In addition, the tensile and bending strengths of 3D-printed
PEEK are enough to guarantee that the endoprosthesis will
deform similarly to the bone. Besides, the lower stiffness and
strength of 3D-printed PEEK with respect to that of bone allows
for a good transfer of the loads from the implant to the tibia,
minimizing the probability of peri-implant bone loss due to
stress-shielding (7, 10, 42). Also, using no annealed 3D-printed
PEEK permits anisotropic material behavior (22, 23, 49). This
makes the force transmission between PEEK and bone more
interesting because putting two anisotropic materials in contact
with a similar elastic modulus and transmitting the bearing
forces through them could be a potential solution to the stress-
shielding phenomenon. In addition, the interaction of PEEK and
canine tibia can be evaluated by comprehending the mechanical
characterization of 3D-printed PEEK, mechanical properties of
the canine tibia, and force-bearing results of pure compression
of ET-samples. The interaction of two materials with similar
elastic properties, such as PEEK and canine tibia, made a
similar deformation of both materials. Once the endoprosthesis
is inserted on the tibia, it adapts its shape to the medullary canal.
This deformation would allow the reduction or elimination of
dead spaces between the internal part of the exo-endoprosthesis
and the bone. This PEEK-bone interface seems to permit a
better stress transmission, as pure compression data of ET-
samples had been probed. This increment of stress transmission
would reduce the possibilities of stress-shielding phenomenon
in a real situation. Nonetheless, more studies about it should
be done.

In conclusion, the evaluated endoprosthetic part of an
exo-endoprosthesis can largely withstand a dog’s weight
during a galloping pace and at a higher frequency than this
pace without detriment to its maximum weight-bearing.
This makes the 3D-printed PEEK exo-endoprostheses
a suitable mechanical choice for medical devices in
veterinary medicine.
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