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Abstract. The purpose of this article is to develop a model and study an English bulldog
endoprosthesis made with the help of additive techniques. An analysis of the literature shows the
lack of such studies, including both additive techniques and topological optimization of prostheses.
Before starting the actual study, general objectives were developed, which took into account the
following: prosthesis assembly, fabrication technologies, fabrication conditions, shape, and range
of work of the prosthesis. The dimensions of the prosthesis were identified based on the
characteristics of the breed - the English bulldog. In the next step, the technology and construction
materials were selected. The modeling of the prosthesis was based on the parameterization of
dimensions. The parameters were linked by a skeletal model. Also, the objectives necessary to
determine the factor of safety were defined. Boundary conditions were determined for the purpose
of numerical calculations. The results in the form of reduced stresses and displacement
distributions were presented on the maps. In the next part, topological optimization was
performed, assuming the high stiffness of the system. Reduced stress maps and displacement
distributions were generated for these results with the help of the FEM method. Validation of
numerical calculations with real ones was performed.

Introduction

The Animal Protection Bill [1] as well as the EU directives point out that an animal is a living
being capable of feeling pain and suffering. Man owes it respect, protection, and care. The animal
should be treated humanely, that is, in such a way that ensures that its existential needs are met. In
special cases, it is possible to kill the animal immediately. This possibility applies when an animal
endures suffering and pain. Man must reduce the suffering of the animals and ensure their normal
functioning [2]. One of the ways, in the case of dysfunctions connected with mobility, is the
prosthetics. By applying modern manufacturing technologies [3], such as additive technology, it
is possible to quickly and cheaply make individual prosthetics designed for a certain breed and
even an individual animal [4]. It has also been found that when used for dogs, the endoprosthesis
can prolong their lifespan [5].

The literature on the subject presents research on endoprostheses for dogs, made of various
construction materials. One of the first endoprostheses design solutions was made of metal - a
titanium-nickel prosthesis [6]. The simplest solutions present endoprosthesis as a metal monolith
[7]. Other solutions include titanium endoprosthesis, made with a laser powder bed synthesis
system, whereas, the cutting guides are made of ABS in a fusion deposition modeling system [8].
Not long ago, additive technologies started to be used to print this type of element (additive
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manufacturing) — 3D print [9], [10]. The literature fails to provide an additive manufacturing
approach to animal prostheses that would apply topological optimization and their comparative
studies. This paper presents it as a scientific innovation.

The purpose of this article is to develop a model and study an English bulldog endoprosthesis
made with the help of additive techniques.

General objectives applicable to the conducted research
The model of the prosthesis will be limited by the research objectives. It was assumed that:
— the prosthesis is assembled to an endoprosthesis with a protruding stem ending in a thread
or quick-connect;
— the prosthesis is made of plastic and printed by a 3D printer;
— the prosthesis is made in non-laboratory or industrial conditions;
— the material behaves isotropically;
— it should be easy to disassemble the limb replacement for maintenance purposes (e.g.
cleaning);
— the shape of the limb is parameterized, that is, the shape is adaptable to the set overall
dimensions of the bone (length of the femur, tibia, and metatarsus);
— the limb works on a single plane;
— the prosthesis is printed by a printer with a working scope of 220x220x230 mm;
— the prosthesis is waterproof;
— easily fixed;
— easily cleaned.

Due to the large breed diversity and the associated variation in the skeletal system of dogs, it is
not possible to design a single prosthesis for all species [11], [12]. Therefore, for the purpose of
this study, it was assumed that the prosthesis will be designed for the English bulldog. This dog
breed is particularly prone to hip dysplasia, which requires endoprosthesis [13], [14]. The
following dog characteristic was applied: weight 23-25 kg, height ca. 40 cm. As regards the shape
of the hindlimbs, they are very muscular along their entire length, slightly shorter than the
forelimbs. Knees are pointing slightly outward, ankle joints are small with a small angular range,
and the paws are round and compact. Gait characteristics are as follows: short, quick steps, hind
paws are not lifted high, on the contrary, they are low-lifted, almost gliding on the ground.

Prosthesis manufacturing technology and selected materials
The choice of prosthesis manufacturing technology depends on surface quality, mechanical
strength, and material used. Because of the printed material, LOM (Laminated Object
Manufacturing) technology has been ruled out [15], as the prosthesis cannot be made of paper, due
to its poor strength properties as well as no water resistance, which then leads to a lack of
durability. Among the technologies discussed, those that use other materials for printing purposes
include SLS, FDM, and SLA. Analyzing the advantages and disadvantages of the aforementioned
technologies, FDM technology was selected as preferable in this project because it is popular and
available on the market, hence the lower costs in the case of mass production. The second argument
behind choosing this method is the possibility to print large sizes, and thus produce monoliths.
Due to the high mechanical strength and increased fatigue strength, in order to meet the design
objectives, PET-G material was selected as the printing material representing the properties
summarized in Table 1.
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Table 1. PET-G properties

Y oung modulus 2150 [MPa]
Tensile strength 50 [MPa]
Elongation at rupture 120 [%]
Density 1.27 [g/em’]

It is characterized by low hygroscopicity, it has been approved for contact with food, and for
this reason, it has been used to manufacture dishes or bottles. As regards printing, it is characterized
by a high level of adhesion during processing. This material behaves fine during mechanical
processing and unlike PLA, PET-G printing is slower and more sensitive to parameter changes,
which becomes immediately apparent in the printed detail, for example, in the form of lost
transparency. The plastic is rigid and is used in prototyping products and verifying their
mechanical strength. An additional advantage is the possibility to work in a wide temperature range
(from -40°C to +110°C) and fine sliding properties, proven by a vast array of applications in sliding
bearings. Glycol modification (suffix -G) increases Young's modulus.

To ensure the highest strength parameters, it was decided that the layers would be printed at
230°C. A higher temperature (240°C) should be applied to the first layer to ensure adhesion of the
plastic to the heating table layer, a common problem that can lead to damaged prints. Printing the
remaining layers at temperatures higher than 230°C reduces the viscosity of the plastic as well as
the dimensional accuracy of the printed part. As for printing speeds, the values of these parameters
have been selected experimentally. In order to make sure that the layers of PET-G material fuse
together, it is important to apply the correct speed. The speed cannot be too high or too low, as
slow speed increases the time necessary to complete the print and can cause deformation caused
by local overheating of the layer. The experimentally selected speeds are as follows: 30 mm/s for
the outer walls and 50 mm/s for the inside. These parameters will help to maintain the consistency
of the solid as well as the required dimensional accuracy.

Prosthesis modeling

The Skeleton model of the prosthesis was prepared in CAD Autodesk Inventor. First, it was
necessary to prepare a simplified sketch, which included control dimensions and showed the
kinematics of the device's operation, which will account for the limiting cases of the prosthesis.
The geometric arrangement of the components on the plane helps to early predict the potential
design problems such as where to set joint flexion limits or where to mount vibration dampers and
other dynamic loads.

In order to make sure that the model functions properly, it was necessary to parameterize it. The
next step involved setting limiting parameter values in Autodesk Inventor, from the smallest,
allowing the model to be resolved, to the largest, which are optimal for the structure from a
mechanical point of view. The parameters are linked directly to the skeleton model, which in turn
translates these data into parameters for individual parts. Seven parameters were set relating to the
length and three parameters relating to the angle.

Prosthesis’ load

According to the chosen model, at rest the prosthesis is loaded evenly, i.e. each limb carries weight
of % of the dog's weight. This shows us that the forces and moments acting upon the prosthesis
come from the weight and the response of the ground on which the dog is standing. According to
the gait analysis, dynamic forces are acting upon the hindlimbs because the limb presses against
the ground. Dynamic forces depend directly on the speed of the dog's movement, as well as the
height to which the dog raises the limb. Depending on the speed of movement as well as the weight
of the dog, the calculations will take into account an appropriate safety factor to compensate for
the energy that is connected with the limb hitting the ground.
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The following assumptions were made to determine the safety factor:

— approximation of the limb to a material point at the point of contact between the prosthesis
and the ground,

— the ground does not absorb the impact energys;

— the mass of the material point is %4 the mass of the dog m=6.25 kg;

— the maximum linear velocity of the limb from the initial to the final position is 2.78 m/s
(about 10 km/h);

— the leg's elevation angle dp=26°=0.4538 rad,

— the radius of the material point r=295.8 mm.

The analytically calculated coefficient is K=2.94.

Results of numerical calculations of the prosthesis
In order to complete numeric calculations, the following parameters were assumed:
— material is isotropic;
— main load F=179.92 N;
— secondary load Fpro=2.83 N, it is the force resulting from the mass of the prosthesis;
— the prosthesis is restrained at the contact surface of the prosthesis with the ground;
— the main load is applied to the surface where the endoprosthesis’ mounting hole is located.

The finite element mesh was constructed from 10-node spatial (three-dimensional) elements.
For static calculations, it was assumed that the mesh represented a characteristic size of 5 mm,
with automatic compaction near notches. For models subject to shape analysis, the element size
was reduced to 1 mm to obtain a higher resolution of the resulting shape.

During the process of designing the prosthesis, some of the dimensions were determined
experimentally. The Shape Generator optimization module was used for further correction. The
numerical calculations’ results show us the maximum displacements of 1.848 mm and a minimum
safety factor of 1.73. The actual load of the printed model points out to a low elastic deformability
of the prosthesis, which is an undesirable phenomenon because of the transfer of loads coming
from the ground’s response to the endoprosthesis without their partial suppressing, which can in
consequence cause damage to the prosthesis due to unpredictable rubbing at the junction or, in the
worst case scenario, damage to the bone in the place where it is connected with the endoprosthesis.

The results of the calculations have been summarized in Table 2.

Table 2. Results of numerical calculations of the prosthesis

Reduced stresses at nominal load 31.4 [MPa]
Minimum safety factor 1.73
Maximum displacements 1.848 [mm]

The results of the calculations have been shown in the form of maps (Fig. 1).
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Fig. 1. Results of numerical calculations of the prosthesis

First, the optimization tool available in Autodesk Inventor was used, followed by numerical
calculations, and in the end, the Shape Generator module was applied. The module has been
designed to reduce the mass based on set criteria. Generating similar results as in strength
calculations, it determines which finite element can be removed in order to slim down the structure
to avoid damage.

For the purpose of optimization, an optimization area has been identified, defined as places of
structural importance where it is not necessary to optimize the structure in order to slim it down.
This step is important because the Shape Generator module is not able to recognize if the set part
of the model is to fit and work with another detail or is normalized. In this project, this is the
location where the prosthesis is connected and assembled with the endoprosthesis, as well as the
place of contact of the prosthesis with the ground.

In this case, the criterion followed during the optimization in the module was stiffness
maximization (Maximize Stiffness) and a weight reduction of 30-40%. A greater reduction is not
necessary, since the weight of the prosthesis of ca. 200 g is almost imperceptible by the dog using
it.

The precision of the operation was determined, as in every other process using the finite element
method [16], [17]. Increased precision and accuracy increase the demand for computational
resources and the time it takes for optimization to take place. The insufficient resolution will result
in oversimplifications that can cause the structure to lose its stability, while a resolution that is too
high increases computation time to several hours.

Optimization involves removing finite elements that do not carry loads or carry a relatively
small value from the grid. Next, it reshapes it to distribute the stresses as evenly as possible. The
result is a solid of an irregular shape caused by the removal of reduced finite elements. This
function meets the condition of material continuity and the set conditions. The results of the
optimization have been shown in Fig. 2.
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a) 3D model b) side view

Fig. 2. A solid generated after prosthesis optimization

The results of numerical calculations after optimization have been summarized in Table 3.

Table 3. Results of numerical calculations of the prosthesis after optimization

Reduced stresses at nominal load | 33.12 [MPa]
Minimum safety factor 1.64
Maximum displacements 2.415 [mm]

The results of the prosthesis calculation after optimization have been shown in Fig. 3.

Nodes: 3813 Elements: 1958 Nodes: 3813 Elements: 1958 Nodes: 3813 Elements: 1958
Type: Von Mises Stress Twype: Safety Factor Type: Displacement
Unit: MPa Unit: ul Unit: mm

33.12 Max 15 Max 2.415 Max
2652 12 1932
Ll 1902 9 L1449
! 1331 6 0.966
6.71 3 i 4 0.483
1.64 Min | % -
e 0 Min
0.11 Min 0 R
a) reduced stresses b) distribution of safety factor c) displacements

Fig. 3. Results of numerical calculations of the prosthesis after optimization

96



Experimental Mechanics

Materials Research Proceedings 30 (2023) 91-99

https://doi.org/10.21741/9781644902578-13

Empirical validation of numerical calculations of the prosthesis

To verify the numerical calculations, empirical validation of the calculations was performed. For
this purpose, the printed prosthesis was mounted on an aluminum profile (Fig. 4). Followed by
referential measurements. The prosthesis was loaded with cast iron weights of 17 kg (the weight
of the tendon was omitted).

Analogue caliper
with a resolution
of 0.03 mm

Place of load
application (17 kg)

frame made of
precision
aluminum profiles
45345

location of the
prosthetic fiving

Fig. 4. Displacement measurements stand

Verifying the numerical calculations with the actual load applied, the relative errors of the
maximum displacement measurement (against the numerical calculations) were calculated
analytically, they were 94.8% for the prosthesis before the optimization process and 86.3% for the
prosthesis whose shape was subject to the shape optimization process, respectively.

Conclusions
Based on the results of the conducted study, the following conclusions were drawn:

1.

Excessive stiffness of the structure may cause the entire load to transfer to the
endoprosthesis. Recurring loads with such stiffness cause the endoprosthesis and bones to
carry increased loads from the ground, which may cause permanent damage to healthy
parts of the dog's body.

Failure to install the endoprosthesis in the hole of the printed component correctly or
improper matching of mating components may cause damage to the prosthesis because of
the incorrect direction of loads. PET-G plastic is a relatively soft material and with poor
metal-plastic mating, it will cause depravity of the latter.

The prosthesis is sensitive to the changing loads connected with the dog's weight. In this
case, the dynamic load resulting from the dog's movement is three times greater than the
static load. It means that each additional kilogram of the dog's weight will increase the
basic dynamic load by about 30N.

To ensure optimal use of the material's properties, it is crucial to select the printer's plastic
processing parameters. A printing temperature that is too low will prevent the layers from
fusing properly and will eventually cause defusing, while a temperature that is too high
will overheat the material or lead to incorrect application.
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5. Optimization for the Maximize Stiffness criterion reduces maximum displacements and
increases the safety factor through a more favorable distribution of loads within the solid.
In addition to a more favorable distribution of stresses and displacements, optimization
reduces the weight of the structure by 40%.

6. The relative measurement errors occur because the applied load differed from the nominal
one by 8N. Secondly, it was assumed that the material would be isotropic. The third reason
was that the strength of the printed element is lower than the strength of the same element
made by injection molding, and, depending on the technology, is 60%-90% of the
temporary endurance of the injected part. Another reason for the measurement error. The
mounting method offered a different response than the assumed restraint of the contact
surface of the detail with the substrate. Another reason for the error was a different load
distribution along the layer lines, preventing a distribution that would match the numerical
calculations. Additionally, another cause was the difference between Young's modulus
used for the purpose of the calculations and the actual one. The sum of these errors makes
up the total relative error of the measurement results.

7. In order to reduce the relative error, the material model should be changed to an anisotropic
one, but in the case of FDM printed material, the number of material constants is so high
that it cannot be implemented in the numerical calculation program that was used, so the
assumed isotropy is a reasonable simplification in this case.
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