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Abstract: Hoof and leg problems in racehorses can cause serious injuries and decrease their value.
Although therapeutic shoeing using special horseshoes can increase the effectiveness of veterinary
care, it is labor-intensive and burdensome for farriers. A three-dimensional (3D) printed horseshoe
fabricated by additive manufacturing has high design flexibility for use in special horseshoes. How-
ever, the mechanical properties of 3D printed plastics for use as horseshoes remain unclear. In this
study, a proposed 3D printed plastic was subjected to degradation tests under the simulated equine
growth environment, and changes in strength during the period of use were investigated. It was
found that the strength of polylactic acid and polycarbonate, which are commonly used for 3D
printing, was not significantly affected by the environment.
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1. Introduction

Horseshoes are mainly shoed on racehorses to protect their hooves. Horseshoes are
made by a farrier who forges a steel or aluminum alloy bar to fit each hoof. However,
the ageing of farriers and shortage of workers in the near future are concerns in this field.
Although off-the-shelf horseshoes made by press-forming or machining are often used,
modifications by farriers are still needed to conform to the hoof shape. Lightweight soft-
plastic horseshoes are also used for shock relief and treatment of hoof injuries. Plastic
horseshoes are standardized industrial products with standardized sizes. Compared to
general metal horseshoes, polyurethane, which is the most common material used for
plastic horseshoes, is more difficult to modify during post-processing, posing difficulties
in fitting into the hoof shape. Therefore, it is necessary to shape the hoof to fit into plastic
horseshoes instead of normal hoof trimming. Another problem is the increasing cost of
plastic horseshoes, which are more expensive than aluminum alloy horseshoes. Moreover,
steel plates and wires are embedded within polyurethane horseshoes to improve their
abrasion resistance, which is lower than that of metal horseshoes. Mischler and Hofmann [1]
studied the wear behavior of commercial plastic horseshoes made of two polyurethane
materials with different hardness values.

High loads, impact forces, and small repetitive loads acting on the horse’s limbs
and hooves are major causes of injury. Horseshoeing for the purpose of shock mitigation
and injury treatment is referred to as therapeutic shoeing [2]. There are several types of
special horseshoes, such as roller-motion and rail shoes to promote breakover, and egg-bar
horseshoes to distribute load and control sinking of the heel. The type of specialty horseshoe
should be appropriately selected according to disease type. The effects of horseshoeing
on the limbs and hooves of horses have been examined mechanically. Panagiotopoulou
et al. [3] used finite element analysis to calculate the equivalent stress in the phalanges
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of the forelimb during walking, where higher stress was noted with a horseshoe. Tanaka
et al. [4] corrected the contracted club foot of a thoroughbred by horseshoeing with a
hinged aluminum horseshoe to increase the hoof size. O’Grady [5] reviewed studies on
therapeutic shoeing. Horses that require therapeutic shoeing often have hoof problems
that make nailing difficult. In such cases, the horseshoe is glued on the hoof using an
acrylic adhesive that has been adjusted to have a short curing time and high toughness.
However, the movements of the hoof-heel of metal horseshoes are restricted because the
adhesive is applied to the entire hoof surface to prevent the shoe from being thrown, thereby
negatively affecting hoof movements [6]. Hoof movement includes the deformation of the
hoof during landing and serves an important function for the horse as it reduces landing
shock and promotes blood flow, similar to a pump. The effect of horseshoeing on hoof
movement has been studied by hoof-displacement-measurement experiments and finite
element simulations. Bellenzani et al. [7] measured the strain of a bare foot at various
running speeds. Reilly et al. [8] demonstrated the distortion of the lower hoof wall with
nailing when hooves were glued with horseshoes for a long period. Hinterhofer et al. [9]
applied cyclic vertical loads to simulate walking and used markers attached to the hoof
to examine the effect of shoeing on hoof deformation using image analysis, noting that
nailing obstructed the deformation of both the hoof wall and sole. Brunsting et al. [10]
measured the heel displacement with a split-toe shoe, indicating that this special horseshoe
did not interfere with hoof movements, as represented by similar displacement values with
a bare foot. Although special horseshoes effectively treat diseases, their complicated shape,
time-consuming manufacturing, and high cost are problems that ought to be addressed.

The application of three-dimensional (3D) printing as a manufacturing method for
plastic parts with complex shapes is rapidly expanding. In particular, 3D printing is
suitable for high-mix low-volume production with few shape restrictions because it can
manufacture parts from the shape data designed by 3D computer-aided design (CAD)
software without the use of molds [11]. 3D printers are classified based on the material
used, namely metal powder or resin. Resin 3D printers include fused deposition modeling,
optical fabrication, and an inkjet. The fused deposition modeling method is less expensive
than other methods, and a wide variety of 3D printers and materials are readily available
for this method owing to its widespread use over the past decade. In this method, a molten
plastic filament is extruded and laminated on a heated platform. The price of the equipment
for this technique has dropped drastically, to several hundreds of dollars since the patent’s
expiration. Sood et al. [12] investigated the effect of printing parameters, such as layer
thickness, orientation, and line width, on the tensile and impact strength. Dawoud et al. [13]
evaluated the effect of the raster angle on the tensile, flexural, and impact strength.

By taking advantage of the ability of 3D printers to manufacture complex-shaped
parts with high precision and without technical skills, the authors previously studied the
application of 3D printing for the low-cost production of specialty plastic horseshoes [14].
The use of 3D printed horseshoes (3DPS) eliminates the disadvantages associated with the
traditional use of specialty horseshoes. While a pair of commercially available urethane
horseshoes costs about USD 60, the cost of the 3DPS material is about USD 20. Once a 3D
model is made, any number of intricately shaped horseshoes can be printed with no trouble
and easily replaced when damaged. The strength and wear resistance of 3DPS made of
polylactic acid (PLA) and polyamide 6 were examined under room conditions [14]. It was
found that the 3DPS did not fracture, even under a static compression load of 15,000 N,
which is considered the maximum load applied to a hoof during galloping [15]. As such,
a minimal negative effect on hoof movement is expected because Young’s modulus of
the 3DPS is approximately equal to that of the hoof wall. Leonardi et al. [16] mounted
a 3D printed PLA scaffold to a surgically resected hoof to compensate for a hoof defect
for keratoma treatment. Although 3D printed tacks have been partially commercialized,
their mechanical properties are rarely considered. In particular, mechanical properties
are essential for outdoor use. The equine growth environment differs from that of the
laboratory. Moreover, a 3DPS is strongly affected by the moisture of the bedding and
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track. In particular, the strength of plastic parts decreases when moisture is absorbed.
Furthermore, PLA, which is often used in 3D printing, is biodegradable, reducing its
strength. Goto et al. [17] investigated the relationship between the crystallization rate and
degradation speed of PLA in water. Although Yaguchi et al. [18] previously investigated
the decrease in strength of PLA specimens embedded in soil, the study focused on long
periods with uncontrolled soil moisture content. Here, the degradation test considered the
time period for horseshoe replacement as well as the soil moisture content of the equine
growth environment.

In this study, special horseshoes were manufactured via 3D printing, and their dimen-
sional accuracy, manufacturing time, and cost were evaluated. Subsequently, the fabricated
3DPS was glued on the hooves of thoroughbreds, and their damage after use was evaluated.
An equine growth environment was reproduced in the laboratory, and the strength of the
degraded plastic was evaluated via static tensile tests to investigate the strength reduction
behavior of the 3DPS in detail.

2. Damage of the 3DPS after Use
2.1. 3D Printing of the Glue-On Horseshoe

The 3D printing procedures of the 3DPS are illustrated in Figure 1. Three-dimensional
CAD software was used to design the horseshoe. The 3D data from the 3D CAD software
was converted into G-code, which is a format that can be used as the input for a 3D printer,
using slicer software. The important parameters that affect the strength of the horseshoe,
such as infill density and layer thickness, were determined by the slicer software. The
3DPS was shoed using a specialized glue for horseshoeing. Using this approach, anyone
can print a horseshoe with a complex shape. Moreover, this increases the convenience of
replacing damaged shoes, because multiple horseshoes of the same shape can be printed.

(a) 3D modelling (b) Slicing to g-code (¢) 3D printing

Figure 1. Procedures for the 3D printing of the glue-on horseshoe.

2.2. Conditions for the 3D Printing of the 3DPS

The conditions for the printing of the 3DPS are shown in Figure 2. Ulimaker S3 was
employed for the 3D printing in this study. Different kinds of plastic filaments with a
diameter of 2.85 mm were extruded through a heated nozzle with a tip diameter of 0.4 mm
at 210-260 °C, and the molten plastic was laminated on a platform at 60-100 °C. The nozzle
speed was 75-90 mm/s. The printing time of the general horseshoes was approximately
4 h to achieve an infill density of 100%.
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Figure 2. 3D printing conditions of the glue-on horseshoe.

2.3. Dimensions of the 3DPS

The 3D CAD model of the 3DPS design, based on a limb-conformation correction
horseshoe for a foal, and the 3DPS made of PLA are shown in Figure 3. The difference in the
dimensions between the 3D model and the 3DPS is shown in Table 1. The tolerance of each
dimension is approximately 2.5%, indicating the highly precise production of the 3DPS.

(E) 40

(F)88.9 |
(G) 130

(a) 3D-CAD model (b) 3D printed horseshoe for foal

Figure 3. (a) 3D CAD model of the 3DPS design based on a limb-conformation correction horseshoe
for a foal; (b) resulting 3DPS.

Table 1. Difference in the dimensions between the 3D CAD model and the fabricated 3DPS.

Measurement Position (a) 3D-CAD (b) 3D Printed Horseshoe Dimension Error

(A) 4 mm 4.10 mm 2.50%
(B) 45 mm 44.60 mm —0.89%
©) 40 mm 39.68 mm —0.80%
(D) 30 mm 30.33 mm 1.10%
(E) 40 mm 40.11 mm 0.28%
(F) 88.9 mm 88.43 mm —0.53%
G) 130 mm 129.89 mm —0.08%
H) 55.4 mm 55.52 mm 0.22%
@) 60 mm 60.12 mm 0.20%

1)) 80 mm 79.62 mm —0.48%
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2.4. Damage of the Glued-On 3DPS after Use

The 3DPS was glued on a thoroughbred and used for two weeks, as shown in Figure 4.
The following experiments were approved by the animal experiments committee at the
Japan Racing Association, Hidaka Training and Research Center. The 3DPS was glued on
the hooves of a yearling horse using an adhesive (Equilox I). This adhesive is an acrylic
adhesive with a short curing time of approximately 10 min and a hardness close to that of
the hoof wall after curing; it is used for bonding metallic horseshoes and for repairing hoof
walls. After 14 days of use, the 3DPS exhibited severe deformation, abrasion, and staining.
From the preliminary test results, the 3DPS made of PLA and acrylonitrile butadiene
styrene was fractured in approximately 7 days. The adhesive did not detach from the hoof
wall and the 3DPS was fractured, indicating that the adhesive strength was sufficient. This
suggests that the strength of the 3DPS was only maintained for approximately 2 weeks due
to the degradation during use. Therefore, degradation tests of the plastic used under an
equine growth environment, i.e., an environment exposed to moisture, were conducted to
clarify a suitable plastic material for the 3DPS.

(a) before use (b) after 14 days of use

Figure 4. 3DPS (a) before and (b) after 14 days of use.

3. Investigation of the Equine Growth Environment

The equine growth environment was investigated, and degradation tests under a
simulated growth environment in the laboratory were conducted to clarify the degradation
behavior of the 3DPS during use. First, the environmental conditions in the stables and an
arena were measured to examine the behavior of the horseshoes when exposed to water
under the equine growth environment. The temperature and soil moisture of the stables
and arena were measured at the Sapporo Racecourse Horse Riding Center, managed by the
Japan Racing Association. The soil moisture was measured 10 times at each point using a
moisture meter MC-78280IL, as shown in Figure 5. This measuring equipment calculated
the soil moisture content by measuring the electrical conductivity between two pins. The
results of the environmental measurements in the stables and arena are shown in Table 2.
The arena was sprinkled with water the day before, resulting in favorable conditions for
exercise. The moisture content of the stables was measured before and after the straw was
replaced. The straw used for one day had the highest moisture content, approximately 60%,
which was simulated in the laboratory.

Figure 5. Stables where the environment measurements were conducted.
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Table 2. Results of the environment measurements in the stables and arena.

Place Bedding Duration of Stay per Day  Air Temperature Moisture
Sand (shade) 20.7 °C 56.59%
Arena Sand (sun) L5h 21.3°C 52.54%

Pasture Sand 0.5h 31.0°C 9.2%

Straw 29.8 °C 41.27%
Stable Used straw 22h 29.8°C 60.6%

After exercise, the body of the horse was washed with a small amount warm water
with a temperature of approximately 34.5 °C. The blue hose shown in Figure 6 was used
to pour water over the legs for 30 min to reduce the temperature. The body of the horse
was naturally dried outdoors; however, its hooves may not have been completely dried in
this process.

Figure 6. Cooling of the horse’s legs after exercise.

4. Degradation Test Methods of the 3D Printed Plastic in the Laboratory
4.1. Simulation of the Equine Growth Environment

First, straw was used to simulate the stable environment in the laboratory, and the
moisture content was measured. Dry straw with a weight of 219.0 g was spread to a
thickness of 60 mm in a plastic case with a length of 238 mm, width of 358 mm, and height
of 240 mm. Water was added until the moisture content reached approximately 60%. The
relationship between the moisture content of the straw and measurement time is shown in
Figure 7. The water content decreased to 35% in the first 10 h, demonstrating the difficulty
in maintaining the moisture content for the 21-day continuous test using straw.

The straw dried quickly, which posed a difficulty in controlling the moisture content.
As such, the specimens were degraded by embedding them in a pH-adjusted soil. The
degradation test condition of the 3D printed plastic parts by embedding them in soil is
shown in Figure 8. Approximately 15 L of soil was placed in a planter with a diameter
of 400 mm, filled with water to achieve a moisture level of 60% = 5%, and lime added to
achieve a pH of 8-8.5. The specimens were completely covered with soil. The soil moisture
was measured once a day, and approximately 250 mL water was added when the average
moisture was below 55%. Based on the period of use of the horseshoe, one specimen was
embedded per day for 21 days, and all tensile tests were performed on the same day. The
relationship between the soil moisture and measurement time is shown in Figure 9. The
water content at 60% =+ 5% was maintained by adding water several times.
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Figure 7. Relationship between the moisture content of the straw and measurement time.
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Figure 8. Degradation test of the 3D printed plastic parts by embedding in soil.
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Figure 9. Relationship between the soil moisture and measurement time.
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The specimens were submerged in water for 30 min and dried for 23.5 h for 21 days.
The submergence test simulated the cooling of the horse’s legs, as shown in Figure 10. A
plastic case with a size of 475 mm x 369 mm was filled with water, and the specimens were
completely submerged in it. The number of specimens submerged in water was increased
thrice a day. All tensile tests were conducted on the same day as the soil-embedding test. A
thermometer (CENTER 300, Center Technology Corp., New Taipei City, Taiwan) was used
to measure the water temperature.

B

Submerged time:

Figure 10. Submergence test to simulate the cooling of the legs.

4.2. 3D Printing Conditions of the Tensile Specimens

The dimensions of the static tensile specimen are shown in Figure 11. PLA, polyamide
(Nylon), and polycarbonate (PC) filaments were used and possess the characteristics of
minimal errors, high abrasion resistance, and high strength, respectively. These three
materials can be printed on low-cost 3D printers because the nozzle temperature is below
260 °C. PLA and PC have ester bonds, and Nylon has amide bonds, which react with
water and hydrolyse, respectively. Ester-bonded resins react with strong alkali, causing
degradation and cloudiness, whereas weak alkali, such as the soil in this experiment, do
not cause problems. In contrast, nylon has a high chemical resistance to alkalinity. The
layer thickness was 0.3 mm, and other conditions were the same as those presented in
Section 2. The tensile specimen was designed based on JIS K 7152. It was printed with a
total length of 150 mm, parallel-section length of 70 mm, parallel-section width of 10 mm,
and thickness of 2.0 mm.

Thickness: 2 mm,
Density: 100%

70
/_
& =
¥
150

Figure 11. Dimensions of the static tensile specimen.

A universal testing machine (SVZ-200NB-R3, maximum load: 2 kN) was used for
the tensile tests, as shown in Figure 12. The tensile speed was set to 10 mm/min, and
the test was terminated after fracture. The specimen placed under room conditions for
21 days was also examined for comparison with the results of the soil-embedding and
submergence tests.



Eng 2023, 4 2999

=

Figure 12. Universal testing machine (SVZ-200NB-R3, maximum load: 2 kN).

5. Results of the Degradation Tests of the 3D Printed Plastic
5.1. Tensile Strength of the 3D Printed Specimens

The tensile strength of the 3D printed specimens before degradation is shown in
Figure 13. Five tensile tests were performed on each material. The difference between
the maximum and minimum tensile strengths of PLA, PC, and nylon was approximately
2.5 MPa, which is ascribed to variations during printing.

60

50 —

40 — 11—

30 —

20 —

10 —

specimens before degradation [MPa]

Tensile strength of 3D printed

PLA PC Nylon
Figure 13. Tensile strength of the 3D printed specimens.

5.2. Room Condtions

As plastic is degraded by the moisture in air, the specimens were placed under room
conditions for up to 21 days. The variations in the stress—strain relationship under room
conditions is shown in Figure 14. The slope of the PLA specimen in the elastic region
on the 10th day was larger than that on the 1st day and did not change considerably
thereafter. The PC specimen maintained its strength in this period. The maximum stress of
the nylon specimen decreased on the 10th day, followed by a slight decrease after the 10th
day. Approximately half of the changes were observed from the 1st day to the 10th day.

The relationships between the tensile strength and Young’s modulus and time under
room conditions are given in Figures 15 and 16, respectively. The Young’s modulus is
calculated by the following equation:

o — 0
E — 70025 0.005 )
€0.025 — €0.005

where 025 and 0 g5 are the tensile stress at the strain of gy g5 and g ggs, respectively.
Almost no changes were noted in the tensile strength of the PLA and PC specimens, whereas
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the strength of the nylon specimen gradually decreased to 10 MPa on the 21st day. The
Young’s modulus of the nylon specimens also decreased to approximately 150 MPa. Thus,
the mechanical properties of nylon are affected by the moisture in the air.

60
50 —— |
- |
40 —— , |
40 = I
5l Y, SN 2 |
g 30— Py D) §30 — |
= ,/ © |
820 47 z220 —, '
> Y 3) ]
2 4 = |
z2 10 10 |
g || [ [
0 0.02 0.04  0.06 0 0.02 004 006 008 0.1
Strain Strain
(a) PLA (b) PC
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<
=
el I 2R Ist day
8 S e e——e | ______ 10th day
o ——————— 21th day
5
[—.
04 0.6 0.8 1
Strain
(c) Nylon

Figure 14. Variations in the stress—strain relationship under room conditions for the (a) PLA, (b) PC,
and (c) nylon specimens.
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Figure 15. Relationship between the tensile strength and time under room conditions.
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Figure 16. Relationship between the Young’s modulus and time under room conditions.
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5.3. Soil-Embedding Test

The variation in the stress—strain relationship in the soil-embedding test is given in
Figure 17. The stress of the nylon specimen decreased on the 10th day followed by a
minimal decrease in the stress between the 10th and 21st days.

60
50 /— .\
z i
40 S 40 — I

= P 8 |

& 30— / 230 — I

=) ) N\ a 1

2 Y/ = I

220— / 220 )

b : = | .

Z 10 10 1

o [

i I I I N

0 0.02 0.04 0.06 0 0.02 0.04 0.06 0.08 0.1
Strain Strain
(a) PLA (b) PC
<€ 20
= 1st day
210 e e e i e = | 77777 10th day
= — - 21th day
2
g0 0.2 0.4 0.6 0.8 1.0
= Strain
(c) Nylon

Figure 17. Variations in the stress—strain relationship in the soil-embedding test for the (a) PLA,

(b) PC,

and (c) nylon specimens.

The relationship between tensile strength and time is shown in Figure 18. Although
slight changes in strength were observed owing to variations in the PLA and PC specimens,
as shown in Section 5.1, the strength did not change during the test period. The tensile
strength of the nylon specimen drastically decreased by approximately 6 MPa from the 1st
to the 4th day, followed by minimal changes.

60
50

30

Tensile strength [MPa]

10
0

20 5

a
22488 aaa sp 88,088,

PC

40 —

0g0 °
o 09040
0% 0 g Pgo°00°

%o fog ﬂuununuy:}/ulggu o

100 200 300 400 500 600
Time in soil-embedding test [h]

Figure 18. Relationship between tensile strength and time in the soil-embedding test.

The relationship between Young’s modulus and time in the soil-embedding test is
shown in Figure 19. No changes were observed in both the PLA and PC specimens.
Meanwhile, the Young’s modulus of the nylon specimen decreased greatly on the 1st day
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and then gradually decreased until the 3rd day. There was no significant change noted
after the 4th day.

= 1250
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1000 (8,82 Ma , Anséanda
O_00p0000
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PLA
500 —
250 Nylon

_q:ln tooppooopfoonoo |

0 _.100 200 300 400 500 600
Time in soil-embedding test [h]

Young’s modulus [MP

Figure 19. Relationship between the Young’s modulus and time in the soil-embedding test.

The relationship between the variations in the cross-section area of the nylon specimens
and time in the soil-embedding test is shown in Figure 20. The cross-sectional area of the
specimen after the soil-embedding test is higher than that before the test. The specimen
expanded owing to absorption of the moisture from the soil.

NN
S W

AR FBAnRRAE o

o After test
O Before test

I [ | I
0 100 200 300 400 500
Time in soil-embedding test [h]

_.
RS
—

Cross-section area [mm?]
—_
(9]

Figure 20. Relationship between the variations in the cross-section area of the nylon specimens and
time of the soil-embedding test.

5.4. Submergence Test

The relationship between the tensile strength and time of submergence in water is
shown in Figure 21. The water temperatures during the test were 21.4-24.2 °C, 21.5-23.3 °C,
and 14.9-18.1 °C for PLA, nylon, and PC, respectively. Although minimal changes in the
strength were observed in the PLA specimen, these changes were within the variations
of the specimens, as clarified in Section 5.1. The tensile strength of the nylon specimen
decreased by approximately 6.5 MPa from the 1st day to the 7th day and then gradually
decreased by approximately 3 MPa until the end of the test.

.—60 Apaabb8a0008000000080400
<
ﬂ-<50_ PC
=
£40” o o
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Figure 21. Relationship between tensile strength and time of submergence in water.
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The relationship between the Young’s modulus and time of submergence in water
is shown in Figure 22. The Young’s modulus of the nylon specimen slowly decreased.
The decrease in tensile strength and Young’s modulus was small compared to that of the
soil-embedding test in Section 5.3. Therefore, the effect of soil moisture on the mechanical
properties was greater than the effect of cooling.

|DﬂnluﬂﬂfﬂﬂﬂnﬂnlnDnTn

— 1250

& A PC

=, 1000 [ AAAAAAAAAgﬁAAAAAA:A
PRI DA AN 7 N
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g 500

“:0 250 (ooo Nylon

5

°

>

0 100 200 300 400 500 600 700

Time of submergence in water [min]

Figure 22. Relationship between the Young’s modulus and time of submergence in water.

The variations in the stress—strain relationship in the submergence test of the nylon
specimen are given in Figure 23. The tensile test was performed thrice per day, resulting in
minimal variations. The maximum stress of the nylon specimens decreased by approxi-
mately 40% on the 10th day. Although the maximum stress decreased slightly after the 10th
day, it was approximately half of the amount of change from the 1st day to the 10th day.
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Figure 23. Variations in the stress—strain relationship in the submergence test of the nylon specimen.
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6. Discussions

Three types of engineering plastics, PLA, Nylon, and PC, were selected as materials
for the specimens because they can be printed on a low-cost 3D printer. Although nylon
has excellent abrasion resistance, the strength of the specimens in the soil embedding test
decreased significantly. The cross-sectional area of the nylon tensile specimen increased by
approximately 20%, as shown in Figure 20. Assuming uniform expansion across thickness
and width, the rate of dimensional change was approximately 2%, and the water absorption
rate of the nylon at that time was estimated to be approximately 6%. The tensile strength
and the Young’s modulus both decrease gradually with an increase in water absorption
below 4% and level off above 4-5%. The water absorption property of nylon is expressed as
a function proportional to the square root of time. The strength change in degradation tests
showed a similar trend [19], suggesting that the decrease in strength shown in Figure 18
was due to water absorption. Moreover, this expansion might have led to a decrease in
the bonding strength when the 3DPS was glued on the hoof, because the difference owing
to the expansion of the plastic horseshoe and glue caused stress. Although variation in
the mechanical and chemical properties of the 3D printed parts by water diffusion was
investigated [20], anomalous time-dependent water diffusion characteristics for 3DPS could
be caused by small cracks and exposure to moisture under large cyclic stress, which will be
investigated in the future.

PLA and PC had low water absorption (0.2~0.3%), and changes in mechanical proper-
ties were quite small. The results of the study showed that PLA was not a problem after
three weeks of use, even in a moisture-rich environment such as a horse stable. PLA could
be degraded by microorganisms in the soil, resulting in a decrease in strength, however, it
was found that even in a moisture-rich environment such as a horse stall, the strength was
not affected after three weeks of use. Therefore, PLA or PC should be selected as a material
for 3DPS. Although PLA has high 3D printing accuracy and fewer failures, printed parts
are sensitive to impact force; meanwhile, PC has high thermal shrinkage, which makes
it easy to peel off from the platform during printing, resulting in more printing failures,
whereas the static and impact strength is high. In other words, 3D-printed PLA and PC
parts have opposite properties.

The choice of which materials to use for 3DPS should be based on the weight and
locomotion of the target horse, the speed of 3D printing, which is faster with PLA, the price
of the material, and the dimensional accuracy. The applicability of each material to a 3DPS
according to their characteristics is shown in Table 3. For example, PLA should be used
for a horse that has difficulty walking due to hoof disease and requires little exercise, or
for a light-weight foal, while a PC 3DPS should be used for a yearling that requires a lot of
exercise and weighs more than 300 kg. Although broodmares require less exercise, they can
weigh more than 700 kg during gestation, so the use of a 3DPS made of PC is recommended.

Table 3. Applicability of each material to a 3DPS utilizing the characteristics of the material according
to their characteristics.

Material Degradation Resistance Strength Printing Speed Application
PLA No problem Middle Fast Foal, l{ttle
exercise
. Yearling,
PC No problem High Slow broodmare
Nylon Severe degradation Low Slow Difficult to use

In order to establish a design guideline for the 3DPS, it is necessary to estimate the
loads applied to the 3DPS during shoeing and conduct strength tests other than static
tensile tests. An occurrence of fatigue failure is a strong concern because the 3DPS is
repeatedly loaded with forces that cause it to open and close in the horizontal direction, as
well as compressive forces, just by walking. In addition, an evaluation of the durability of
the 3DPS for shoeing of various horses” weights and diseases, and testing without shoeing
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the 3DPS for comparison, is needed. The strength of the material used in this study limits
the use of 3DPS to therapeutic shoeing, whereas the use of super engineering plastics such
as CFRP has the potential to expand the application for racing. Horseshoes for racing are
generally made of aluminum alloy, and if they could be replaced with plastic, the weight
could be reduced to less than half, reducing the burden on the limb. However, cost, and
the change in running form due to the change in weight of the horseshoes, should be taken
into consideration. These subjects will be the target of our future work.

7. Conclusions

In this study, 3D printed tensile specimens made of three types of plastics were
degraded under an equine growth environment simulated in the laboratory to clarify the
suitability of plastic materials for the 3DPS. The mechanical properties were obtained from
the tensile test, and the following results were obtained:

(1). The influence of room conditions, soil, and submergence in water on the mechanical
properties of the 3D printed parts made of PLA and PC was minimal. Therefore, the
amount of moisture in an equine growth environment can be ignored in the strength
calculation of the horseshoe.

(2). Both the strength and the Young’s modulus of the nylon specimens decreased in all
the tests. The most notable changes were noted in the soil-embedding test.

(3). Under room conditions, the strength of the nylon specimens decreased owing to
degradation. As such, it has limited use in horseshoes, since it is necessary to anticipate
the strength drop in the design of horseshoe using this material.
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