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Livestock tracking technologies, particularly virtual fencing systems which
confine animals within a designated area without physical fences, have seen
significant advancements. However, much of the research focuses on the
technology and functionality of these systems, and less attention has been
given to the materials used in their design, which are critical to their long-term
effectiveness and durability. Specifically, there is a lack of research on optimized
materials and designs for cow virtual fencing devices, despite their essential role
in ensuring reliable cattle tracking and enhancing animal welfare. Durable, non-
toxic materials capable of withstanding harsh environmental conditions are
crucial for these applications, yet limited studies have explored suitable
material options. This study addresses this gap through a three-pronged
approach combining Finite Element Analysis (FEA) simulations, mechanical
analysis, and field testing to evaluate two prototype cow ear tag designs—one
made from high-speed resin and the other from Nylon 6/66. This study examines
their performance under simulated real-world factors, such as chewing forces
and environmental exposure. In addition, we conducted field tests at the Cornell
University Ruminant Center, a large-scale research dairy facility, to evaluate the
prototypes under operational farm conditions. Our findings demonstrate that
material choice, and weight significantly affect device longevity, with a reduced
size and weight Nylon material offering a 50% improvement in durability
compared to resin. Our results emphasize how important material and design
choices are in the wider application of sustainable and precision
agriculture practices.
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1 Introduction

Virtual fencing technology represents a significant innovation
in livestock management by removing the need for traditional
physical fences. This technology allows for the remote
monitoring, tracking, and control of grazing livestock, which
offers a more flexible and cost-effective solution for managing
large herds in extensive grazing systems (Golinski et al., 2022;
Schillings et al., 2024; Musinska et al., 2025). Unlike conventional
systems that rely on permanent and costly infrastructure, such as
barbed wire fences (Hoag et al., 2025), virtual fencing creates
invisible boundaries tracked by collars worn by each animal
(Verdon et al., 2024). Commercially available systems include
eShepherd, Nofence, Halter, and Vence which use auditory and
electrical cues to guide animal movement (Campbell et al., 2020;
Aaser et al., 2022; Verdon et al., 2024; Boyd et al., 2022). As animals
approach a virtual boundary, the collar emits an auditory warning
—typically starting as a continuous tone (~82 dB at 1 m), which
may increase in frequency or intensity if the animal continues
forward. If the boundary is crossed, a mild electric pulse is delivered,
with reported energy values ranging from 0.18 J to 0.2 J and peak
voltages up to 3 kV, encouraging the animal to return to the
designated area (Aaser et al, 2022; Verdon et al, 2024). This
system reduces the need for manual labor and heavy
infrastructure, offering operational flexibility and potential cost
savings (Hoag et al., 2025). Despite this, the widespread adoption
of virtual fencing technology is hindered by concerns regarding the
durability and reliability of the collars, particularly under real-world
farming conditions (Lee et al., 2018; Golinski et al., 2022; Schillings
et al,, 2024). For example, one user interviewed in the Hoag et al.
(2024) study found that 25% of collars had fallen off within the first
five weeks of installment. These collars are subject to a range of
harsh environmental conditions, including extreme temperatures,
moisture, and physical wear from contact with various objects in the
field, such as trees and posts. In addition to these external stresses,
they may also need to withstand mechanical forces such as biting
and chewing from other cows. Furthermore, comfort and animal
welfare are vital considerations in collar design. To minimize the
risk of injury or discomfort, collars must be lightweight,
ergonomically shaped, and have smooth, rounded edges to
prevent chafing or skin lesions—especially around sensitive areas
such as the neck and jaw (Herlin et al., 2021; Hofstra et al., 2022).
Despite the recognized importance of materials and durability in
virtual fencing collars, there is limited research evaluating their
wearability and long-term performance under real-world grazing
conditions. Recent survey data highlight recurring concerns around
collar function, weather resistance, durability, and signal reliability
in rugged terrain—particularly among producers unfamiliar with
the technology or operating in challenging environments (Hoag
et al., 2024). Most studies have focused on the GPS technology of
the tracking systems or laboratory-based mechanical testing,
overlooking the unique challenges of field use in extensive grazing
systems (Dunzendorfer, 2017; Bailey et al., 2018). Furthermore,
while existing research has reported failure rates of 5-20% for
commercially available cow ear tags (Dunzendorfer, 2017), the
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specific durability and performance of virtual fencing collars and
ear tags—and strategies for improving them—remain largely
unexamined. This gap in the literature highlights the need for
more comprehensive studies on the long-term reliability and
retention of virtual fencing collars, especially when compared to
traditional physical fencing systems.

Efforts to enhance the durability of agricultural materials and
technologies are well-documented across various domains. For
instance, Denisenko et al. (2024) demonstrate how nanomaterials
can be used to improve the durability of agricultural machinery
components, addressing wear and tear under harsh field conditions.
Similarly, Aramide et al. (2021) review surface modification
techniques to increase the wear resistance of tillage tools,
ensuring their longevity even under abrasive conditions.
Trukhanska (2020) highlights technological methods to improve
the wear resistance and durability of agricultural parts, contributing
to reduced equipment failure rates in demanding environments. In
the field of advanced materials, Dhiman et al. (2022) investigated
polymer-based engineered materials for sustainable agriculture,
highlighting the potential for tailored solutions to address specific
environmental and operational challenges. These studies
underscore the broader agricultural industry’s commitment to
developing robust, long-lasting technologies, mirroring the goals
of our material selection process for durable and weather-resistant
cow ear tags.

While collars dominate research in virtual fencing, ear tags offer
practical advantages—including lower cost, easier attachment, and
reduced entanglement risks—which this study investigates by
evaluating their material performance through Finite Element
Analysis (FEA), mechanical testing, and field-based assessments
(Pandey et al., 2021; Ross et al., 2024). Ear tags were chosen for this
study over collars due to their simpler design, lower cost, and ease of
attachment to livestock, making them more practical for
widespread adoption, particularly in resource-limited farming
regions. Furthermore, ear tags can be used on calves, whereas
collars are unsuitable due to the calves’ growing necks, which
could lead to restriction. Ear tags also pose a lower risk of
entanglement in vegetation or other obstacles, reducing the
likelihood of injury compared to large collars. These advantages
are consistent with findings in studies of wearable technology for
livestock behavior monitoring, such as those by Ross et al. (2024)
and Pandey et al. (2021), which emphasize the practicality and
effectiveness of smaller, more manageable devices like ear tags for
monitoring animal behavior. Furthermore, a study by Melo-Velasco
et al. (2024) reported that improper collar placement compromised
the effectiveness of the electric shock in virtual fencing systems, and
in one case, 30% of the collars detached on the very first day—
highlighting a key reliability challenge that ear tag-based systems
may help overcome. Unlike collars, ear tags are quicker to install,
require less precision during application, and are less prone to fit-
related issues, making them a more consistent and practical option
in field conditions.

We designed and manufactured two prototype ear tag designs—
one made from high-speed resin and the other from optimized
Nylon— which were tested under real-world conditions at the
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Cornell University Ruminant Center. The study investigates the
overall functionality, durability, and comfort of these materials in
the field, focusing on their ability to withstand environmental
stressors such as chewing forces, physical wear, and weather
conditions. The findings aim to inform the development of more
durable and effective virtual fencing systems. This research is
particularly relevant for low- and middle-income farming regions,
where cost-effective and flexible fencing alternatives are crucial for
improving livestock management (Marshall et al., 2020).

2 Materials and methods

2.1 Design considerations for virtual
fencing ear tags

Virtual fencing applications in livestock management require
that the design of ear tags balance durability, weight, and animal
comfort. These tags must be resilient enough to withstand the
mechanical forces typical in grazing environments, such as biting
and chewing of the tags by other cows and impacts with trees, posts,
and other obstacles. At the same time, they must endure exposure to
environmental elements like sunlight, wind, rain, and temperature
fluctuations, all while securely housing the electronic components
required for tracking and stimulus delivery. Our design process
focused on creating ear tags using materials that can effectively
withstand these mechanical stresses and environmental challenges
while maintaining functionality and animal welfare. Materials were
selected based on their attitude to endure mechanical stress while
being lightweight, non-toxic, and resistant to environmental wear.
Research highlights that polymer-based materials, such as Nylon,
can offer the mechanical strength and environmental resilience
required for agricultural applications (Dhiman et al., 2022;
Denisenko et al, 2024). These materials are particularly valued
for their UV resistance and thermal stability, which are crucial for
long-term use in grazing environments (Ramis et al., 2004).”
Existing ear tags used for livestock typically weigh between 20g
and 40g (Moove'ment GPS Tracking Tags, 2021), however the
integration of our electronics for virtual fencing functionality
resulted in an increase in the weight of the tags, therefore future
optimization should be done to reduce the weight of the electronics.

2.2 Ear tag case design and materials

Two versions of the ear tag cases were developed to meet these
design requirements: Version 1 (V1) and Version 2 (V2). V1 was
constructed from high-speed resin - a material known for its
precision and speed in 3D printing. The tag case measured 9 cm
x 7 cm x 3 cm, with a wall thickness of 0.35 cm and lid thickness of
0.25 cm. The design incorporated attachment holes for screws to
secure the lid to the main body of the case, speaker holes for

1 Moovement. GPS ear tags for cattle. Available at: https://

www.moovement.com [Accessed 6 June 2025].
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stimulus sound emission, and a direct view hole for GPS antenna
communication (Figure 1). These features were essential for
housing the electronic components while maintaining access to
satellite signals for GPS tracking.

Despite its ability to produce highly detailed prints, resin was
found to have limitations in long-term durability, as only three out
of the six cases deployed on cows survived at the end of the 30 days
trial. In response to these durability concerns, V2 was designed
using Nylon 6/66, a material known for its superior resistance to
mechanical stress, temperature fluctuations, and long-term wear
(Mukhopadhyay, 2009). Nylon 6/66 was chosen for Version 2 due
to its superior combination of tensile strength, stiffness (Young’s
modulus), low water absorption, and UV resistance compared to
other candidates, as shown in Supplementary Figure S1. While
Nylon 610 offered comparable or better mechanical performance, it
was excluded due to high cost and limited availability. Nylon 11 and
Nylon 12 lacked the necessary strength and stiffness, making Nylon
6/66 the most practical and durable option for field use. V2 is
smaller in size (7 cm x 4 cm x 2.5 cm) compared to V1, with similar
wall and lid thicknesses of 0.35 cm and 0.25 cm, respectively. A key
design modification in V2 was the omission of the GPS view hole, as
testing demonstrated that the GPS antenna could successfully
communicate with satellites through the Nylon material,
eliminating the need for a direct view hole (Figure 2).

3 Results
3.1 Field testing

Field testing of the ear tags was conducted to evaluate their real-
world performance, retention, and structural integrity over a 30-day
period at the dairy unit of the Cornell University Ruminant Center
at the Cornell Agricultural System Testbed (CAST). All procedures
with animals were approved by the Animal Care and Use
committee of Cornell university (protocol #2023-0132). Cows
used for testing were adult lactating or dry Holstein cows housed
in free-stall barns with ad-libitum access to feed and water. Barns
had either two or three row deep sand-bedded stalls with metallic
stall loops. Self-locking headgates (i.e., headlocks) were placed in the
feed lane. During testing, the V1 and V2 ear tags were monitored for
retention, comfort, and any signs of failure. Inspections were
performed daily from days 0 to 7, every other day from days 7 to
15, and once per week from days 15 to 30. The larger size and
heavier weight of the resin based V1 ear tags led to significant
discomfort for the cows, with structural failures occurring in 50% of
the V1 tags after one month of use, as shown in Figure Ic. This
highlighted the material’s susceptibility to failure when exposed to
prolonged physical stress under field conditions. Figure 1b shows a
photo of one of the six V1 tags placed on a cow for the one-month
retention test, providing a visual reference of the tag’s real-
world application.

In contrast, The V2 Nylon tags achieved 100% retention (vs.
50% for resin; Figure 2¢), attributable to their mechanical resilience
(Figure 3), which enabled them to withstand prolonged field stress
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FIGURE 1

(ai) CAD design of Version 1 of the cow ear tag case, measuring 9 cm x 7 cm x 3 cm. The enclosure features a wall thickness of 0.35 cm and a lid
thickness of 0.25 cm. The design includes screw holes at each corner to secure the lid, speaker perforations to facilitate sound emission, a GPS
antenna view port, and an attachment hole for integrating with a rubber ear tag for secure ear placement. (aii) Top-down view of a fully assembled
Version 1 tag prior to field testing, showing the overall footprint and attachment components. (b) Photograph of one of the six Version 1 tags
attached to a cow during the one-month retention trial. (c) Condition of all six Version 1 cases after removal on day 30. The variation in wear and
deformation is attributed to environmental exposure, repeated contact with stall infrastructure, and cow-specific behaviors such as head shaking
and side scratching. Several tags show cracks, surface abrasion, or structural distortion—particularly along edges and protruding features. Notably,
two tags on the far left have fully broken, leaving only the rubber ear tag attachment component intact.

without structural failure. The enhanced retention was attributed to
the superior mechanical properties of Nylon 6/66 and the smaller,
more compact design, which allowed the tags to maintain their
integrity even under prolonged physical stress. Fewer cows
experienced discomfort or irritation, with only three instances of
minor signs of ear inflammation (ie., redness, swelling, serous
exudation) in the area surrounding the ear-piercing, compared to
the widespread discomfort seen with V1, where all cows
experienced mild signs of inflammation in the area surrounding
the ear piercing. All cases were monitored and resolved without the
need for veterinary intervention. Figure 2b shows the initial
deployment of the V2 ear tag on cow 2520, with seven additional
V2 tags placed on seven other cows. This image provides context for
the setup of the retention test and demonstrates the ease of
integration of the V2 tags into a real-world dairy farm environment.

3.2 Mechanical compression test

To characterize the mechanical behavior of the 3D-printed ear
tag housings, we conducted static compression tests using a servo-
hydraulic testing machine. All tests were performed in a 20,000 Ibf
capacity digitally controlled, servo-hydraulic testing machine
(Instron series 1320, with MTS TestStar II controller). Static tests
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were performed in displacement control, simply ramping up the
displacement until the part failed. Fatigue tests were performed
under force control. These tests provided force-displacement and
stress-strain data used to evaluate stiffness, yield strength, and post-
yield deformation for both case materials. The results are shown in
Figures 3 and 4. Force is reported in Newtons (N), and material
properties such as stress and modulus are presented in Megapascals
(MPa) and Gigapascals (GPa).

The force-displacement curves in Figures 3a, ¢ show that High-
Speed Resin exhibits greater initial stiffness and reaches peak force
around 1000 N but fails abruptly with limited deformation—
characteristic of brittle behavior. In contrast, the Nylon 6/66
cases, particularly in Test 1, demonstrate higher load capacity
(over 1300 N) and undergo greater deformation before failure.
While Nylon 6/66 achieved a higher peak load than High-Speed
Resin in Test 1, Tests 2 and 3 resulted in lower maximum forces,
underscoring the variability typical of 3D-printed components.
Furthermore, rather than fracturing suddenly, the Nylon parts
exhibit progressive damage, as seen in the dips along the curve.
Both materials display variability in peak force and displacement,
highlighting the variability among complex 3D printed parts. When
comparing the hysteresis curves, Nylon 6/66 (Figure 3d) exhibits a
broader loop than High-Speed Resin (Figure 3b), indicating greater
energy absorption and higher ductility. This further supports the
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FIGURE 2

(ai) Version 2 of the cow ear tag case, with dimensions of 7cm x 4cm x 2.5cm. The enclosure features wall thickness of 0.35cm and a lid thickness
of 0.25cm. The design includes space at each of the four corners for screws to secure the lid, speaker holes to facilitate sound emission, and an
attachment hole for the rubber ear tag to ensure secure piercing onto the ear. A GPS hole was no longer needed as it was determined that the
antenna can still access the satellites through plastic. (aii) Top-down view of a fully assembled Version 2 tag prior to deployment, showing its
compact footprint and attachment interface. (b) Day 1 of V2 placed on cow 2520. Seven other tags were placed on seven additional cows. (c) The
condition of one of the V2 cases after being removed from a cow on day 30.

conclusion that High-Speed Resin behaves in a more brittle manner
than Nylon 6/66.

The stress—strain curves for High-Speed Resin and Nylon 6/66
are shown in Figure 4. These experiments were conducted to
determine the Young’s modulus and yield strength of each material
for use in our FEA material models. Since the manufacturer does not
provide these parameters for High-Speed Resin, it was necessary to
obtain them experimentally. Additionally, 3D-printed materials often
behave differently from their injection-molded counterparts due to
factors such as anisotropy, internal defects, and interlayer bonding.
To account for this variability, we directly measured the mechanical
properties of our printed samples. For reference, Nylon 6/66 is
typically reported to have a Young’s modulus ranging from 0.210

2 MatWeb, LLC. Nylon 6/66 (PA 6/66), unreinforced — Material Property
Datasheet. Available at: https://www.matweb.com/search/
datasheet_print.aspx?matguid=26386631eclb49eeba62c80a49730dc4
[Accessed 6 June 2025].
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to 410 GPa and a yield strength between 25.0 and 90.0 MPa
(MatWeb, Nylon 6/66)*. To quantify said properties, a python
script was written to detect the linear elastic region via a sliding
window approach, applying linear regression to each segment and
selecting the window with the highest R value. The slope of this best-
fit line represents the Young’s Modulus (Lord and Roebuck, 1997),
while the yield strength is defined as the stress at which the actual
strain exceeds the linear elastic projection by more than 5%
(Christensen, 2011). Using the linear region indicated in the stress—
strain curve, High-Speed Resin exhibits a significantly higher average
Young’s Modulus (754.38 MPa), indicating greater stiffness, and
higher yield strengths (16.35 MPa and 12.95 MPa), meaning it can
withstand greater stress before permanent deformation, compared to
Nylon 6/66, which shows a lower Young’s Modulus (226.06 MPa)
and yield strengths (5.89 MPa and 5.65 MPa). Yeoh model fitting—a
hyperelastic material model used to describe nonlinear stress-strain
behavior in rubber-like polymers—was applied to characterize the
nonlinear response of each material (Yarin et al,, 2020). High-Speed

frontiersin.org
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FIGURE 3

Mechanical testing results for High-Speed Resin and Nylon 6/66 ear tag housings. (a) Force—displacement curves for High-Speed Resin from static
compression tests, including two hysteresis cycles and a comparison to FEA-predicted response under 800 N. (b) High-Speed Resin isolated
hysteresis loop showing nonlinear elastic behavior and partial energy dissipation. (c) Force—displacement curves for Nylon 6/66 from static
compression tests, including one hysteresis cycle and comparison to FEA-predicted response under 800 N. (d) Nylon 6/66 isolated hysteresis loop

from cyclic loading showing progressive deformation.

Resin showed strong agreement with the model (R* = 0.9800), with
best-fit parameters C; = 1142.02, C, = -404.38, and C; = 61.58.
Nylon 6/66 had slightly lower agreement (R* = 0.9516) and lower
coefficient values (C; = 186.42, C, = -59.81, C; = 7.89), consistent
with its lower stiffness and resistance to strain. Comparatively, the
higher C; value for High-Speed Resin reflects its greater stiffness,
while the more negative C, and larger C; values indicate greater
resistance to strain and a capacity to sustain larger deformations
before significant stress changes. Overall, while High-Speed Resin is
stiffer and stronger in the linear region, Nylon 6/66 exhibits enhanced
ductility and strain capacity, making it more resilient under large
deformation conditions. These results highlight the stiffer but more
brittle nature of High-Speed Resin compared to the more ductile
behavior of Nylon 6/6. Figure 5 further emphasizes this, as it can be
seen that the High-Speed Resin case lid shatters at failure, whereas the
Nylon 6/66 case just cracks where the load is applied.

Based on the mechanical results, Nylon 6/66 is more suitable for
cow virtual fencing ear tag cases. While High-Speed Resin
demonstrates superior stiffness and higher yield strength—making
it appropriate for rigid, load-bearing applications—its brittle nature
and limited deformation capacity present a risk of sudden failure
under the repeated impacts, bending, or torsional forces common in
field conditions. In contrast, Nylon 6/66 offers greater flexibility and
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ductility, allowing it to absorb and recover from daily mechanical
stresses without cracking. This compliance helps reduce discomfort
for the animal and extends the durability of the tag in a dynamic,
high-movement environment. Therefore, despite its lower strength,
the toughness and resilience of Nylon 6/66 make it a more practical
and animal-friendly choice for wearable livestock devices.

3.3 FEA

In addition to the mechanical tests, to further understand the
deformation behavior of the ear tag cases, finite element analysis
(FEA) was run using the material parameters extracted from the
mechanical tests, shown in Figure 4. The results of the two ear tag
cases under 800N of force is shown in Figure 6. We replicated the
mechanical tests so applied the force using a 25.4mm diameter
centered on the middle of the case.

The FEA simulations for High-Speed Resin and Nylon 6/66
used the experimentally measured Young’s moduli and yield
strengths. In both cases, the FEA model closely followed the
initial slope of the experimental force-displacement curves
(Figure 3), accurately capturing elastic stiffness. For High-Speed
Resin (Figure 3a), the FEA results aligned well with the test data up
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agreement with nonlinear response (R?> = 0.9800). Model parameters: C; = 1142.02, C, = —404.38, Cs = 61.58. (c) Stress—strain curves from two
tests, with an average Young's modulus of 226.06 MPa and yield strengths of 5.89 MPa and 5.65 MPa. (d) Optimized Yeoh model fit for Test 1,
capturing the nonlinear response with good agreement (R? = 0.9516). Model parameters: C; = 186.42, C, = —59.81, Cz = 7.89.

to around 300 N, but then continued to rise linearly, missing the
sharp drop that occurred in the physical test due to brittle fracture.
In the case of Nylon 6/6 (Figure 3c), the FEA simulation captures
the elastic behavior well, but underestimates the force required to
reach larger displacements, particularly beyond the yield point, as it
assumes plastic deformation occurs at a constant stress, while the
real material shows strain hardening. The FEA peak displacements
of 16.14 mm for High-Speed Resin and 18.96 mm for Nylon 6/6, as

shown in Figure 6, are reasonably close to the values observed in
physical testing, though they slightly overestimate the measured
displacements. The real-world mechanical test data showed more
complex deformation patterns, which weren’t linear like the FEA
model assumed. Overall, the FEA models provided a good baseline
for elastic behavior but struggled to capture the full complexity of
failure in 3D-printed materials, suggesting that more advanced
modeling approaches will be needed in future work.

FIGURE 5

Post-test images of 3D-printed ear tag housings. (a) High Speed Resin case showing brittle fracture and complete fragmentation following failure.
(b) Nylon 6/6 case exhibiting ductile cracking and partial structural integrity. The distinct failure modes visually support the differences observed in

mechanical and stress—strain testing.
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FIGURE 6
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Finite element analysis (FEA) simulations of 3D-printed ear tag housings under a static 800 N compressive load. (a) V1 case simulated using Tough
2000, a stand-in material with similar mechanical properties to High-Speed Resin (which is not directly available in Fusion 360’s material library) with
material parameters: Young's modulus = 0.754 GPa, yield strength = 14.65 MPa. (b) V2 Nylon 6/6 case with material parameters: Young's modulus =
0.226 GPa, yield strength = 5.77 MPa. Both materials were selected from the Fusion 360 Additive Manufacturing material library. Displacement
contours are shown with exaggerated deformation for visualization purposes. Tough 2000 exhibited a peak displacement of 16.14 mm, while Nylon

6/6 peaked at 18.957 mm.

3.4 Fatigue test

To simulate real-world exposure and assess cyclic loading
behavior, four cases were tested—two Version 1 (V1) High-Speed
Resin and two Version 2 (V2) Nylon 6/66. Figure 7 has been divided
between resin cases (7a and 7b) and Nylon cases (7c and 7d). The
left-hand plots show relative displacement over 1000 cycles, while
the right-hand plots show hysteresis loops at selected cycle intervals.
The resin cases (7a and 7b) maintain stable displacement
throughout the test, with tightly clustered hysteresis loops
indicating minimal energy loss, low plastic deformation, and
strong fatigue resistance. In contrast, the Nylon cases show
greater variability. Figure 7c exhibits a sharp increase in
displacement after 800 cycles, suggesting structural degradation.
The widening of the hysteresis loops further indicates permanent
deformation. Figure 7d performed better than 7c, maintaining more
consistent behavior, but still showed slightly wider hysteresis loops
and larger displacement drift compared to the resin cases,
suggesting incomplete recovery between cycles. Overall, the High-
Speed Resin cases show better mechanical stability under repeated
loading up to 1000 cycles of 200N, which is to be expected as from
Figure 4 it is seen that Nylon 6/66 as a lower Young’s modulus and
thus behaves more elastically. Finally, as shown in Figure 5, when
the Resin cases fail, they tend to shatter completely, whereas the
Nylon 6/66 cases are more likely to bend or fracture without fully
breaking. This suggests that although Nylon 6/66 exhibits lower
mechanical stability under cyclic loading, it may offer a more ductile
failure mode, reducing the likelihood of total structural failure when
the material’s limit is reached.

3.5 Weight comparison and comfort

As mentioned, the size of the tags affected retention rates, and
weight also plays a significant role. Table 1 presents the weight
comparison between the V1 resin case and the V2 Nylon case. The
V2 design, which uses Nylon 6/66 and more compact electronics,
resulted in a significant weight reduction, contributing to improved
comfort for the cows. The weight reduction in V2 tags was a key

Frontiers in Animal Science

factor in the improved retention and comfort observed during the
field tests.

4 Discussion

The transition from high-speed resin (V1) to Nylon 6/66 (V2)
in the design of cow ear tags for virtual fencing systems represents a
meaningful improvement in both mechanical performance and
animal welfare. Previous studies have emphasized the critical role
of material selection in agricultural applications (Scarascia-
Mugnozza et al., 2011; Alves et al., 2009), and this study provides
robust evidence that Nylon 6/66 outperforms traditional materials
such as PLA (polylactic acid) and resin in terms of both durability
and biocompatibility. In particular, the enhanced tensile strength
and reduced displacement under applied stress observed in Nylon
6/66 suggests that it offers superior resistance to physical damage,
which is a common issue with resin-based materials. This improved
mechanical performance can mitigate the breakage and damage
often seen with other materials, thereby enhancing the longevity of
the tags. Furthermore, these findings align with the growing body of
research advocating for the reduction of tag size and weight to
improve animal comfort and welfare (Pandey et al., 2021). The
smaller, lighter design of the V2 Nylon tag effectively addresses
concerns related to discomfort associated with heavier, bulkier
devices. The reduction in weight not only decreases the risk of
skin irritation and infections but also helps prevent disruptive
impacts from the tags during feeding, grooming, lying down, or
interactions with other animals. Such concerns have been
highlighted in previous studies evaluating the welfare impacts of
livestock tracking devices, underscoring the importance of
ergonomic design in minimizing stress on animals (Pereira et al,
2023; Dzermeikaite et al., 2023).

Field testing provided additional insight into the real-world
performance of the V2 Nylon ear tags. In controlled dairy barn
environments - where the tags were subjected to interactions with
concrete surfaces, headlocks, and close-quarter contact with other
animals -, the V2 tags exhibited a 100% retention rate after 30 days
of use, a significant improvement over the V1 resin tags, which
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FIGURE 7

Mechanical fatigue performance of 3D-printed ear tags under cyclic loading. Left column: Relative displacement over cycle count. Right column:
Hysteresis loops at selected cycles (200-1000). (a, b) correspond to two V1 High-Speed Resin cases. (c) and (d) correspond to two V2 Nylon 6/66
cases.Supplementary Figure S1. Comparison of mechanical and environmental properties (tensile strength, Young's modulus, elongation at break,
water absorption, and Shore hardness) for six 3D printing materials: Nylon 6, Nylon 66, Nylon 11, Nylon 12: Variants of polyamide polymers differing
in molecular structure and performance; Nylon 6 and 66 are known for high strength and stiffness, while Nylon 11 and 12 offer better flexibility. PLA
(Polylactic Acid): A biodegradable polymer derived from renewable resources, known for ease of printing but lower mechanical durability. ABS
(Acrylonitrile Butadiene Styrene): A petroleum-based thermoplastic valued for strength and toughness. Values are normalized from MatWeb? material
property data. Error bars are not shown as the values represent single averaged entries without reported variability.

showed a 50% failure rate over the same period. This enhanced
retention rate demonstrates Nylon 6/66’s ability to withstand the
prolonged mechanical stresses that are typical in field
environments, ensuring the long-term viability of the tags.
However, further studies are needed to assess the performance of
the V2 tags in more variable field conditions, such as in free-range
or paddock environments, where mechanical and environmental
stresses may differ. Despite the promising results, several challenges
were encountered during the development and testing of the tags.
Early attempts to print with Nylon 6/66 faced technical challenges,
primarily due to the lack of standardized printing guidelines for this
material. This required extensive trial and error, leading to
inconsistent print quality and delays in the development process.

Frontiers in Animal Science 09

While Nylon’s inherent flexibility may improve its impact
resistance, there are concerns about the long-term durability of
the material, particularly if the tag design is not carefully optimized
to balance flexibility with structural integrity. Though PLA remains
a more straightforward material to print and offers certain
advantages in ease of use, the superior resilience of Nylon 6/66
makes it a more suitable material for cow ear tags, especially when
considering long-term durability (3D Meta 2025)°. Therefore,
future research should focus on further optimizing the printing
process for Nylon, as well as refining tag designs to maximize both

3 3D META. (2025, February 6). PLA+ or Nylon for Durability? https://

www.3dmeta.com.au/blogs/news/pla-or-nylon-for-durability.
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TABLE 1 Comparison of weight between V1 3D printed resin case and
V2 3D printed nylon case.

Version Material Case, g Electronics,g Total, g
V1 ‘ Resin ‘ 80 50 130
V2 ‘ Nylon ‘ 19 20 39

comfort and durability. Additionally, exploring hybrid composite
materials that combine Nylon’s mechanical properties with
enhanced biocompatibility could offer even better outcomes for
animal welfare in virtual fencing applications.

5 Conclusion

To conclude, this study underscores the critical role of material
selection in the design of 3D-printed ear tags for virtual fencing
systems. Compared to high-speed resin, Nylon 6/66 demonstrated
superior durability, retention, and animal comfort in both
laboratory and field evaluations. While resin cases exhibited
greater stiffness, they were prone to brittle failure under load. In
contrast, the V2 Nylon 6/66 tags achieved a 100% retention rate
over 30 days and resulted in fewer signs of discomfort, offering a
more reliable and welfare-friendly solution.

Beyond mechanical performance, these results contribute to the
broader goals of sustainable and precision livestock farming. By
enhancing comfort and durability, the improved design reduces the
need for frequent tag replacement, minimizes stress-induced
behaviors, and supports better health outcomes for animals. This
work lays the groundwork for future innovations that balance
technological function with the ethical imperative of animal welfare.
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