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Service data does not exist for the strength of enclosures for subdermally implanted biotelemetry devices
intended for young wild animals. Developing adequate tests especially for implants intended for endangered
species is difﬁcult due to the very limited availability of live animals and cadaverous tissue, ethical concerns
about using them, and high enclosure costs. In this research, these limitations were overcome by taking a
conservative approach to design and testing. Reliability tests were developed and performed to establish the
likelihood that a thin subdermally and cranially implanted alumina enclosure would fail due to typical
external forces related to diving, ﬁghts, and falls over the expected 30-year life time of sea lions. Cyclic
fatigue tests indicative of deep dives performed out of tissue and at the 90% reliability level indicated no
failure after 70,000 stress cycles at stresses of approximately 15 MPa; dynamic fatigue tests indicated a 5%
probability of failure at 250 MPa; and puncture tests indicative of ﬁght bites showed a 5% probability of
failure at 1500 N. These values were far outside of what the animals might expect to encounter in real life.
On the other hand, the response of the enclosure to impact outside of the tissue was failure at a mean energy
level of 6.7 J. Modeling results predict that head impacts due to trampling by ﬁghting sea lion males and
falls over 1 m onto a rocky ledge typical of haul out environments would likely fracture an infants head as
well as the implant. The device can be implanted under an impact absorbing 1 cm blubber layer for extra
protection. More service data for enclosures can be made more available despite limited availability of test
animals if a conservative approach to testing is taken.
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1. Introduction
Wildlife implantable telemetry devices, unlike human
implants, generally cannot be removed if defective or at end
of service life. Instead, they are left inside the animal. For longliving animals such as marine mammals, implantation periods
can range between 20 and 100 years depending on the species
(Ref 1). Another difference between wildlife and human
implants is the availability of reliability data, which help to
identify any problems with usage. In wildlife telemetry
implants, reliability is generally restricted to electronic function. Data showing how an implant enclosure withstands
exterior, interior (e.g., battery corrosive), and cellular modes of
degradation are limited. The lack of enclosure service data is
particularly alarming when the implant is intended for the most
vulnerable, or very young and endangered species. The lack of
reliability data also makes it difﬁcult to plan and execute
research intended for the protection of wildlife.
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In this research, the mechanical reliability of a thin enclosure
for a biotelemetry device intended for implantation under the
cranial skin behind the occipital crest of a Steller sea lion pup (life
expectancy >20 years) was assessed (Fig. 1a). The Steller sea
lion is endangered over much of its range (Ref 2). The top of the
head was chosen for the implant location because it is expected to
be the most protected against impact and occlusion by other
animals and well suited for signal propagation. Young animals
have little muscle and skin tissues there, and this and the thinness
of the device make implant surgery less invasive and the implant
less affected by muscle contraction (Ref 3). The near absence of
soft tissue between the implant site and the skin in pups means,
however, that there would be little tissue to dampen the effects of
exteriorly applied forces. Testing data were used to determine the
likelihood that the enclosure would not fail mechanically, and
therefore, protect the animal over its lifetime. Issues relating to
biocompatibility have been reported elsewhere (Ref 3).
Tests that are used to predict service performance must
reﬂect actual loading conditions and intended service life. For
example, hip implants are designed to last up to 40 years, and
endure many types of loadings. Accelerated testing methods
have been developed to simulate 40 years of service time of hip
implants in 6 months (Ref 4). However, testing costs and time
constraints generally limit the number and type of tests actually
performed. The availability of endangered animals and their
tissues is also extremely limited. Loading conditions in this
study were selected based on expected loading conditions, such
as pressures due to deep sea diving, puncture forces due to
ﬁghting, and impact dynamic forces due to falls or collisions
with other animals. It is expected that this research will promote
the testing of implant enclosures for other forms of wildlife and
service conditions.
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2. Materials and Methods
2.1 Alumina Enclosure Fabrication
The tapered 0.058 m L 9 0.030 m W 9 0.0003-0.005 m
enclosure is nearly an empty box with a thin lid (Fig. 1b). One
end is almost completely solid, and is where the loop antenna is
wound. Batteries are positioned at the opposite end, in between
electronics are placed. Enclosures were fabricated out of 99.5%
aluminum oxide or alumina (International Ceramic Engineering, Worcester, MA, USA), and the interiors were ﬁlled with
epoxy (EPO-TEK 301, Epoxy Technology, INC., Billerica,
MA, USA). Epoxy will surround the electronics in the actual
device in such a way to exclude air bubbles. Alumina was
chosen over other materials due its superior attributes related to
strength, biocompatibility, radiofrequency propagation, corrosion resistance, and water absorbance. Alumina is strong, but
like most ceramics brittle. The enclosure was identical to the
ones intended for the actual device except that the actual ones
will have an extra 1 mm layer of porous material on the lid for
tissue ﬁxation (Ref 3).

Fig. 1

2.2 Service Conditions and Tests
2.2.1 Deep Ocean Pressures Associated with Sea Lion
Diving. Testing procedures for implants subjected to hydrostatic forces are limited. Pacemakers, for example, have just
recently been tested, but testing depth varies from 11 to 60 m
depending on the brand (Ref 5). Some brands come with
enclosures ﬁlled with epoxy to help prevent distortion under
pressure. In this research, sea lion diving patterns were
considered and these patterns formed the basis of cyclic
compressive fatigue tests. Compressive fatigue tests were
chosen over hyperbaric tests because of expense and time.
Many more compressive tests than hyperbaric tests could be
carried out in a given time period. The test apparatus for cyclic
compression included a shield, pressure plate, and enclosure
holder (Fig. 2a). The enclosure holder was designed to align the
applied loads normal to the top surface of the enclosure. This
represents the loading conditions in vivo as the enclosure is
tapered to ﬁt the skull of the sea lion and also assumes that the
enclosure is ﬁrmly ﬁxated within the tissue. The test ﬁxtures
were manufactured from 4140 high strength steel. The rigidness

(a) Photograph of alumina enclosure and (b) dimensions of alumina enclosure

Fig. 2 (a) Test apparatus—A: shield, B: pressure plate, C: enclosure holder, D: puncture head and (b) application of loads using test apparatus
during the puncture tests

Journal of Materials Engineering and Performance

Volume 21(9) September 2012—1925

  mw
r
;
P ¼ 1  exp 
r0

ðEq 2Þ

where mw is the Weibull modulus, r is the applied compressive strength, and r0 is a characteristic strength. By taking
the double-logarithm of both sides of Eq 2
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ðEq 3Þ
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Fig. 3

In-service placement of implanted enclosure

of the test set-up leads to conservative experiments as in
practice the enclosure sits on top of soft tissue and bone
(Fig. 3).
The expected pressures were determined from available dive
records of depth, dive duration, and dive frequency from 25
Steller sea lion pups (Ref 6). The mean dive depth was 135 m
with a mean dive frequency of approximately 6.3 times a day.
The mean pressure associated with this dive is 1.33 MPa, and
the total number of cycles for a Steller sea lion living a lifespan
of 30 years is 68 985 cycles (Ref 7). Thus, the enclosure needs
to sustain at least a mean fatigue stress of 1.33 MPa for 68 985
cycles. To account for strength degradations resulting from
tissue growth after implantation, maximum and minimum
stresses of 14.95 and 0.57 MPa, respectively, were selected
(mean stress 7.76 MPa), and enclosure samples were cycled
with a sinusoidal compressive stress proﬁle for 70,000 times.
Ten sample enclosures were tested, and a binomial statistical test
method used for small sample sizes was used to characterize the
acceptability of the housing to the speciﬁed test conditions by
classifying test trials as successes or failures (Ref 8)
!
r
X
r
Rnx ð1  RÞx  1  C
x
x¼0
with Rn  1  C for the case of no failures

ðEq 1Þ

A successful trial was when the enclosure did not fail before
70,000 cycles was reached. The low sample size (restricted
due to funds and enclosure costs) leads to a low reliability at
a high conﬁdence level (90%) or a high reliability (90%) with
low conﬁdence level. The frequency of cyclic loading was
10 Hz. This frequency differed from actual loading conditions
(Ref 6) so that the testing could be completed within a reasonable time. It has been reported that the effect of cycle frequency is negligible up to 20 Hz (Ref 9), 100 Hz (Ref 10),
and 170 Hz (Ref 11) after which temperature effects may
start to affect the results.
In addition to the cyclic compressive testing, quasi-static
compressive strength testing was conducted using six enclosures to determine the maximum diving depth before the
enclosure ruptures due to compression (i.e., maximum pressure
the enclosure can withstand). Depths of over 400 m have been
reported for Steller sea lion dives resulting in pressures over
4 MPa. The loading rate was the speed at which a Steller sea
lion dives or 6.79 m/s (70 kPa/s) (Ref 6). The test set-up for the
compressive strength tests included a Forney FX600 compression machine (Forney Inc., Forney, TX, USA). Results from the
compressive strength tests were analyzed by constructing a
Weibull diagram (Ref 12, 13), and the failure mode was
recorded. Using this methodology, the failure probability, P, is
related to the strength measurements using the following
relationship:
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The strength measurements were plotted on a graph, which
allowed the determination of the Weibull modulus (slope) and
the characteristic strength (from the intercept with the ordinate). The probability of failure P was calculated by ranking
the failure tests, i = 1, …, N (N = total number of tests), and
using the following approximate formula for the probability
of failure P at the ith strength level:
i  0:3
ðEq 4Þ
PðiÞ ¼
N þ 0:4
2.2.2 Puncture Forces as a Result of Steller Sea Lion
Bites. The ﬁghting behavior of many seals and sea lions have
been observed, and biting is the main conduit for harming each
other. The possibility of the implant being bitten in an area
subject to biting may be rare, but if it occurs it is important that
the enclosure failure does not affect the wounded animal. The
test apparatus for the cyclic pressure and puncture tests
included a shield, pressure plate, enclosure holder as described
previously in addition to a puncture head (Fig. 2b). The
puncture head area represents the tip of mature Steller sea lion
teeth (as determined by direct measurements on Steller sea lion
skulls housed at the University of British Columbia).
Tests were conducted in air at room temperature. The
variation in temperature that the enclosure could experience
(approximately 5-10 C) that would contribute to the mechanical response is negligible (Ref 14). Loading rate was that of the
bite force rate for a human (i.e., 300 N/s), as rates for sea lions
are not available (Ref 15). Loads were applied until failure of
the enclosure. The failure load was recorded as a load versus
time curve, and a load frame (Instron, Inc., Burlington, ON,
Canada) under displacement control was used to apply the
puncture loads. A Weibull probability diagram was again
constructed to analyze the results.
The expected puncture force from a Steller sea lion is
unknown, but as it is a predator, it can be assumed to lie
somewhere due to its size close to that of an African lion or
1768 N (Ref 16). Flat or blunt teeth can exert much higher
forces than pointed teeth since high stresses accumulate in
pointed teeth at high loads, which could lead to tooth fracture.
The force ratio is 4:2:1 for molars, premolars, and incisors,
respectively (Ref 17). The highest forces occur when biting on
hard surfaces. Steller sea lion teeth are pointed so the maximum
force that the enclosure should be able to withstand is
approximately 440 N.
Another concern is breaking the teeth of the biting animal
when the animal bites down on the hard alumina surface. As the
fracture load is not known for Steller sea lion teeth, twice the
fracture loads for human teeth (800-1800 N) was assumed for
the max breaking strength (Ref 18).
2.2.3 Impact Dynamic Forces from Falling or
Interactions with Other Steller Sea Lions. Impact forces
vary depending on momentum, material properties, the area of
impact and the type of surfaces in contact with the implant upon
loading. Two worst case scenarios for the enclosures were
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considered, namely (1) an animal free falling onto a hard
smooth surface and (2) a pup being trampled by a large male
(bull). The ﬁrst scenario is associated both with the tendency of
infants of large species to fall in general and the environmental
habitat or the haul outs and rookeries (where pups are born and
remain for approximately 3-4 months). Small rocky islands are
often used as haul outs and rookeries, and they consist of many
small cliffs where the animals rest (maximum height of 5 m).
The ﬁrst worst-case scenario occurs when a pup (approximately
23 kg at birth) falls off one of these cliffs to hit its head in the
area of the implant against a rock. When young mammals fall,
they have the tendency to fall in a headﬁrst orientation because
of a lack of co-ordination and their disproportionately large
heads as compared to adults (Ref 19, 20). The second scenario
involves interactions with other sea lions especially large males
(Ref 21, 22). Often there are territorial ﬁghts during the
breeding period, and occasionally during these ﬁghts a pup gets
trampled by a bull (200-1000 kg) (Ref 23). Subcutaneous
implants can become damaged or displaced due to injuries from
ﬁghting and wound licking, as shown in surgical implantation
of telemetry transmitters in European Badgers (Ref 24).
The approach to impact was two-fold. First, the impact
strength was determined experimentally, and then, theoretical
considerations were used to determine if the implant enclosure
would break under the above-mentioned conditions before the
skull would break. If the enclosure proved to be as strong as or
stronger than the skull, then it was deemed to provide adequate
protection.
To evaluate the mechanical reliability of the alumina
enclosure under impact loads, drop-weight impact testers and
pendulums are usually used (Ref 25-27). Drop tests were
carried out at room temperature using a drop-weight impact
tester using the Bruceton Staircase Method (Ref 28). For 11
samples, the height at failure for each sample was recorded.
The test apparatus was built following ASTM standards
(Ref 28, 29), and a mass of 4.89 kg was dropped onto samples.
A starting point that corresponds to energies between 1 and
22 J was used because the fracture energy for the alumina falls
within this range (Ref 30, 31). The ﬁrst specimen was tested at
a height of 130 mm corresponding to 6 J. If the specimen did
not fracture, the height of the dropped weight was increased by
10 mm otherwise the height was reduced by 10 mm. Failure
and non-failures are recorded and the mean failure height and
energy are calculated as in Ref 28.
A failure criterion for a free fall was developed by
calculating the kinetic energy at different fall heights. It was
assumed that the acceleration was only due to gravity, g, and
the fall occurs in a straight line a distance, S, without being
impeded by drag from the initial fall position toward the point
of impact. Velocity, V, at impact is, then, given by
pﬃﬃﬃﬃﬃﬃﬃﬃ
V ¼ 2gS
ðEq 5Þ

used for its high strength, and a more ductile backing is often
used to absorb the kinetic energy (which can exceed 1 kJ)
(Ref 32-35). The impact energy human skulls have been
reported to absorb without failing, ranges from 17 to 28 J
(Ref 36, 37).
The second scenario is head and enclosure impact due to a
trampling bull. To calculate the impact energy due to running,
the general impulse equation (F = m Æ dV/dt), and empirically
derived ground foot contact time, tc, and peak force, F,
measures as a function of animal mass, M, were used (Ref 38).
First, the velocity of impact due to running, Vr, was calculated
Vr ¼

Ftc
0:25Mb

ðEq 7Þ

given values of F and tc. The 0.25 in the above equation is
due to the assumption that only a quarter of a bull mass, Mb,
bears down on a foot (ﬂipper) during running. For a 1000 kg
bull, tc = 0.21 s, F = 24,500 N, and Vr = 20 m/s. Kinetic
energy of running was then calculated using Vr and Mb, and
compared to impact energies for skulls and the alumina
enclosure.

3. Experimental Results
3.1 Compressive Strength Tests—Static and Cyclic
The results are shown numerically in Table 1 and as a
Weibull diagram (Fig. 4). A straight line ﬁt to the data gave a
characteristic strength of 553 MPa and a Weibull modulus of
3.92 (R2 = 0.92). With the Weibull parameters determined,
Eq 2 was used to plot the probability of failure as a function of
the applied stress. Figure 5 shows that at an applied stress of
259 MPa, the probability of failure is <5%. 259 MPa is more
than 60 times higher than the pressure seen at a maximum

Table 1 Failure forces and stresses from compression
tests on six specimens
Specimen #

Force,
kN

Stress,
MPa

1
2
3
4
5
6

840.1
1060.5
538.5
1117.6
925.1
837.1

482.8
609.5
309.5
642.3
531.7
481.1

and kinetic energy, Ke (J) of a pup of mass 23 kg by
Ke ¼ 0:5 MV 2 ;

ðEq 6Þ

where M is the head mass of a pup (0.25 of the total mass).
The calculated energy is a conservative value as it assumes
that the sea lion head falls directly on the implant with all
kinetic energy being used converted to strain energy in the
enclosure. In reality, surrounding tissues would absorb some
of the kinetic energy in the same way ductile backings do
when alumina is subjected to ballistic impact. Alumina is

Journal of Materials Engineering and Performance

Fig. 4 Weibull diagram for compression tests
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diving depth of 400 m. The measured strength is equivalent to
failure at depths of 24,000 m; depths that far exceed the
maximum capabilities of sea lions. Consistent with having most
of the stress applied onto the side-walls, failure occurred in all
enclosures with cracks in the interior of the enclosure wall.
In the cyclic compressive fatigue tests, all samples passed
the tests using sinusoidally varying applied compressive
stresses of 0.57-14.94 MPa for 70,000 cycles. Using the
binomial statistical test method for no failures, these results
correspond to a reliability of 90% with a 65% conﬁdence level
or a conﬁdence level of 90% with 79% reliability for 10
samples. Using the binomial test method, a high reliability and
conﬁdence level means that it is likely the component will pass
the test whenever subjected to the same loading condition.

3.3 Impact Tests
Drop-weight impact tests were conducted on 11 specimens,
and the results are summarized in Table 3. The mean failure
height (using a 4.89 kg mass) was calculated to be 140 ± 69 mm
with associated mean failure energy of 6.7 J. Of the 11
enclosures tested, 4 fractured. The observed fracture was
localized and catastrophic failure of the enclosure did not occur.
In all the four fractures, only chipping was observed as no
discernable cracks could be seen which is in agreement with
observations for impact failure reported in the literature (Ref 39).

3.2 Puncture Tests
Load-time diagrams were recorded for each of the six
puncture tests. The bite of an animal can be considered a type
of Hertzian contact load (as the tooth is rounded at the end) and
thus, it is expected to generate similar types of cone cracking
failure. Despite variations between tests, the load-time diagrams for the puncture experiments show several important
features. The ﬁrst characteristic is the point at which initial
cracks begin to form. On the load-time plot, this corresponds to
a drop-off in force that occurred at around 7 s for all samples.
The maximum force that the enclosures could withstand was
signiﬁcantly higher (Table 2). A Weibull analysis of the load at
ﬁrst crack for the six samples gave a characteristic strength of
2015 N and a Weibull modulus of 11.83 (R2 = 0.97), Fig. 6
and 7. At an applied puncture force of 1568 N, Fig. 7 gives the
probability of failure <5%.

Fig. 5 Probability of failure of the enclosure vs. the applied compression stress

Fig. 6 Weibull diagram for puncture tests

Fig. 7 Probability of failure of the enclosure vs. the applied puncture force

Table 3 Drop-weight impact test results
Table 2 Failure forces, ﬁrst crack and maximum,
from puncture tests on six specimens
Specimen #
1
2
3
4
5
6

Force—ﬁrst
crack, N

Force—maximum,
N

2006.1
2065.2
2118.9
1686.6
1966.9
1792.5

N/A
6265.3
6326.2
6852.5
5811.2
5355.8
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Drop
height,
mm
170
160
150
140
130
120
110

Test number (x = failure, o = pass)
1

2

3

4

5

6

7

8

9

10

11
x

x
o

o
o

o
x

o
x

o
o
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4. Discussion
The static compressive strength tests showed that the
enclosure will surpassed the compressive strength required
due to the diving criteria. The high compressive strength of the
enclosure was expected as alumina has been proven to have
very high compressive strength. The large variation in compression results was expected and is likely a result of the
variation in the inherent ﬂaw sizes of alumina (Ref 13). Many
researchers have reported aluminas cyclic fatigues strength
between 86 and 130 ± 10 MPa [Ref 12, 40-42]. These reported
fatigue strengths are much higher than the test conditions in the
present experiments where the mean and maximum compressive stress applied were 7.78 and 14.94 MPa, respectively.
However, since none of the 10 samples failed during 70,000
cycles of loading it is unlikely that the enclosure would fail in
service as the mean stress is only 1.33 MPa during diving. Note
that during compressive loading of the enclosure most of the
load is carried by the side-walls of the box (Fig. 1) and that the
stress reported is the nominal stress acting over the whole
enclosure. The presence of the epoxy, ﬁlling the interior of the
enclosure, played an important role in reducing the stresses in
the cover of the enclosure. Without epoxy, the cover would
deﬂect in the middle putting a tensile stress in the bottom side
of the cover. This can be extremely important as the strength of
ceramics is much lower in tension and premature failure of the
enclosure will originate from the area under tension.
Puncture tests, which simulate sea lion biting, showed good
resistance to failure with the probability of fracture being only
5% at approximately 1500 N. Comparing this to the expected
applied force for Steller sea lions using the African lion as a
model; the enclosure will fail at approximately three times the
assumed bite force of 440 N. The load causing failure
correlates well with what has been observed for alumina under
other indentation loading, as a force of 2000 N has been seen as
initiating cracking by another research group (Ref 43). During
puncture tests, the importance of the epoxy ﬁller is clearly
shown. If no epoxy is used to ﬁll the inner cavity of the
enclosure, the lid will deform like a simply supported plate
under point loading. This creates a tensile stress on the bottom
side of the lid and due to the low tensile strength of alumina,
failure will occur at low stress levels. The presence of the epoxy
ﬁller provides stiffness to the enclosure and prevents excessive
bending of the lid. This signiﬁcantly improves the resistance of
the enclosure to puncture or any other localized load.
In the impact tests, alumina specimens showed similar mean
failure energy (6.7 J) to what has been reported elsewhere for
alumina (Ref 29-31, 44). This failure energy was compared to
the readily available adult human skull fracture energies, which
lies between 20 and 73 J (Ref 36, 37, 45-48). The stiffness or
resistance to deformation of a human infant skull is 12-25 times
lower than that of the adult skull (Ref 49-51), which implies
lower skull fracture energy for infants. Calculations of the
kinetic energy of a pup head free falling onto a rock showed
that a fall of approximately 0.3 (the approximate height of a
pup), 1, and 3 m (typical cliff height) produces impact energies
of 17, 56, and 170 J, respectively. A comparison of these
energies to alumina and skull fracture energies shows that both
an infant skull (assuming a fracture energy of 20 J from the
lower end of the data range) and enclosure are both likely to
break at falls >1 m. Falls at the height of the sea lion might or
might not affect both skull and alumina enclosure. Uncertainty

Journal of Materials Engineering and Performance

arises due to the wide range of reported skull failure energies.
Unlike the results from the other service tests and fall distances,
there is no comfortable safety margin.
Short falls that are capable of producing skull fracture
energies actually seldom cause skull injuries in young humans
(Ref 52). The explanation for this is the majority of the impact
energy is absorbed by surrounding tissue, the neck, or other
body parts. It is likely surrounding tissue would offer the
needed margin of safety. Skin and subcutaneous tissue of the
human forearm with thickness of 2 mm were found to absorb
30-55% of the total impact energy (Ref 27). Using an impact
pendulum and surrogate human pelvis, fall impact experiments
have shown that trochanteric soft tissues with thickness ranging
from 8 to 45 mm absorbed 8.4 to 81.6 J of energy when
exposed to peak force ranging from 4,050 to 11,000 N (Ref 26,
45, 47). Tissues in the human scalp have been shown to be
similar to silicon rubber in nature and to able to absorb 15 J of
energy (Ref 53). Assuming that the tissues surrounding an
embedded enclosure give similar effects, 3 mm of blubber
above the scalp of a sea lion pup (Ref 54) in which the
enclosure would likely be implanted, and a skin thickness
above the device of 2.5 mm (Ref 55), the tissues surrounding
the enclosure could absorb approximately 30% or 5-10 J of the
impact energy due to a 0.5 m fall. As skin and blubber
thicknesses increase as the animal ages, wild life researchers
might consider waiting until the blubber layer in a pup reaches
a thickness of 1 cm before implanting the new RF device
within it. The 1.3 cm of tissue could absorb the impact energy
due to a 0.5 m fall by approximately 10-20 J, and provide a
margin of safety. As the animal grows, the device must remain
within the blubber layer. More research should be carried out
on how and where a device ﬁxates under the skin of a growing
animal before the devices are placed under the skin of the
young of endangered wild animals.
The effect on the enclosure due to impacting ﬂippers was
calculated to be 81, 160, and 250 J for 200, 350, and 1000 kg
bulls, respectively. These impact forces would easily fracture
the head of a pup and likely also the enclosure, and helps
explain why pups are often killed when trampled.

5. Conclusions
In order to design a telemetry device for tracking the
whereabouts of growing Steller sea lions, reliability experiments
were conducted to assess the resistance of the device enclosure
to in-service loading conditions that will be experienced during
sub-dermal implantation. Compression, cyclic fatigue, and
puncture tests all showed results that passed the set criteria.
Cyclic fatigue results showed no enclosure failure after 70,000
cycles for stresses of approximately 15 MPa for with a 90%
reliability; compression results show failure of the enclosure at a
minimum stress level of 259 MPa for a 5% probability of
failure; and puncture forces at failure are at a minimum level of
1568 N for a 5% probability of failure. The response of the
enclosure to impact was failure at a mean energy level of 6.7 J.
Calculations showed that free falls greater than a distance of 1 m
and device impact due to trampling by raging bulls would break
both the enclosure and the underlying skulls. To provide a
margin of safety against short distance impact, devices should
be implanted within an impact absorbing 1 cm thick blubber
layer. Although no test animals were available, the conservative
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testing and analysis methods were developed to demonstrate
reliability of the enclosure over the 20-30-year lifetime of the
sea lion. More research should be conducted on how and where
the enclosure ﬁxates under the skin of growing animals before
implanting the RF device into the young of endangered animals
that could suffer head impacts.
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