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Abstract The goals of this study were to estimate the stress
at failure and the fracture toughness of whole manatee ribs
fractured in impact; and to determine whether typical
watercraft are capable of generating enough energy to break
manatee ribs upon impact. The unique construction of
manatee ribs enabled us to apply quantitative fractographic
techniques to measure some fracture mechanics parameters.
Adult manatee bone behaves more like a ceramic than other
types of bone. Due to this, we were able to see many of the
features observed for brittle fracture in ceramics. We were
able to identify crack origins, and make quantitative mea-
surements of crack size. Failure stress was constant across
body size despite the increase in rib size as the animals grow.
Similarly, flaw size was the same for all animals regardless of
body size. Fracture toughness for whole ribs (measured as
the critical stress intensity factor, Kc) calculated from strain
gage data was 8 MPa m"%. This value was greater than that
reported for small sample specimens, suggestive of R-curve
behavior in this bone. There were no differences between the
sexes in their ability to resist fracture. Kinetic energy cal-
culations indicated that recreational boats commonly found
in Florida waters are capable of generating sufficient energy
to fracture manatee ribs upon impact.
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Introduction

The endangered Florida manatee shares its nearshore,
coastal habitat with an ever increasing number of boats.
Each year, 25-30% of all manatee deaths are a result of
collisions with watercraft. Unlike other mammals, their rib
cage is dorsal, running the entire length of the back. Broken
ribs resulting from boat strikes cause severe damage to the
lungs and other underlying soft tissues, frequently resulting
in death. Boat speed zones are the primary tool for ame-
liorating the lethal interactions. However, existing speed
limits are not based explicitly on information pertaining to
the nature or severity of the injury, including bone frac-
tures. In an effort to establish safer boat speeds for
manatees, the Florida manatee recovery plan calls for
research on the mechanical characteristics of manatee bone
to better understand the effects of watercraft-related
impacts [1]. This study is the first to estimate mechanical
properties of whole manatee bone.

Quantitative fractography is a technique that uses prin-
ciples of fracture mechanics to analyze fracture surfaces of
materials such as ceramics [2, 3]. The strength of a brittle
material is determined by the size of the fracture initiating
crack, or flaw, and the fracture toughness of the material.
Location of the crack can often be determined by exam-
ining the markings on the fracture surface.

Two features of manatee bone allowed us to use
quantitative fractography to measure its mechanical
parameters. First, all the ribs and other long bones are
constructed of solid cortical bone; there are no marrow
cavities or spongy bone. This feature, unusual for mam-
malian bone, is thought to be an adaptation to aid in
hydrostasis [4]. Second, manatee bone often undergoes
brittle fracture in static tests [5, 6]. Bone typically
behaves as a quasi-brittle solid [7]. However, fully
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mineralized bone from adult manatees does not undergo
any post-yield plastic deformation [5].

The first goal of this study was to estimate the stress at
failure and the fracture toughness of whole manatee ribs
fractured in impact. Fracture toughness is the ability to
resist fracture, one measure of which is the critical stress
intensity factor (Kc). This is an estimate of the amount of
energy required to propagate a macrocrack that leads to
fracture [8]. Toughness is an important property because a
tough bone is resistant to fracture, and this is most
important when bone is impacted [9, 10]. Since adult
manatee bone fails in a brittle manner when loaded stati-
cally at stressing rates > 1 MPa/s, based on preliminary
tests, it is assumed for this study that fracture resistance
measured by K¢ is similar to a measure of toughness in
manatee bone loaded in impact. The second goal of this
study was to address the hypothesis that forces generated
by recreational watercraft under normal operation are suf-
ficient to inflict skeletal injuries to manatees. We compared
the estimated energy needed to fracture manatee ribs, both
with and without overlying soft tissues, to that generated by
common recreational watercraft operating in Florida
waters.

Materials and methods
Bone sample collection

Ribs from 20 animals of both sexes, in three age classes
(i.e., calf, subadult, and adult) were obtained from the
Florida Fish and Wildlife Conservation Commission’s

Fig. 1 Setup for impact tests of
whole manatee ribs. (a)
Compressed air gun assembly.
The barrel is a 20’ PVC pipe
with a 4 diameter. The end of
the barrel is equipped with two
photocells to measure the
velocity of the projectile. (b)
The gun is equipped with a
compressor, pressure gage, and
trigger. (¢) Manatee rib
positioned in test fixture,
mounted on frame for impact
testing. The rib is outfitted with
a uniaxial strain gage on the
convex (lateral) surface. (d)
View of the concave (pleural, or
medial) side. This side is
outfitted with a uniaxial and a
rosette strain gage. The intended
area of impact is between these
two gages

Marine Mammal Pathobiology Laboratory. Collection and
use of tissues for research was conducted under U.S. Fish
and Wildlife Service permit #MA067116-0 issued to the
University of Florida. By convention, total body length was
used as a proxy for age, and individuals were assigned to
age classes based on established size definitions [11].
Bones were obtained from fresh carcasses at the time of
necropsy. One rib from the mid-thoracic region of each
animal was collected and stored at —20 °C until testing.
Bones were cleaned of soft tissues and tested wet, at room
temperature.

Whole rib impact testing

Whole ribs were impacted using a compressed air gun at the
Structures Laboratory in the Department of Coastal and
Civil Engineering at the University of Florida (Fig. 1). The
barrel is 6 m in length with a 10 cm inner diameter. The gun
is equipped with a compressor that allows projectiles to be
fired at a range of speeds, and two photocells and an oscil-
loscope to record the speed of the projectile as it exits the
barrel. Ribs were positioned vertically in a fixture that was
mounted on a steel frame, so that the lateral (convex) side of
the rib faced the gun, and the concave side faced the frame.
They were impacted perpendicular to their long axis, in the
middle of the lateral side with a Scm x 10 cm x 1.2 m
pine projectile. The leading end of the projectile was
equipped with a hemispherical nosepiece coated in fiber-
glass. The mass of the projectile was 13 kg. The distance
between the end of the barrel and the rib was 2.3 m. The
projectile was fired between 23 and 28 m/s.
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Fig. 2 Two views of a fracture surface of a manatee rib. (a)
Examination of fracture surface indicated that the crack that led to
failure originated at a groove on the medial surface (arrow). (b) White
arrows indicate the extent of the fracture-initiating crack. * marks the
location of the natural groove shown in Fig. 2(a). Black arrows show
the direction of crack propagation as indicated by the hackle markings

Quantitative fractography was used to identify the
fracture origin and measure crack size for each rib
(Fig. 2a). The failure stress (o) was calculated as

"TY™ W

where K is fracture toughness (MPa m'"?), measured as the

critical stress intensity factor, Y is a geometric factor based
on crack shape and loading conditions, and c is the crack
size (m) [3]. Y is assumed to be 1.25 based on the fact that
the cracks were approximately semi-elliptical and their
magnitudes were ~1/10 of the depth of the rib cross-
sections; thus, these crack sizes can be considered small
relative to the depth [12]. Values for K were taken from the
middle region of the adjacent rib, which were calculated in a
study of the material properties of manatee bone [5]. The
value used was the mean for the mid section of the adjacent
rib. Crack size (c) was calculated as

c=(-b" (2)

where a and b are crack depth and half-width (in meters),
respectively, as measured from the fracture surface with
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digital calipers to the nearest 0.1 mm. The assumption in Eq.
(2) provides the Y factor for the equivalent semi-circular
crack. This has been shown to be equivalent for a/b > 0.1 to
the more conventional method of calculating the elliptical
integral of the second kind with the actual elliptical dimen-
sions [13, 14].

Strain gage testing

To validate the failure stress calculations, three additional
ribs were outfitted with strain gages to directly measure
strain during impact (Fig. 1d). For each rib, a uniaxial
gage (CEA-06-250UN-350, Vishay Micro-Measurements,
Raleigh, NC) was placed on the lateral (convex) surface,
and a uniaxial gage and a rosette gage (CEA-06-125UR-
350) were placed on the pleural (concave) side. Gages were
placed along the midline, parallel to the long axis, either
just above or below the center of the rib. The center ele-
ment of the rosette was oriented parallel to the long axis of
the bone. Signals were output to an eight channel signal
conditioner and sampled at 50 kHz. Raw data were con-
verted to microstrain, which were used to calculate the
principal strains using standard formulae. Failure stress
was calculated as

o=Ee¢ 3)

where E is Young’s modulus (GPa) measured with ultra-
sound (Nuson, Inc., Boalsburg, PA), and ¢ is the maximum
principal strain.

As a check of the strain data, an additional rib was
outfitted with gages and loaded to failure in quasi-static 3
point bending at a loading rate of 4.4 N/s. The signal was
sampled at 20 Hz. Failure stress was calculated using the
standard formula for a curved beam in bending. For all
gaged ribs, the fracture origin was identified fractographi-
cally, and fracture toughness (Kc) was determined using
measured values of ¢ and o (Eq. 1). Fracture toughness
values calculated for whole ribs were compared to those
from the material test specimens [5] to assess the validity
of using the materials values in the failure stress calcula-
tions. Cross-sectional area of the ribs at the fracture site
was calculated to the nearest mm? (Table 1).

Kinetic energy calculations

The most common recreational watercraft in operation in
Florida waters is a 17’ vessel [15], which is typically
equipped with a single outboard engine of 100-115 HP. A
typical 17’ vessel at idle speed (i.e., no wake) is traveling
at 2-3 mph (0.9-1.3 m/s) depending on vessel configura-
tion, and 10-12 mph (4.5-5.4 m/s) corresponds to a boat



J Mater Sci (2008) 43:2026-2034

2029

Table 1 Mechanical property

Sex TL (cm) Age Rib area (mmz) ¢ (m)

Kc (MPa m'?) ¢, (MPa) &, (MPa)

and fractography data for 22 Animal
manatee ribs fractured in impact MSTMO0109 M 166
MNWO0207 F 188
MSW0227 F 190
MSTMO113 M 196
MSWO0057 M 201
MSEQ0205 M 238
MSWO0160 F 246
Variables are:.ammal, code MSTMO0102 E 265
represents region, year, and
carcass number; sex: male (M) MSWO0165 F 267
or female (F); total body length MSWO0251 M 276
(TL); age classes: calf (C), MSWO0225 F 282
subadult (S),.or adult‘ (A); rib MSW0223 F 204
area; crack size (c); fracture
toughness from small specimens MSW0208 F 299
(K¢); and failure stresses (o, MECO0213 F 314
calculated with fracture . MSW0226 M 315
toughness data from machined,
small specimen tests [Eq. (1)], MSW0239 M 321
and o,, calculated from MSWO0253 M 327
estimated whole bone fracture MSTMO0414 F 335
toughness. [Eq. (1)]). Rib area is MNW0208%6 M 343
cross-sectional area at fracture
site. Three ribs were tested for MNWO0208#9 M 343
animal MNW0208 (rib number MNWO0208#10 M 343
indicated). —indicates no data MSW0245 M 344

for that rib

@
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340 1.9E-03 2.5 46 142
413 1.9E-03 2.4 45 145
512 2.5E-03 23 37 125
456 1.5E-03 2.0 41 159
450 1.5E-03 2.2 46 163
732 1.8E-03 2.5 48 149
778 1.8E-03 2.7 52 148
1,207 1.5E-03 2.5 51 159
1,060 2.7E-03 2.5 45 120
959 2.4E-03 3.0 50 128
1,518 2.4E-03 3.0 49 127
1,413 22E-03 2.7 46 133
1,360 2.7E-03 2.8 43 120
1,134 1.5E-03 2.7 61 176
1,021 2.8E-03 2.7 41 118
1,890 1.6E-03 2.5 56 175
1,887 23E-03 2.7 46 130
1,926 2.0E-03 2.8 50 138
1,346 23E-03 29 48 129
- 1.5E-03 29 67 179
1,204 3.5E-03 29 40 106
2,039 22E-03 24 41 133

traveling at or near hull speed (i.e., on a plane). Maximum
speed is approximately 35-40 mph (15.6-17.9 m/s).
Weights for a few common 17’ vessels with the recom-
mended engines were taken from the specifications posted
on manufacturers’ websites. Kinetic energy (KE) was cal-
culated for speeds of 2, 10, and 35 mph (0.9, 4.5, and
15.6 m/s, respectively) as

KE = 1/2mv* (4)

where m is the mass of the projectile (kg), and v is velocity
(m/s). We assumed one adult operator (200 1bs.) and one
half-tank of fuel. The KE of the projectile was calculated
using the mass and velocity given above. The soft tissues
overlying bone have been shown to absorb and dissipate
impact energy, thereby decreasing the energy transferred to
the skeleton [16-18]. To estimate the energy-damping
ability of the tissues overlying the ribs, soft tissue thickness
(e.g., skin, blubber, muscle) was measured approximately
one-third of the way down from the head of the ribs on some
whole body sections. Robinovitch et al. [18] measured the
amount of impact energy transferred to the femoral tro-
chanter with overlying soft tissues of varying thickness.
Tissue energy absorption was regressed against soft tissue
thickness to determine the threshold of tissue thickness
needed to prevent femur fracture during falls in the elderly.
We used their regression to estimate the amount of energy

dissipated by manatee soft tissues. Kinetic energy curves for
the boats were graphically compared to the kinetic energy of
the projectile used to impact the bare rib, as well as to the
estimate for ribs with overlying soft tissues.

Statistical analyses

Failure stress was compared between sexes and age classes
in separate one-way ANOVAs [19]. Failure stress and
crack size were regressed against total body length, and
failure stress was regressed against rib cross-sectional area.
Analyses were performed with SAS v. 9.1 [20].

Results
Whole rib impact tests

Mechanical property and fractographic data from the
impact tests are presented in Table 1. A total of 23 ribs
from 20 animals were used in this study; 22 ribs were
fractured in impact, and one was tested in quasi-static 3
point bending. Only one calf was tested, as the small size of
the ribs made them difficult to test. The lone calf was
omitted from the analysis by age class. Of the other 19

@ Springer
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Table 2 Mean mechanical data by sex and age class

Group o (MPa) o, (MPa)
Sex (ages pooled)

Females (10) 48 6 139 + 18
Males (12) 46 + 8 143 + 23
Age class (sexes pooled)

Subadults (8) 48 +5 146 £ 16
Adults (13) 49 £ 8 137 + 24

Variables are failure stress (0,,) and adjusted failure stress (oy,).
Values are mean = SD. Sample sizes are reported in parentheses for
each group. No groups were significantly different (p > 0.05)

animals, eight were subadults (i.e., juveniles) and 11 were
adults. The sexes were represented equally, ten females and
ten males. Mean failure stress was calculated, using Eq. (1)
and data from Table 1, to be 47 & 7 MPa, varying from 37
to 67 MPa. Mean adjusted failure stress (see below) was
139 £ 21 MPa (range 106-179 MPa). Means by sex and
age class are reported in Table 2. There were no statisti-
cally significant differences between failure stress by sex
(ANOVA, p =0.51) or by age class (p = 0.19). The
regressions of crack size against total body length
(p = 0.16, Fig. 3) and of failure stress against total body
length (p = 0.55) indicated no relationship of either vari-
able to body size. Similarly, there was no relationship
between rib cross-sectional area and failure stress
(p = 0.54, Fig. 4). This implies that the ability to resist
bone fracture in impact does not increase as animals grow.

Strain gage tests

Of the 22 ribs impacted, three were outfitted with strain
gages. However, data were successfully collected for only

4.0e-3
3.5e-3 O
3.0e-3
O
£ o O
— 2.5e-3 o O
g & 0g
é 2.0e-3 1 0 o O
I5) €O
153 %e) O O o
1.0e-3
5.0e-4 T T T T T T
50 100 150 200 250 300 350 400

Total body length (cm)

Fig. 3 Whole rib crack size versus total body length. There was no
relationship between flaw size and total body length (R* = 0.09,
p = 0.16). Flaw size is the same regardless of rib cross-sectional area,
which increases with total body size
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Fig. 4 Rib cross-sectional area versus failure stress. There was no
relationship between cross-sectional area and failure stress
(R*=0.02, p = 0.54)

one (MNWO0208 #6, Table 3). The lone rib tested in quasi-
static 3 point bending (MNWO0208 #14, Table 3) was also
outfitted with gages; it failed at a load of 4744 N. Peak
strains and failure stresses for the impact and quasi-static
tests were very similar (0.56% and 0.61%, respectively).
Fracture toughness calculated for the impacted rib was
7.7 MPa ml/z, essentially identical to the 7.8 MPa m'”? for
the rib from the quasi-static test. These values were much
greater than those used for the failure stress calculations
reported in Table 1. Our results indicate that it is not
appropriate to use the small specimen fracture toughness
values to calculate whole bone failure stress. By doing so,
stresses were most likely underestimated. To adjust for
this, 8 MPa m'? was used to derive more appropriate
estimates of failure stress using Eq. (1), reported as g, in
Table 1.

In order to help further explain the high toughness val-
ues we obtained for the whole ribs, we calculated the
expected strength of the rib tested in quasi-static 3 point
bending using curved beam theory with an approximately
elliptical cross-section [21]. A failure stress of 210 MPa

Table 3 Mechanical and fractographic data for strain gaged ribs

Rib Peak Modulus Failure Crack Toughness
# microstrain (GPa) stress (MPa) size (m) (MPa m! 2)
6 6,075 21 128 2.3E-03 7.7

14 5,577 19 106 35E-03 7.8

14* 5,577 35 194

Ribs from animal MNWO0208. Rib #6 was tested in impact, rib #14 in
quasi-static 3 point bending. Young’s modulus was measured with
ultrasound. Failure stress was calculated as ¢ = Ee¢. Crack size, ¢ (m),
as measured from the fracture surface. Fracture toughness calculated
from Eq. (1)

% Modulus and failure stress calculated from stress—strain curve
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was calculated for the rib MNWO0208 #14 using the failure
load of 4744N. At best, this is a very rough estimate
because of the extremely complicated shape of the bone.
This value is greater than the 106 MPa calculated from the
microstrain and ultrasound modulus for this rib (Table 3).
However, the elastic modulus calculated from the stress—
strain curve generated from the quasi-static test was
35 GPa, which translates to a failure stress of 194 MPa
(Table 3), in close agreement with the curved beam cal-
culation. These calculated failure stresses are quite
reasonable compared to stresses determined fractographi-
cally in Table 1. Coincidently, both the high and low
values (106 and 179 MPa) are for this same animal,
MNWO0208.

Kinetic energy calculations

Projectile velocity, as measured exiting the barrel, was
23-28 m/s. To make conservative estimates of the
threshold for fracture we used the maximum projectile
velocity (28 m/s) for calculations. Vessel configurations
and kinetic energies are presented in Tables 4 and 5, and
Fig. 5. Based on the configurations selected, rib fracture
can occur at speeds of 7-8 mph, or just below hull
speed. This is the estimated speed at which boats gen-
erated kinetic energy equal to that of the projectile, as
determined by the point at which the regression curves
cross the kinetic energy line for the projectile. This
estimate is for bare bone, which of course is not a
realistic scenario. The maximum thickness of manatee
soft tissues overlying the ribs was 58 mm. Robinovitch
et al. [18] measured impact energy absorption for soft
tissues up to 43 mm thickness. Using their regression,
we extrapolated the amount of energy dissipated by the
manatee soft tissues to be 70%. That is, only 30% of
impact energy is transferred to the bone. This projection
is plotted on Fig. 5, as the “with skin” plot. At this
energy absorption estimate, boat speeds of 13—-15 miles

Table 4 Boat data for kinetic energy calculations

Table 5 Kinetic energy calculations for vessel configurations and
impact projectile

Manatee Kinetic Boat Kinetic energy (kJ)
energy (kJ)
2mph 10 mph 35 mph
Bare bone 5 Maverick  0.40 10 121
With skin 17 Mako 0.35 9 106
Key West  0.30 8 93

Energy for bare bone is the kinetic energy of the projectile. With skin
is the minimum amount of kinetic energy needed to create a fracture
based on the calculated 70% energy absorption by manatee soft
tissues

140
— with skin
120 4 | ——— bare bone
—— Maverick
100 Mako E
E=U I et Key West ,
< s/
5 80 - //
g:) //
w ]
o 60 ///
£ 7
X 404 il
7
-
-
20 4
0 S
0 20 25 30 35 40

Boat Speed (mph)

Fig. 5 Kinetic energy as a function of boat speed. Three vessel
configurations are presented. Calculated kinetic energy of the
projectile impacting bare bone is plotted, along with an energy
estimate with overlying soft tissues in place (with skin). With an
estimated 70% of the total kinetic energy being dissipated by the soft
tissues, minimum boat speeds capable of producing rib fracture are
~13-15 mph (vertical lines)

per hour are sufficient to fracture manatee ribs (i.e.,
where the regression curves cross the “with skin” kinetic
energy estimate, indicated by the vertical lines).

Boat Boat Boat Fuel tank Fuel Engine Engine Boater Total
length weight (kg) (gal) weight (kg) (HP) weight (kg) weight (kg) weight (kg)

Maverick® 170" 684 40 53 115 162 91 989

Mako® 17'3" 567 37 49 115 162 91 869

Key West® 176" 454 40 53 100 161 91 758

Boat weights were taken from manufacturers’ specifications posted on their official websites. Fuel weight is for one half tank. Total weight is
equal to the sum of weights for the vessel, fuel, engine, and one passenger

* Maverick Boat Company, Inc., 2004. Model: 17" Master Angler

® Mako Marine International, Inc., 2005. Model: 171 Center Console

¢ Key West Boats, Inc., 2005. Model: 1760 Stealth
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Discussion
Fracture toughness

There was no relationship between failure stress and total
body length (a proxy for age) for the manatees in this
study. Failure stress (Table 1) and critical crack sizes
(Fig. 3) for the whole ribs were similar for all animals
regardless of total body length; likewise, there was no
correlation between cross-sectional area of ribs and failure
stress (Fig. 4). Clifton et al. [5] reported that fracture
toughness (reported as Kc), material density, and mineral
content did not vary significantly over the range of body
sizes. If these values accurately reflect the material prop-
erties of rib bone, then the finding of non-significant
variation in critical crack size and failure stress in whole
bones with rib size is not anomalous. Manatees have
unique ribs that continue to grow in diameter even after
longitudinal growth of the animal as ceased. We expected
that this would result in an increase in strength and
toughness for larger ribs over smaller ones. But despite the
increase in rib size (340-2,039 mm? cross-sectional area)
in manatees, there is no concomitant increase in ability to
resist crack formation because the material is essentially
the same.

R-curve behavior and viscoelasticity in bone

The greater fracture toughness values calculated from the
strain data relative to the values measured from the small
specimens of Clifton et al. [5] may be indicative of R-curve
behavior in manatee bone. Those values, measured from
machined specimens tested in 3 point bending, ranged from
2.0to0 3.0 MPa m"?, compared to 8 MPa m'’? for the whole
ribs tested here. Another study [6] for specimens whose
sample sizes were between the machined test specimens and
the whole bones found a mean fracture toughness of
4.5 MPa m"?. This increase in toughness with increased
specimen size, implying increased crack size, is suggestive
of a material with a rising resistance curve, or R-curve. A
rising R-curve describes an increase in fracture toughness
with the increase in crack extension [22]. This behavior is
characteristic of quasi-brittle materials such as some
ceramics, and has now been documented in human, bovine,
equine, and deer antler bone [23-26]. If manatee bone
exhibits R-curve behavior, then it is not appropriate to use
toughness values from small sample material properties
tests to calculate failure stresses of whole bones. In addi-
tion, the value of strength obtained from the curved beam
calculation is greater than the strain gage value, not a factor
3 times less than the estimates, as are the values obtained
from the small rectangular beam specimens. The result of

@ Springer

the calculation of the curved beam further supports the idea
that R-curve behavior may be active in the fracture of
manatee rib bones and that the greater strength values,
calculated assuming a fracture toughness of 8 MPa m'?
with the measured crack sizes, are accurate.

True brittle materials exhibit flat R-curve behavior [7,
26]. The material tests of adult manatee bone show that
machined specimens tested in static 3 point bending
undergo very little or no plastic deformation; typically they
fail catastrophically near the yield point [5]. This seem-
ingly contradicts the toughness data presented here that
suggests R-curve behavior. However, Vashishth et al. [26]
point out that some ceramics do produce rising R-curves.
Like all bone, manatee bone is a ceramic-polymer com-
posite of complex, hierarchical structure. Bone
microstructure, mineral density, and collagen content all
affect the R-curve behavior [23-26]. Malik et al. [24]
reported lower R-curves in bone of increased stiffness,
tested in tension. Nalla et al. [25] reported an age-related
decrease in both crack initiation and crack growth resis-
tance. The high mineral content of manatee bone (mean
69%) likely has a similar effect. Additionally, bone
microsctructural features may influence R-curve at differ-
ent scales. For example, interlamellar spaces or blood
vessel channels might influence fracture toughness of
whole bones, but distribution of osteons would only affect
toughness in smaller, machined specimens. Finally, the
complex shape of these ribs makes it difficult to determine
the accuracy of our stress calculations; other techniques
such as finite element analysis may provide better esti-
mates. Appropriate testing needs to be done to characterize
R-curve behavior in manatee bone.

The R-curve behavior of manatee bone is likely due to
the effect of crack size on the local microstructure. A larger
sample allows for a greater crack size, and more collagen is
available to contribute to the toughening, resulting in a
larger fracture toughness, a feature generally attributable to
viscoelasticity in bone. However, in the manatee ribs this
effect is relatively small because the bone is highly min-
eralized [5], implying that, unlike other bone, manatee rib
bone behaves much more as a ceramic than a ceramic-
polymer composite. The difference in crack size between
the small samples and the whole ribs simply reflects that
there is much more collagen in the whole ribs. Therefore,
absolute size most likely explains the greater fracture
toughness of the whole ribs over the machined specimens.
For some materials, including most bone, fracture tough-
ness is dependent on strain rate. As strain rate increases, so
does strength, modulus, and K¢ [7]. However, note that
work of fracture can decrease or remain the same with
increased strain rate, also due to the viscoelastic nature of
bone [12]. The different behavior of K- versus work of
fracture with strain rate is due to the method of
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measurement of both. As the whole bones and the small
sample specimens were tested at different rates, the effects
of strain rate and specimen size are confounded. However,
for all the small specimens, the stressing rates were
>7 MPa/s [5]; this rate is considered fast enough to avoid
possible viscoelastic effects.

Impact energy absorption of bone and soft tissues

Impact testing of human bone is often done to determine the
loads at which bones such as the femur break. The whole
manatee rib tested in static 3 point bending failed at a load
of 4,480 N, which is only moderately greater than the
critical trochanteric impact load of 4,170 N, the average
load required to fracture in impact the proximal femur in the
elderly [17]. Soft tissues overlying the bone absorb impact
energy, thereby reducing the load transferred to the bone. In
femoral impact tests conducted by Robinovitch et al. [18]
energy absorption varied from 6 to 58%. The authors found
that for each millimeter increase of soft tissue thickness,
peak load transferred to the bone decreased by 70 N, and
soft tissue energy absorption increased by 1.7 J. In a dif-
ferent study [17], artificial hips protected by soft tissues
were impacted at both high and low impact rates. Results
showed that regardless of impact rate, 80% of the total load
was transferred to the bone. In those two studies, impact
energies of 132 J and 140 J were capable of creating frac-
tures. Our projectile generated 5 kJ, so we likely could have
created fractures in manatee ribs with much less force.
Taking the soft tissues into consideration, our calculations
indicated that a kinetic energy of 17 kJ is required to create
rib fractures in manatees. Using the regression of Robi-
novitch et al. [18], 12 kJ of the 17 kJ (70%) would be
dissipated by the soft tissues, and the remaining 5 kJ
transferred to the skeleton; more than adequate to fracture
manatee ribs. For the 17" recreational vessels we selected,
17 kJ translates to speeds of 13—15 mph (Fig. 5).

We needed to make a few assumptions to generate this
estimate. While the vessel weights are accurate, the total
weight would likely be greater, as we did not include items
such as the battery, safety equipment, other supplies or
gear, or additional passengers. Greater vessel weights
would shift the curves up, effectively lowering the vessel
speed able to create fractures. More importantly, it may not
be valid to use the energy/soft tissue thickness regression
based on human tissues for manatees. The dermis of
manatee skin is different from that of humans, and from
that of other marine mammals [27], and likely has different
energy-damping capabilities. To more accurately deter-
mine the position of the “with skin” line in Fig. 5, the
compliance of manatee skin needs to be determined.

Summary

The goal of this study was 2-fold: to estimate the stress at
failure and the fracture toughness of whole manatee ribs
fractured in impact, and to determine if the typical water-
craft found in Florida waters is able to generate enough
force to break manatee ribs upon impact. The unique solid
cortical bone construction of manatee ribs enabled us to
apply fractographic techniques to measure some fracture
mechanics parameters. Manatee bone behaves more like a
ceramic than other types of bone. Due to this, we were able
to see many of the features observed for brittle fracture in
ceramics. We were able to identify crack origins, and make
quantitative measurements of crack size. Failure stress was
constant across body size, implying that the strength of ribs
does not change as the animals grow, despite the increase
in rib size. The impact tests performed here provide addi-
tional evidence that manatee bone behaves in a similar
manner to brittle materials when loaded rapidly. For
manatees, this means that the amount of impact energy
needed to break ribs is not large, and our studies indicate
that it does not change as the animals grow. Finally, we
found that recreational boats typically found in Florida
waters can easily generate enough impact force to break
manatee ribs, leaving manatees highly susceptible to bone
fracture from collision with boats.
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