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Defense capabilities of Kentrosaurus aethiopicus Hennig, 1915

Heinrich Mallison

ABSTRACT

Stegosaurs were not built for rapid locomotion. Instead of fleeing from predators,
they probably used their spiked tails as ‘thagomizers’ for defense. Kinetic/dynamic
modeling in a computer-aided engineering program allows either using prescribed joint
motions to determine joint forces or torque input models that deliver accelerations and
moment of inertia of the tail tip spikes. Prescribed motion models based on a CAD
range of motion analysis of Kentrosaurus and motions observed in extant long-tailed
reptiles give results consistent with those of models using torque values calculated
from detailed CAD reconstruction of muscle cross sections and moment arms. Both
indicate that the tail of Kentrosaurus was a dangerous weapon, capable of inflicting
painful slashing injuries and debilitating penetrating trauma, even on large theropods,
across a large portion of its motion range. Continuous rapid motion was at least suffi-
cient for the spikes to slash open the integument or penetrate soft tissues and fracture
ribs or facial bones, while aimed whiplash blows may have had sufficient energy to

fracture sturdy longbones.
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INTRODUCTION

It has long been theorized that armored dino-
saurs, especially stegosaurs, used their tails for
defense, swinging them at attackers (e.g., Marsh
1880; Lull 1910; Bakker 1986). Other researchers
claimed that this was impossible, because of sup-
posedly insufficient mobility (Gilmore 1914; Hennig
1925; Janensch 1925). However, a plethora of
stegosaur spikes with their tips broken off and with
callus growths indicate that forceful collisions
between stegosaur tails and other objects were not
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rare occurrences. Of a sample of 51 stegosaur
spikes from the Morrison Formation of North Amer-
ica, about 10% showed broken tips (McWhinney et
al. 2001; Carpenter et al. 2005). For the African
genus Kentrosaurus Hennig, 1915 from the
Tendaguru Formation of Tanzania (Hennig 1915)
the ratio is unknown, because most material is lost
or destroyed (Mallison 2011). However, Hennig
(1925, table on p. 232) lists a surprisingly large
number of specimens for which the maximum
length can either not be given, or only estimated.
These missing data may indicate that a significant
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Figure 1. High resolution laser scan digital 3D files of MB.R.4800.6-32, the nearly complete tail (caudals 1

through 29, 27-29 coossified) of the lectotype of Kentrosaurus aethiopicus Hennig, 1915, from quarry ‘St’, Tendaguru,
Tanzania. Tail tip MB.R.4801.1-6 (coossified) from same locality may also belong to lectotype (Hennig 1925).
MB.R.4842 (left) and MB.R.4843 (right) spikes from same quarry, definitively not part of lectotype, and probably not
tail tip spikes, but second to last spike pair. Gap between MB.R.4800.32 and MB.R.4801.1 according to estimate of
missing caudal number by Janensch (1925). Length of left spike MB.R.4842, measured as maximum possible value
in dorsal view, 713 mm. 1. lateral view, 2. dorsal view.

percentage showed broken tips similar to those of
American stegosaur spikes, but it is unclear which
of these spikes are really tail tip spikes of Kentro-
saurus and which were located further anteriorly.
Carpenter et al. (2005) detailed the impact-related
pathologies on stegosaur tail spikes and an excep-
tional find, which was a pathological caudal of
Allosaurus Marsh, 1877 (Marsh 1877a) that appar-
ently was struck at high velocity by a stegosaur
spike tip. The impact destroyed part of the trans-
verse process and the tip of the spike pierced the
neural spine (Carpenter et al. 2005, figure 17.2).
Carpenter et al. (2005) also assessed the forces
involved, concluding that the tail of Stegosaurus
Marsh, 1877 (Marsh 1877b) was strong enough to
cause the damage. They also detailed two different
methods for calculating the forces involved in caus-
ing damage to the spikes, concluding that both
slashing and spearing actions took place. The
forces involved both in slashing and spearing were
sufficient to break spikes in the manner observed
in the fossil record and sufficient to cause the dam-
age to the Allosaurus vertebra (Carpenter et al.
2005). To date, this report remains the single pub-
lished detailed biomechanical analysis of stego-
saur tails.

The other main group of thyreophorans, anky-
losaurs, has seen barely more attention. Coombs
(1978, 1979) studied their myology in detail and
speculated that the tail was occasionally used to
club predators, but did not attempt to assess forces
and accelerations involved. Maleev (1952)
regarded the tail club as a ‘mace’, and Arbour
(2009) investigated tail mobility and impact forces
in detail, distinguishing three categories of caudal
vertebrae in ankylosaurs with three different func-
tions: free vertebra form the flexible base of the tail,
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handle vertebra form a rigid club, and a transitional
vertebra lies between the two. In the derived stego-
saur Stegosaurus, the tail may have been function-
ally sectioned not by difference in vertebra shape,
but by the large osteoderm plates, which inhibited
motion so that five near-rigid sections were formed
(Carpenter 1998; Carpenter et al. 2005). This con-
dition is a marked contrast to basal thyreophorans
such as Scelidosaurus and stegosaurs other than
Stegosaurus, where a functional partitioning is,
where the tail is known, absent because there were
no osteoderms with a large anteroposterior exten-
sion present on the tail (e.g., Huayangosaurus
Dong et al., 1982; [Maidment et al. 2006]; Kentro-
saurus [Hennig 1925; Mallison 2010a]). For some
species the tail is insufficiently known (e.g., Mira-
gaia Mateus et al.,, 2009). In Kentrosaurus, the
caudal vertebrae change significantly in shape,
with the neural spines of the anterior caudals
inclined posteriorly, those in the middle part of the
tail sub-vertical, and those in the distal third hook-
shaped and inclined anteriorly (Hennig 1925; Malli-
son 2010a, figure 5). The change is gradual, and
lateral and dorsal mobility between neighboring
vertebrae is unaffected and remains constant
throughout the tail (Figure 1.1; Mallison 2010a, fig-
ures 5, 6, 9, 10).

The use of the tail as a weapon is common in
extant reptiles, e.g., monitor lizards (Holland 1915),
lacertilians (Carpenter 1961; Milstead 1970) and
crocodylians (e.g., Pooley and Gans 1976). All cro-
codylians use vigorous swings of their tails to
reverse the direction their snout points in, but alli-
gators especially use powerful swipes of their tails
to strike approaching antagonists (or other objects
perceived as such; personal observation). Mam-
mals usually do not have long, thick tails, so that
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Figure 2. Impact geometries (1-3) and tail reconstruction of Kentrosaurus aethiopicus Hennig, 1915 (4). 1. penetrat-
ing impact, 2. slashing impact, 3. blunt impact. Arrow = direction of travel of spike at impact, a = angle between long
axes of spike and tail, B = angle between long axis of spike andsurface of target (long axis of target used as proxy), y
= angle between direction of travel of spike and surface of target (long axis of target used as proxy). Note how large
values for a are required for a penetrating impact, because the direction of travel of the spike is generally limited to a
circle around the tail base. Small values for B make blunt impacts likely. 4. likely distribution and orientation of tail
spikes (high resolution laser scan digital 3D files of MB.R.4836- 4843, from left to right), based on description and fig-
ures in Hennig (1925). Light grey bones are digital mirror images of contralateral side. Tail modeled as truncated cone
over high resolution laser scan digital 3D files of MB.R.4800.6 (caudal 1 of lectotype) and MB.R.4801-6 (coossified tail
tip vertebrae). All fossils from quarry ‘St’, Tendaguru, Tanzania, all spikes not part of lectotype and not found in asso-

ciation.

other body parts are employed as weapons. Horns
and antlers, e.g., usually are used in intraspecific
fights between males (see, e.g., Geist 1971; Clut-
ton-Brock 1982) and may be involved in resource
competition between female ruminants (Roberts
1996). However, glyptodonts apparently used their
tails (some of them club shaped) in intraspecific
fights, delivering blows sufficiently strong to frac-
ture and dent the opponent’s carapace (Alexander
et al. 1999). Considering everything, it seems
highly likely that Kentrosaurus employed its tail as
an active weapon, very likely for defense against
predators, and potentially also for intraspecific
fights.

For any modeling of a potential tail strike, the
geometry of the impact is of importance. Three
types of impacts must be distinguished: penetrat-

ing, slashing, and blunt. In penetrating impacts the
spike tip works like a spear tip, for slashing it works
like a scimitar, and in blunt impacts the spike acts
like a club or mace. The impact types differ in the
angles between the spike’s long axis, its direction
of travel, and the target surface. A deeply penetrat-
ing impact can occur only if a spike moves subpar-
allel to its long axis and roughly perpendicular to
the target surface (Figure 2.1). Large angles
between the spike’s long axis and its direction of
travel lead to slashing impact when the spike trav-
els at a shallow angle compared to the target (Fig-
ure 2.2) and to a blunt impact if the spike travels
roughly toward the target (Figure 2.3). The dis-
tance between stegosaur and target also plays an
important role and can determine if a slashing
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impact on one part of the target’s body or a blunt
impact on another part occurs.

The tail spikes of Stegosaurus (e.g., Marsh
1880, pl. X;McWhinney et al. 2001, figure 7.1; Car-
penter et al. 2005, figure 17.3) have a form inter-
mediate between a spear (causing penetrating
trauma) and a club (causing blunt trauma). The
sharp tips are suitable for slashing and for easily
penetrating soft tissues, but the conical form
means that deeper penetration pushes a much
larger cross section into the opponent, increasing
the energy needed to increase penetration depth
significantly. If an impact occurs at a shallow angle
to the long axis of the spike, the contact area is
large, as with a club, and penetration requires a
much higher impulse. Compared to the North
American genus, the distal tail spikes of Kentrosau-
rus are slimmer, being only about half as wide at
the base, proportionally (Hennig 1915, figure 3,
1925, figure 54). The distribution of osteoderms on
the body of Kentrosaurus is not entirely clear, with
only a few found semiarticulated (Hennig 1925;
Janensch 1925). Fortunately, the shape of the
most distal spike pair is known with certainty,
because one pair was found articulated with five
distal caudal vertebrae (MB.R.3803; Hennig 1925;
Figure 3).The spikes supposedly show flattening
on the ventral side (Hennig 1925), but in fact have
been crushed and deformed by taphonomic pro-
cesses. Very likely they had a roughly elliptical
cross section, and the ends of the major diameter
showed small keels (Figure 3.2). This shape is
highly reminiscent of a spear tip and suggests that
penetrating or slashing impacts were easier to
achieve for Kentrosaurus than than for Stegosau-
rus.

However, the spikes on the tail tip apparently
angled out from the long axis of the tail by only a
small angle, as indicated by the angle between
their bases and shafts. The angles may be as low
as 20° (Hennig 1925), while spikes positioned fur-
ther anteriorly showed increasingly larger angles
and stouter form (Figure 2.4). Together, the
arrangement and shape change of the spikes may
indicate that the tail tip functioned primarily as a
slashing weapon, with the occurrence of deeply
penetrating strikes unlikely, while the slower mov-
ing spikes further anteriorly served mostly as
defensive pikes, shaped to penetrate a predator
that tried to attack the tail base. For this purpose,
the spikes would need to stick out steeply, pointing
their ends at the target. On the other hand, the
spikes of MB.R.3803 may today be angled much
more strongly than they were in life, and the angle

between base and spike shaft may not be indica-
tive of the true orientation of the spike. The tail tip
of Kentrosaurus may then have been highly similar
in overall appearance to that of Stegosaurus, in
which the spikes stood out at nearly a 45° angle
(Carpenter 1998, figure 3). Even a more laterally
directed orientation is possible, because decay of
soft tissues before complete burial of the articu-
lated finds (e.g., the Stegosaurus stenops speci-
men shown in Carpenter [1998, figure 3]) could
have led to the spikes being folded closer to the
vertebral column than during life.

Overall, geometry appears to indicate that
blunt impacts of the tail tip spikes were most likely,
with slashing impact also occurring, while deep
penetrating trauma was rare. The large number of
broken spikes (McWhinney et al. 2001; Carpenter
et al. 2005), in contrast, may indicate that the
above assessment of the geometry is wrong, and
that the spikes may have “hooked into” the target’s
body. Therefore, all types of impacts must be taken
into account when assessing stegosaur defense
behavior.

Besides the geometry of the impact, the
speed of the tail tip is the main factor determining
the damage a tail strike can cause. It depends on
the tail's motion geometry and on the forces that
the musculature can generate, which in turn
depend directly on the available muscle cross sec-
tion. Previously published reconstructions of dino-
saur tail muscle cross sections usually differ
significantly from the tail morphology of extant
monitor lizards and alligators, as shown, among
others, by Persons (2009) in a dissection study. A
detailed assessment of tail volume and the influ-
ence of its reconstruction on COM position by Allen
et al. (2009) found, for non-avian sauropsids, on
average 158% mediolaterally, 133% dorsally,
186% ventrally, 91% dorsal diagonally, and 112%
ventral diagonally greater dimensions in reality
than in a simple, bone-determined elliptical model.
Allen et al. (2009) found that their most detailed
and realistic models closely approximated body
mass, whereas the elliptical models underesti-
mated total body mass by nearly 14%.

In their reconstruction of dinosaur tail muscles
Carpenter et al. (2005) limited the lateral and dors-
oventral extent of the musculature to the tips of the
supporting bony structure (i.e., the tips of the trans-
verse processes, the neural spine, and the hae-
mapophysis) for Allosaurus, and created a roughly
elliptical cross section based on these limits, the
equivalent of the elliptical, bone-determined mod-
els of Allen et al. (2009). In Stegosaurus, the
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Figure 3. MB.R.3803, a pair of tail tip spikes and five distal caudal vertebrae of the stegosaur Kentrosaurus aethiopi-
cus Hennig, 1915, from quarry ‘St’, Tendaguru, Tanzania. Length of right spike 44.6 cm. 1. top: dorsal view, bottom:
ventral view. 2. Scheme showing areas with significant damage (massive surface erosion and/or crushing) visible on
the bone surface (hatched) and cross sections (positions indicated by red lines). Red curves parallel to cross sec-
tions show damaged areas, white arrows point at keels. Note the small size of the keels and that an overall convex

surface persists where the bone is undamaged.

expanded transverse processes force the m. ilio-
caudalis into a lateral position. The muscle cannot
be limited to the extent of the transverse pro-
cesses, because there would not be any room for
it. Carpenter et al. (2005) chose to create a narrow
high-oval tail cross section (reproduced in Figure

4.6), in which the m. caudofemoralis attaches only
to the ventral side of the transverse processes, but
not to the haemapophysis, and the mm. articulospi-
nalis and spinalis are limited to the lateral side of
the neural spine. In these reconstructions, the
bone cross section area amounts to 21% (Allosau-
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Figure 4.Tail muscle cross section reconstructions and photograph. Black dots denote individual muscle area cen-
troids (moment arms), light grey dots denote centroids for entire half of tail. 1. ‘slim’, 2. ‘croc’ and 3. ‘medium’ muscle
cross section reconstructions for Kentrosaurus aethiopicus at the base of the tail. Note shift of centroids with chang-
ing muscle areas. 4. photograph of section of the base of the tail of Alligator mississippiensis provided by D.R. Wilhite
(see text for further explanations). 5. tracing of Alligator as in 4 on the left, and reconstruction following typical dino-
saur reconstructions on the right. Integument of Alligator photograph is traced on the right also, to highlight the differ-
ence in cross sections between the living animal and the typical method of reconstruction. 6, 7, 8. tracings of previous
reconstructions of (6) Stegosaurus from Carpenter et al. 2005 and (7 and 8) ankylosaurs from Arbour (2009). All fig-
ure parts scaled to approximately the same vertebra size. Height of Kentrosaurus caudal 278 mm. Abbreviated mus-
cle names: ASP = m. articulospinais, CFL = m. caudofemoralis longus, ILCAUD = m. iliocaudalis, ISCAUD = m.
ischiocaudalis, LCAUD = m. longissimus caudae, SPIN = m. spinalis.

rus) and 28% (Stegosaurus) of the muscle cross
section areas as determined by tracing the draw-
ings in Rhinoceros®. In contrast, tracing of several
Alligator tail section photographs resulted in values
between 6.0 and 6.4% (Figure 4.4-4.5). Arbour
(2009) used the same limits as Carpenter et al.
(2005) for her model of an ankylosaur tail (repro-
duced in Figure 4.7; note that Arbour [2009] recon-
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structed mm. articulospinalis and spinalis as m.
tranversospinalis), but also published a second,
more muscular reconstruction (reproduced in Fig-
ure 4.8), in which the muscles bulge significantly
beyond the bones. Arbour (2009, figure 9) stated
that this led to an increase of muscle cross section
by 43%. However, tracing of Arbour’s (2009, figure
9) original figure in Rhinoceros 4.0 shows that the



actual increase is close to 30%. The slim model by
Arbour (2009) has 24% bone cross section area,
while the more muscular model has 19%. Clearly,
new modeling attempts must include more muscu-
lar model versions as well.

Here, | present the results of NASTRAN-
based computer-aided engineering (CAE) model-
ing of tail motions of Kentrosaurus, which allow
estimating the tail tip speeds and impact forces
across the entire motion range of the tail in higher
detail than the mathematical methods of Carpenter
et al. (2005), using musculature reconstructions
based both on previous methods, on data from
extant alligators, and an intermediate version.

Institutional Abbreviations

DMNS, Denver Museum of Nature and Science,
Denver (US)

MFN, Museum fiir Naturkunde — Leibniz-Institut fur
Evolutions- und Biodiversitatsforschung an
der Humboldt-Universitat zu Berlin, Berlin
(Germany) Collection numbers MB.R .####

NMS, Naturmuseum Senckenberg, Frankfurt (Ger-
many)

SMA, Sauriermuseum Aathal, Aathal (CH)

MATERIAL

The nearly complete composite skeleton of
Kentrosaurus aethiopicus Hennig, 1915 from the
Late Jurassic of Tendaguru, Africa, on exhibit in the
MFN, was high-resolution laser scanned bone by
bone by Research Casting International (RCI;
www.rescast.com) during the museum renovation
in 2007. Here, the digital skeletal mount by Malli-
son (2010a) is used. The tail of this mount (Figure
1; Mallison 2010a, figure 5) is nearly complete and
is from one individual (see Mallison 2011). Stego-
saur mounts in the DMNS, SMA, and NMS were
used for comparison.

For muscle reconstructions, | used cross sec-
tions of a healthy Alligator mississippiensis (Dau-
din, 1802) of ~ 1.4 m total length. The animal was
perfused and sectioned into 62 slices by D. Hill-
mann (Louisiana State University School of Veteri-
nary Medicine), and high-resolution color
photographs (example shown in Figure 4.4) were
taken by D.R. Wilhite (Auburn University College of
Veterinary Medicine), who graciously provided
them for this project. Twenty of the slices stem
from the base and middle part of the tail; the distal
part was not sectioned. Each slice was photo-
graphed in anterior and posterior view, so that the
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extents and paths of major muscles are well docu-
mented.

METHODS
Tail Musculature Reconstruction

The tail muscles of Kentrosaurus were recon-
structed using the terminology employed in Car-
penter et al. (2005). As in Arbour (2009), extant
crocodylians were chosen as a guide, because
crocodylians are the sole extant archosaurs with
long and muscular tails.

Muscle paths of Alligator and other extant
tailed reptiles were taken from the literature
(Romer 1923a, 1927; Gasc 1981; Frey et al. 1989;
Cong et al. 1998) and dissection data. On the basis
of these reports, combined with muscle reconstruc-
tions of closely related taxa (Coombs 1979; Car-
penter et al. 2005; Arbour 2009) and other
dinosaurs (e.g., Romer 1923b), the major tail mus-
cles of Kentrosaurus were reconstructed in cross
section at the base of the tail immediately distal to
the cloaca and at roughly one-third the tail length
(Figure 1). These two points were chosen because
the force produced in the basal part of the tail influ-
ences tail swing speeds the most, and because the
size of the vertebrae, which correlates with that of
the soft parts, decreases almost linearly along the
tail, so that distal parts can be modeled by scaling
down the anterior parts. In order to determine mus-
cle diameters, the cross section photographs of the
alligator tail were imported into McNeel Associates
Rhinoceros 4.0 NURBS Modeling for Window®,
and the muscle and bone outlines traced. Surfaces
were created to fill in the muscle outlines, so that
the cross section areas as well as area centroids
could be directly calculated in Rhinoceros 4.0.
Because data from dissection and from the cross
section photographs disagrees with the common
practice to limit soft tissues to the extent of the
bones (tips of transverse processes, neural spines,
haemapophyses as in, e.g., Paul 1987; Chris-
tiansen 1996; Carpenter et al. 2005; Arbour 2009)
three versions were created. The first (henceforth
‘slim’; Figure 4.1) follows the literature and
assumes that the soft tissues form an ellipse with
the tips of the neural arch and the haemapophysis
determining the long axis, and the tips of the trans-
verse processes forming the short axis. The sec-
ond model (‘croc’; Figure 4.2) has axes
proportionally as much longer than the extent of
the bone as the average values of the measure-
ments taken on the alligator cross section photo-
graphs. However, the model is not proportionally
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equivalent to the alligator, but has somewhat
smaller muscle cross section areas, because the
alligator’s muscles bulge out, while those of the
model do not. This model conforms roughly to the
general extent of the tail muscles in extant reptiles
as determined by dissection by Persons (2009)
and via digital 3D reconstruction based on CT data
by Allen et al. (2009).The third model (‘medium’;
Figure 4.3) has an elliptical shape like the ‘slim’
model, but axes lengths are the arithmetic average
of the ‘slim’ and ‘croc’ models. The alligator section
used for the muscle reconstruction at the base of
the tail is shown in Figure 4.4, the tracing of it in
Figure 4.5, combined with a muscle reconstruction
for the alligator following the dinosaur muscle
reconstruction paradigm (elliptical model). Mm.
ischiocaudalis and iliocaudalis were not separated
in the tracings and reconstructions, because their
contact line in the Alligator cross sections is often
difficult to determine exactly. Their exact sizes rela-
tive to each other are not of importance for the
models computed here. Also, at the very base of
the tail of the alligator, a part of the m. iliocaudalis
runs between the transverse process and the m.
caudofemoralis, which was here counted as part of
the m. caudofemoralis to achieve consistency with
the reconstructions from the literature. For compar-
ison, tracings of the reconstructions of Stegosau-
rus in Carpenter et al. (2005) and the slim and the
muscular version for ankylosaurs in Arbour (2009)
are shown in Figure 4.6-4.8, scaled to the same
vertebral size.

The torque values T each muscle could pro-
duce were calculated based on these reconstruc-
tions:

with A being the cross section area, P the specific
tension, and | the moment arm of the muscle. The
moment arms were determined by measuring the
horizontal distance of the area centroids of the
muscles from the sagittal plane in the CAD pro-
gram. Values for specific tension vary widely in the
literature, from as low as 15 N/cm?2 to as high as
100 N/cm? (e.g., Fick 1911; Franke and Bethe
1919; Barmé 1964; Langenberg 1970; Maganaris
et al. 2001). Carpenter et al. (2005) use two values
to bracket the probable range, 39 N/cm2 and 78 N/
cm?2, based on data in lkai and Fukunaga (1968).
Arbour (2009) used 20 N/cm?2, based on studies on
humans and cats. A detailed study on the m. quad-
riceps group in humans found values between 50
N/cm2and 60 N/cm2 (O'Brien et al. 2010). Marx et
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al. (2006) report values between 25 N/cm?2 to 45 N/
cm?2 from a wide size range of animals, including
values of ~ 35 N/cmZ2 from a rhinoceros.

At the top end of the spread reported in the lit-
erature, values over 70 N/cm2 stem mainly from
older literature and can be discounted because of
methodological problems. The remaining variation
of values is partly explained by various physical,
methodological and biological reasons (Bottinelli
and Reggiani 2000). Also, the joint angles at which
the measurements of moment arms are made
strongly influence the estimated specific tension
(Winter and Challis 2003). Force production of a
muscle depends also on the speed of the contrac-
tion, with slow continuous contraction allowing
higher values than rapid contraction (Alexander et
al. 1999). Since tail swinging involves relatively
slow contractions, the values of 20 N/cmZ2and 50 N/
cm? are used here, as they bracket the most likely
range. 39 N/cm?2 and 78 N/cm?2 are used to create
comparability to Carpenter et al. (2005). The for-
mer value is close enough to the middle of the 20-
50 N/cm?2 range that results using it can be
regarded as the likely upper end of the best esti-
mate range. Table 1 lists the muscle cross section
areas and torques for the reconstructions at the
base of the tail.

This method for estimating available torques
is a gross simplification, ignoring important details
such as the internal structure of the muscles
(straight-fibered or pinnate, which determines if
there is a difference between geometrical and
physiological muscle cross section) or the complex
relationship between muscle fiber length, muscle
contraction, and force production. Highly detailed
musculoskeletal modeling in a dedicated program
(e.g., SIMM, see Delp and Loan [1995, 2000];
Hutchinson et al. [2005]) could take these and
other factors into account, but the gain in accuracy
may well be negated by the inaccuracies necessar-
ily included in the estimates of muscle mass,
motion range, spike position, and angle and spe-
cific tension. A detailed sensitivity analysis cover-
ing all these factors is beyond the scope of this
work.

CAD Model Creation

The high-detail 3D model was created in Rhi-
noceros 4.0® on the basis of NURBS ellipsoids,
which were deformed via control point (node) edit-
ing. Spikes and plates were created as separate
elements (Figure 5.1-5.4). Of the tail three addi-
tional versions were created (Figure 5.5) corre-
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Table 1. Measured and reconstructed muscle cross section areas, muscle moment arms and maximally available
torques at the base of the tail in Alligator and three versions of the Kentrosaurus reconstruction. Torques were calcu-
lated for four different specific tension values between 20 N/cm2 and 79 N/cm2. Abbreviated muscle names: ASP =
m. articulospinais, CFL = m. caudofemoralis longus, ILCAUD = m. iliocaudalis, ISCAUD = m. ischiocaudalis, LCAUD
= m. longissimus caudae, SPIN = m. spinalis. Alligator sections are without scale and here scaled to approximate

same vertebra height as Kentrosaurus caudal, 278 mm.

lever force (N) (Nm)
muscle ;:le;; arm  @20N/ @39N/ @cfr?le N@/%:;sz tz‘:)’:”/':r% @39 N/ @C:?ZN’ @cz‘;"’
(m) cm?2 cm? cm?2
Alligator
ASP + SPIN 0.011 0.046 2200 4290 5500 8580 101.2 197.3 253 394.7
LCAUD 0.038 0.149 7600 14820 19000 29640 1132.4 2208.2 2831 4416.4
CFL 0.054 0.122 10800 21060 27000 42120 1317.6 2569.3 3294 5138.6
IL- + ISCAUD 0.0495 0.193 9900 19305 24750 38610 1910.7 3725.9 4776.8 7451.7
sum 0.1525 4461.9 8700.7 11155 17401.4
Kentrosaurus ‘croc’
ASP + SPIN 0.0165 0.065 3300 6435 8250 12870 2145 418.3 536.25 836.6
LCAUD 0.0305 0.153 6100 11895 15250 23790 933.3 1820.0 2333.3 3639.9
CFL 0.0445 0.114 8900 17355 22250 34710 1014.6 1978.5 2536.5 3957.0
IL- +ISCAUD 0.035 0.169 7000 13650 17500 27300 1183 2306.9 2957.5 4613.7
sum 0.1265 3345.4 6523.5 8363.5 13047.0
Kentrosaurus medium’
ASP + SPIN 0.0125 0.058 2500 4875 6250 9750 145 282.8 362.5 565.5
LCAUD 0.021 0.119 4200 8190 10500 16380 499.8 974.6 1249.5 1949.2
CFL 0.015 0.069 3000 5850 7500 11700 207 403.7 517.5 807.3
IL- + ISCAUD 0.013 0.1 2600 5070 6500 10140 260 507 650 1014
sum 0.0615 1111.8 2168.0 2779.5 4336.0
Kentrosaurus ‘slim’
ASP + SPIN 0.0105 0.054 2100 4095 5250 8190 113.4 221.1 283.5 442.3
LCAUD 0.011 0.1 2200 4290 5500 8580 220 429 550 858
CFL 0.008 0.06 1600 3120 4000 6240 96 187.2 240 3744
IL- +ISCAUD 0.007 0.081 1400 2730 3500 5460 113.4 221.13 283.5 442.3
sum 0.0365 542.8 1058.5 1357 2117.0

sponding to the three muscle cross section
models.

The limbs of the model were sectioned into
functional units (e.g., brachium, antebrachium,
manus). In the neck, trunk, and tail, one segment
should ideally correspond to one vertebra plus soft
tissues, as is the case for the initial, detailed model
of the tail (Figure 5.5), but this would lead to such a
high number of individual bodies to be handled by
the CAE program that calculation times would
become intolerable. Therefore, a simpler section-
ing of the ‘slim’ tail model was created, dividing the
tail into five parts, with the spikes distributed follow-
ing Janensch (1925), and incorporated into the
respective sections (Figures 5.1-5.4). These sec-
tions do not correspond to specific points in the tail

(changes in morphology of the caudal vertebrae or
in mobility), because the changes in vertebral
shape are continuous, and mobility between verte-
brae remains constant (Mallison 2010a). The num-
ber of segments is a compromise, attempting to
keep computing times tolerable (each additional
segment doubles computing time) while using a
sufficient number of segments to achieve overall
similarity between the geometry of the real tail's
motion and that of the model. Figure 5.6 shows
both the detailed and simplified tail models in a
strongly laterally deflected pose in comparison.

Instead of creating similar simplified versions
for the ‘medium’ and ‘croc’ tail models, the density
of the simple model was accordingly increased in
the CAE software.
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Figure 5. Kentrosaurus aethiopicus CAD model in lateral (1), dorsal (2), caudal (3), and cranial (4) views. Zebra
stripe coloring highlights the separation into functional sections for the CAE simulation. 5. detailed models of the tail in
lateral view. Versions top to bottom: ‘slim’, ‘medium’, ‘croc’. One section represents one caudal vertebra plus the cor-
responding soft tissues. 6. Detailed ‘slim’ model and simplified five-segment model of the tail superimposed, in strong
lateral flexion. Note how five segments suffice to roughly similar overall curvature. Total length of the model (snout to

tail tip) 4.77 m.

The trunk was split into two parts, one for the
sacral region, one for the rest, and the neck was
arbitrarily split into five sections.

NASTRAN Modeling

Computer Aided Engineering (CAE) was con-
ducted in MSC.visuaINASTRAN 4D© by MSC
Corp. and NX 5.0© by Siemens AG. The CAD
model parts were imported as *.stl (binary ASCII
polygon mesh) files. Because the sole physical
property of significance for the simulations pre-
sented here is density, all other values such as
thermal conductivity, specific heat, and yield
stresses were set to the defaults (i.e., those of
steel). Mass was adjusted as appropriate by set-
ting a specific density for each individual object, as
described below.

Some simulations were conducted by defining
joint motions through table or formula input, based
on desired results (e.g., orientation per time for a
swing across the full arc). Henceforth, these are
termed ‘prescribed motion’ models. They can result
in motions that are impossible, e.g., because the
required accelerations could not be produced by
the available musculature, or because the motion
range was exceeded. Therefore, internal (through
data derived within the simulation) and external
(through comparison to motion range analysis
(Mallison 2010a) or further calculations outside
NASTRAN) controls were necessary and are
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described where appropriate. Other models limited
the motion range of joints in the CAE program a
priori to the values determined by the range of
motion analysis by Mallison (2010a). On the basis
of the determined maximum muscle forces and
moment arms, joint torques were calculated and
used to drive these models, here termed ‘torque’
models.

Most of the ‘prescribed motion’ models could
be simulated with simple Euler integration, but all
‘torque’ models required the more detailed and
accurate Kutta-Merson integration with variable
time steps. The mathematical basics of both meth-
ods are described in Fox (1962). Because of the
much higher calculation time demands of Kutta-
Merson integration, only a limited number of mod-
els could be computed.

The detailed tail models with 32 segments,
and thus 33 joints (31 between segments, one to
anchor the tail to the hip, and one to connect the
spikes; Figure 5.5), cannot be computed as
‘torque’ models, because the required accuracy
would result in calculation times upwards of a week
per model run. Therefore, the simplified tail version
with only five segments was used instead (Figure
5.1, 5.5). This model does not result in an identical
overall curvature, but the moment arms are suffi-
ciently similar that it can be used instead of the
more detailed tail model, because the uncertainties
in all other respect (muscle reconstruction, range



of motion analysis, implicit assumptions in the 3D
CAD model, flexion rates of the tail) have a much
larger influence on the accuracy of results. The
slight inertia differences between the two tail mod-
els do not play a significant role.

Mass Estimates and COM Position

Variations of the density of all parts of the
CAD model were undertaken, to simulate larger or
smaller amounts of soft tissues than those
assumed in the three CAD models. The position of
the center of mass (COM) was determined in the
CAE program.

The fraction of total body weight supported by
each pair of limbs is identical to 1 minus the limb
pair’s proportional distance from the COM (Alexan-
der 1989; see also Henderson 2006). Changes in
an animal’s posture alter the moment arms of body
parts, shifting the position of the overall COM. This
change can be tracked in NASTRAN, as well as
the lateral accelerations of the entire animal, here
measured at the posterior body segment. These
tests were run with both the simplified and the
detailed tail models.

Several models of tail swings were run with
the tail tip impacting a large generic object repre-
senting a mid-sized or large predator, to test the
effect of impacts on the inertia of the entire animal.
The impacts were set to a coefficient of restitution
of 0.5, meaning that 50% of the total impact energy
is transferred back to the tail, while the other half is
consumed in tissue deformation. This value is
probably too high and underestimates the stability
of the animal.

Continuous Tail Swings

Tail motions were modeled first as ‘prescribed
motion’ models, with continuous accelerations and
decelerations in each joint (i.e., the entire tail mus-
culature was assumed to be actively involved in
creating the swing), using a simple sinusoid func-
tion with a 1's, 1.5 s and a 2 s period. Crocodiles
and alligators as well as large monitor lizards can
all move their tail through large arcs in between
below 0.3 s for smaller animals and less than 0.5 s
for large animals (> 3m body length, pers. obs.),
although it is unclear whether these motions
involve the full motion range or the maximum pos-
sible speed. Flexion per joint was set to 2.5°, 5°,
and 6°, with all joints given equal values, because
mobility along the tail apparently was constant
(Mallison 2010a). Greater values would lead to the
tail tip spike hitting the trunk, unless the tail was in
an extended position. The required torque at the
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base of the tail and the speed of the tail tip in rela-
tion to the deflection angle were measured. Addi-
tionally, the models were adjusted to achieve the
same overall swing times to cover the whole arc,
but distribute the applied torque values more
evenly. All these models were run without any tar-
get for the tail to impact on. This way, it could be
determined if a strike missing the target would
unbalance the animal.

Whiplash Tail Swings

A sinusoid deflection rate leads to maximum
speed at the half-angle (i.e., when the tail is
straight). Whiplash actions shift the maximum
speed angle and can increase the top speed signif-
icantly. Since the mechanics of whiplashes are
complex, no attempt was made to calculate ideal
motions to create maximum speed or a certain high
speed across as large an arc as possible. Rather,
simple motions were improved by trial and error.
When results showed speeds high enough to
cause serious injury to other animals, optimization
of the motion was halted.

The high speeds involved in the ‘crack’ of a
bullwhip rely on two basic properties: flexibility and
a tapering diameter from the base to the tip (Bern-
stein et al. 1958). Whip dynamics are described in
detail for the tails of diplodocid dinosaurs in Myhr-
vold and Currie (1997). In principle, to create high
speeds at the end of the whip, a wave running
down the length of the whip is created by suddenly
halting or reversing rotation at the base. The wave
gains speed on its way because the constant angu-
lar momentum is applied to ever decreasing
amounts of mass under an ever shortening radius.
The simplest way to create such a motion in the tail
of Kentrosaurus with a maximum of angular
momentum was acceleration of the base of the tail,
which acts as the whip handle, starting at maximal
lateroflexion and continuing through the entire
motion arc, with the osteological or soft tissue
stops halting motion suddenly when maximum lat-
eroflexion on the opposing side is achieved. Then,
the base of the tail is accelerated in the opposite
direction, here using two-thirds of the maximum
calculated torque. The more distal joints were simi-
larly accelerated for appropriate intervals into the
direction of the swing using the full calculated
torque, and then accelerated in the opposing direc-
tion using two-thirds of the maximum torque (i.e.,
as in the continuous swing models the entire tail
was assumed to be actively contributing to the
motion). Depending on when exactly which joint’'s
direction was reversed, the top speed varied

1
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widely, and the point at which the tail tip achieved
this speed was located in different places. No
attempts were made to maximize the speeds, or
the arc across which it was achieved, but a roughly
exponential increase in tail tip speed through the
motion was aimed for. Similar motion patterns were
observed in alligators, both through direct observa-
tion and on videos, when the animals used their
tails to strike at objects.

Several different versions of the whipping
motion models were created, with shorter or longer
‘handles’, but since those with the shortest handle
produce the highest speeds resembled the
observed motions of extant crocodylians the most,
and are osteologically feasible, only these motions
are discussed here. Whiplash motions were mod-
eled only as ‘torque’ models, using the simplified 5-
segment version of the tail. Whiplash motions were
also modeled without impacts on target, to deter-
mine if the stability of the pose was influenced by
strikes missing the target.

Impact Forces

The pressure created by a spike impact on
another animal depends on the mass and speed of
the spike, which determine the impulse transferred,
and on the stopping time, as well as the contact
area. The impulse delivered to the target is

I =m *v (2),

spike spike impact

and the maximum force exerted

1

S spike

F =
impact l‘ (3 ) -

Applied over a target area A this force creates a

pressure P
1 impact

A spiketip

(4),

where Igpike is the impulse of the spike, Mgy its
mass, and Vjmpact its velocity at the time of impact,
Fimpact the force it can deliver, t the stopping time,
and Agpiketip the area of the spike tip that contacts

the target.

For the sake of simplicity, the area of the spike
tip is here assumed to be identical to that calcu-
lated for tail spikes of Stegosaurus by Carpenter et
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al. (2005), 0.28 cm?, for penetrating strikes. Stop-
ping time is difficult to estimate, and Carpenter et
al. (2005) and Arbour (2009) use the conservative
value of 0.33 s. Another example of high-energy
collisions from the paleontological literature is
head-butting behavior in pachycephalosaurs (Sniv-
ely and Cox 2008). From the deceleration dis-
tances and speeds given in that publication, the
implicitly assumed stopping time can be calculated,
which varies between 0.018 s and 0.11 s for the
average deceleration distance. However, these
deceleration distances include not only the skull-
skull collision, but additionally assume neck and
potentially hindlimb motions (Snively and Cox
2008). For investigating a collision between a Ken-
trosaurus tail spike and, e.g., the skull or torso of a
large theropod, it is impossible to estimate
whether, and how, the target body would move or
deform. However, data is available for a collision
involving a relatively stiff element, somewhat simi-
lar to a tail spike, and a softer, deformable object,
which can represent a bone/soft tissue complex:
Tsaousidis and Zatsiorsky (1996) and Tol et al.
(2002) give the time a football player’s foot is in
contact with the ball at around 0.016 s. Since force
is inversely proportional to stopping time, using
0.016 s instead of 0.333 s as the stopping time
means a ~21-fold increase in force, and thus pres-
sure. Even shorter contact times of roughly 0.01 s
are reported for football collisions in Australian
rules football by Ball (2008), slightly higher values
by Smith et al. (2009), who report an average of
0.022 s. What value should reasonably be used for
calculating a tail-antagonist collision? Pachycepha-
losaurs appear to be adapted to cushioning
impacts by flexion of the vertebral column (Carpen-
ter 1997, figure 1), which are taken into account by
Snively and Cox (2008), whereas a tail strike
against a predator’s flank could not be thus or sim-
ilarly absorbed. Also, one must assume that in ago-
nistic behavior, the participants have time to
preposition their bodies and pretense muscles to
maximize stopping time, while a predator probably
did not have this chance when a stegosaur
defended itself by tail strikes.

In bighorn sheep, deceleration takes place in
less than 0.3 s (Kitchener 1988), again in a situa-
tion where there are shock-absorbing structures
present that extend the stopping time (Farke
2008). Therefore, significantly shorter stopping
times for the bone—bone collisions (spike with thin
horn cover against skull, ribs, limbs near joints)
investigated here appear reasonable, and 0.05 s is
arbitrarily selected as the sole tested value. This



value is close to the average determined from
Snively and Cox (2008), and thus probably too
long, resulting in an underestimation of the impact
forces at least for strikes hitting bone. Longer stop-
ping times would certainly be created by collision
with large amounts of soft tissue, but such tissues
have much lower resistance to shear stress, so
that comparable injuries would result.

RESULTS

Video material cited in the text can be found
online.
palaeo-electronica.org/2011_2/255/video1.
palaeo-electronica.org/2011_2/255/video2.htm
palaeo-electronica.org/2011_2/255/video3.htm

Tail Musculature Reconstruction

The three CAD model versions of the tail used
here have total muscle cross section areas per
side at the base of the tail of 365 cm?2 (‘slim’
model), 615 cm?2 (‘medium’ model), and 1265 cm?
(‘croc’ model). In comparison, the alligator sections
scaled to the same bone dimensions show a larger
muscle cross section area (1525 cm2) than even
the ‘croc’ model. Calculated torque values avail-
able at the base of the tail vary between 542 Nm
(specific tension 20 N/cm2, ‘slim’ model) and
13047 Nm (specific tension 78 N/cm2, ‘croc’
model). The ‘medium’ model delivers a range
between 1112 Nm (20 N/cm?2) and 4336 Nm (78 N/
cm?2).

Mass Estimates and COM Position

The ‘slim’ CAD model has a total volume of
1073 L. The ‘medium’ tail model is 17 L larger, and
the ‘croc’ tail model nearly 195 L. Soft tissue den-
sity can range from 0.3 kg/L for goose necks
(Bramwell and Whitfield 1974) to 1.2 kg/L, depend-
ing on the anatomical part of the organism that is
being measured, such as neck, tail, or thorax (e.g.,
Schmidt-Nielsen 1984, 1997; Anderson et al. 1985;
Christiansen and Farina 2004). Compact bones, of
which the tail spikes are almost exclusively con-
structed, weighs nearly 2 kg/L (Currey 2002). Gen-
erally, terrestrial animals have an overall density of
roughly 1 kg/L, but values as high as 1.15 kg/L
have been reported (Bellmann et al. 2005). Here,
all body parts were given a density of 1 kg/L,
except for the tail (1.25 kg/L). All values were var-
ied in all model versions to account for slightly dif-
ferent soft tissue reconstructions. An adult
Kentrosaurus is thus estimated to have weighed
between slightly over1 t to 1.5 t. Different distribu-
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tions of the osteoderms showed a similar shift in
COM position as variations of density in different
body parts. Overall, as long as the volume of soft
tissues was varied within sensible borders in one
segment (forelimbs, trunk, hindlimbs, or neck), the
COM was not displaced by more than 0.05 m,
except for a mass increase in the tail by 195 kg
(switch from ‘slim’ to ‘croc’ model, which moved the
COM 0.15 m posteriorly. The percentage of body
weight supported on the hindlimbs varied between
70% and 94%, with most values in the 80-85%
bracket. Varying the mass of the model outside the
tail had no significant influence on the performance
of the tail.

The COM showed only minimal lateral and
craniocaudal motions for all tail deflection angles,
with full 6° deflection leading to a maximal motion
laterally of 0.086 m and 0.017 cm craniocaudally.
Accelerations remained significantly under 0.5 g in
all non-whiplash models, with maximum values of
0.63 g achieved in simple whip motions, in which
the tail slammed into the motion limits of the joints
unchecked. More complex whip models achieving
higher speeds showed lateral accelerations below
0.2 g. There were no significant differences
between the detailed and the simplified tail models.

Accelerations reached levels of ~ 7 g for
impacts on a generic body of 750 kg that repre-
sents a mid-sized to large theropod. However,
such models must be interpreted with caution,
because the Kentrosaurus model is internally stiff,
so that there is no cushioning of the impact at all,
while in reality the tail itself would probably pas-
sively flex along the entire length to absorb the
energy. Therefore, these models were no longer
assessed.

Continuous Tail Swings

Tail tip speeds for continuous swings ranged
between 3.34 m/s and 15.93 m/s, with the value for
5° deflection and 1.5 s swing time being 9.14 m/s.
These motions resulted in a sinusoid torque curve
in each joint, with the maximum value well below
the possible maximum torques calculated for the
corresponding muscle cross sections for swing
times of 1.5 s and longer, and slightly above for 1 s
swing times in the slim model. However, if the joint
orientation is not prescribed via a sinusoid curve,
but manually adjusted to create a more even
torque input, torques of ~ 70% of the theoretical
calculated maximum are sufficient to create 1 s
swing times. The ‘medium’ and ‘croc’ models had
sufficient muscle force available for 1 s swings as
well. The linear momentum of the tail tip spike pair
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Table 2. Continuous tail swings: Tail tip maximum velocities and linear momentum of the distal tail for different

deflection angles and swing times.

swing time (s) 1 1
deflection per joint (°) 2.5 5
max speed (m/s) 6.7 13.74
Linear ‘slim’, tail tip 10.7 kg 71.69 147
momentum 79.06  162.1
(kgm/s) 'medium’, tail tip 11.8 kg
‘croc’, tail tip 14.85 kg 99.50 204

ranges between 35.74 kgm/s and 191.2 kgm/s
(Table 2). Values for the ‘medium’ and ‘croc’ mod-
els are 10% and 39% greater, respectively, than
those of the ‘slim’ model, due to the greater mass.

Whiplash Tail Swings

Whiplash motions (Video 1, Video 2, and
Video 3) achieve significantly higher speeds than
continuous swings. The least muscular ‘slim’
model, at the lowest specific tension of 20 N/cm?,
reached speeds over 25 m/s, and covered an arc
of over 50° at a speed over 10 m/s (Figure 6.1).
The ‘medium’ model reached 39 m/s at this specific
tension (Figure 7.1, Video 2). All other combina-
tions of muscle reconstructions with specific ten-
sion values tested achieved at least 40 m/s
(Figures 6.2-6.4, 7, 8, Video 3, Table 3).The ‘croc’
model at a specific tension of 78 N/cm2 reaches
100 m/s, and covers an arc of over 120° at over 10
m/s, and an arc of nearly 100° at over 20 m/s (Fig-
ure 8.4).

Impact Forces

At a tail tip weight of 10.7 kg with one tail tip
spike pair, the ‘slim’ model can exert a pressure of
over 3800 N/cm? at speeds as low as 5 m/s for a
strike with a 0.28 cm? tip of a spike. At 8 m/s the
impact exceeds the failure parameters of the fron-
tal region of the human skull, which is between
4448 N/cm2 and 6200 N/cm2 (Ono et al. 1980), for
a 0.28 cm? spike tip, and at 20 m/s and 25 m/s for
a 1 cm?2 tip. At 20 m/s the pressure would be over
15 kN/cm?2 for a 0.28 cm? tail tip area. This is close
to the shear stress of cortical bone as listed by Car-
penter et al. (2005), but significantly higher than
the various values given by Currey (2002). An
impact at 40 m/s impact velocity might push the
spike tip so deep into the target body that bones a
significant distance from the surface could come
into contact with the spike tip, e.g., caudal verte-
brae. Even across a 10 cm?2 impact area, which
corresponds to a penetration depth of nearly 30
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1 1.5 1.5 1.5 2 2 2

6 25 5 6 25 5 6
15.93 4.46 9.14 11.05 3.34 6.83 8.25
1705 4772 978 1182 3574 73.08 88.28
1912 5263 1079 1304 3941 8059 97.35
1912 66.23 1357 1641 496 1014 1225

cm, a pressure of nearly 1 kN/cm2 would have
been available.

These calculations assume that a spike tip
impacts at a steep angle. At other angles the con-
tact area would be potentially much larger, and the
resulting pressure much lower, but the volume of
affected tissue accordingly larger. The ‘medium’
and ‘croc’ model tail tips are slightly heavier, due to
a slightly larger amount of soft tissues, and accord-
ingly achieve slightly higher impact forces.

Hennig (1925) and Janensch (1925) envis-
aged the tail osteoderms as evenly distributed, with
one pair of terminal spikes. If there were two
closely spaced pairs of spikes on the distal tail end
as in Stegosaurus (Carpenter 1998), the impact
forces would be significantly increased by the
much larger mass of the tail tip. Accelerations,
however, would be only minimally smaller, because
the added mass of a second spike pair is negligible
compared to the mass of the entire tail. Similarly, if
the contact time was greater due to a reduced
deceleration of the impacting spike, e.g. when
impacting on soft tissues or on a body part with
very thin bones (e.g., a skull), a larger part of the
distal tail could contribute its impulse to the colli-
sion, further increasing the pressure.

DISCUSSION
Tail Musculature Reconstruction

Of the three musculature cross section recon-
structions used here the ‘slim’ model (Figures 4.1,
5.1-5.3) is comparable to the classic bone-delim-
ited models used, e.g., by Carpenter et al. (2005)
and Arbour (2009), and the simple elliptical model
of Allen et al. (2009), with the bone sized 22% of
the muscle cross section area. The ‘mediuny’
model has 14% bone surface area, and the ‘croc’
model has 7.5%, close to the value determined for
Alligator (Figure 4.2-4.3). The latter model lies
within the variations for soft tissue extents of the
accurate models of Allen et al. (2009). Inspection
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Oto20m/s:0.74 s 0to 20 m/s: 0.495 s

top speed: 28 m/s top speed: 40 m/s

arc > 10 m/s: 52°
arc > 20 m/s: 22°

arc > 10 m/s: 87°
arc > 20 m/s: 50°

0to20 m/s: 0.465 s 0to20m/s:0.34 s

top speed: 46 m/s top speed: 56 m/s
arc > 10 m/s: 112°
arc >20 m/s: 54° 4
arc>40m/s: 8°

arc>10 m/s: 121°
arc>20m/s: 70°
arc >40 m/s: 26°

Figure 6. Modeling results of the ‘slim’ model. In each figure part the graph gives speed of the tail tip (m/s) versus
time (s), and superimposed dorsal views of the model show position of the tail as given speeds of tail tip. Arc shows
arcs covered by tail tip at speeds greater than 10 m/s, 20 m/s, 40 m/s, and 60 m/s. Time to accelerate to 20 m/s and
top speed are given, as well as arcs covered above selected speeds. Specific tension is (1) 20 N/cm?2, (2) 39 N/cm2,

(3) 50 N/cm2, and (4) 78 N/cmZ2. Combinations of speed and muscle reconstruction deemed unrealistic are marked by
a red diagonal line.
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arc>10 m/s: 77°
arc > 20 m/s: 37°

0to 20 m/s: 0.505 s

top speed: 39 m/s

0to20 m/s:0.31s

top speed:

49 m/s

arc > 10 m/s: 95°
arc > 20 m/s: 62°
arc > 40 m/s: 19°

arc>10 m/s

arc > 20 m/s:
arc > 40 m/s:
arc > 60 m/s:

0to20 m/s: 0.275 s

top speed: 62 m/s

T2
82°

0 to 20 m/s:
top speed:

arc>10 m/s

arc > 20 m/s:
arc > 40 m/s:
arc > 60 m/s:

0.195s
79 mls

:106°
79°
42°
15°

Figure 7. Modeling results of the ‘medium’ model. In each figure part the graph gives speed of the tail tip (m/s) ver-
sus time (s), and superimposed dorsal views of the model show position of the tail as given speeds of tail tip. Arc
shows arcs covered by tail tip at speeds greater than 10 m/s, 20 m/s, 40 m/s, and 60 m/s. Time to accelerate to 20 m/
s and top speed are given, as well as arcs covered above selected speeds. Specific tension is (1) 20 N/cm2, (2) 39 N/
cm?, (3) 50 N/cm?, and (4) 78 N/cm2. Combinations of speed and muscle reconstruction deemed unrealistic are
marked by a red diagonal line, and results in the best estimate bracket are marked by a green check mark.
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Table 3. Whiplash tail swings: Swing times, tail tip maximum velocities, and linear momentum of the distal

tail.
specific tension (N/cm?2) slim

torque at base Vimax
(Nm) (m/s)

20 542.8 28

39 1058.5 40

50 1357.0 46

78 2116.9 56

of X-ray and CT scans of various reptiles confirmed
that normally, the soft tissues in the tail of healthy
individuals extend beyond the bone by at least 15-
20%, more often 30 to 40%, measured in dorsal
view, similar to the values in the ‘medium’ model. In
crocodiles and alligators, the muscles can extend
to 190% of the bone structure laterally, while the
rate in the dorsoventral axis is usually close to
130%. These results diverge somewhat from those
of Allen et al. (2009), but may depend on individual
variations of the specimens studied. The large
amount of musculature on the tails of crocodiles
may be connected to the fact that they use their
tails for swimming.

In sum, the ‘slim’ model should be discounted
as unrealistically conservative (see Allen et al.
2009, Persons 2009), possibly having only half the
correct muscle cross sections. Calculations based
on it suffer not only from unrealistically low muscle
diameters and thus force estimates. Smaller mus-
cles result in lower moment arms (see examples in
Figure 4.1-4.3, 4.5). Because torque is the product
of force and moment arm, torque estimates for the
‘slim’ models may be as low as 25% of the real
value. The ‘medium’ model probably is the best
conservative approximation, while a crocodile-like
model may overestimate the muscle volume of
Kentrosaurus. However, non-avian dinosaurs
relied mainly on the m. caudofemoralis for locomo-
tion (Gatesy 1990), so a large m. caudofemoralis
and an accordingly large axial musculature should
be expected. Because thyreophorans very likely
used their tails as the primary means of defense
(e.g., Carpenter et al. 2005), it is possible that their
musculature was similarly or even more developed
then that of extant crocodylians.

Mass Estimates, COM Position, and Motions

Kentrosaurus shows the typical COM position
of quadrupedal dinosaurs, with the greater part of
the weight supported by the hindlimbs. The per-
centage of weight supported by the hindlimbs is
high for a quadruped at 80% to 85%, comparable
to many basal and some derived sauropodo-

medium croc
torque at base Vmax torque at base Vmax
(Nm) (m/s) (Nm) (m/s)
1111.8 38 33454 42
2168.0 49 6523.5 59
2779.5 62 8363.5 69
4336.0 80 13047 1 101

morphs (Henderson 2006; Mallison 2010b). For
Stegosaurus a similar COM position was found by
Henderson (1999), and the generally similar body
proportions of other stegosaurs indicate that this
pattern is true for the entire group. Due to the short
moment arm from the COM to the hips, lateral
acceleration of the entire body was probably easily
effected, allowing rapid pivoting around the hind
foot with relatively little exertion.

The large moment arm between the forelimb
and the COM, combined with the high flexibility of
the tail, lead to modest lateral accelerations of the
anterior body in all CAE models. A stiff tail would
induce a large amount of rotational inertia to the
trunk if halted suddenly, but the tail of Kentrosauru-
sas modeled here moves laterally only at its base.
Continuous flexion along the tail means that the
distal half is moving mostly anteriorly in relation to
the animal’s trunk just before reaching extreme
deflection, so that the resulting transferred moment
can easily be taken up in the forelimb. In none of
the simulation runs it is necessary to broaden the
stance in the forelimbs to increase the moment arm
by choosing a sprawling posture to achieve stabil-
ity. However, impacts of the tail on a very large
(>200 kg) and thus inert target at high speeds tend
to create large lateral accelerations, in some simu-
lation runs achieving 79 laterally, which is sufficient
to topple or laterally shift the model unless correct-
ing motions were taken in the forelimbs or
hindlimbs. These events require extreme forces in
the shoulder and elbow. Under such circumstances
a sprawling forelimb position would have been a
significant aid in stabilizing the posture, explaining
why the maximal forces in the shoulder and elbow
were possibly not caused by locomotion. More
detailed modeling of such impacts and target-miss-
ing tail swings will be needed to clarify the exact
forces and accelerations involved.

Tail Swings

For the discussion of tail swings, the combina-
tion of the under-muscled ‘slim’ model and the low-
est specific tension value, 20 N/cm?2 (Figure 6.1),
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0to20m/s:0.445 s
top speed: 42 m/s

arc > 10 m/s: 104°
arc>20 m/s: 48°

O0to20m/s:0.21s
top speed: 66 m/s
arc > 10 m/s: 130°

arc>20m/s: 99°
arc>40 m/s: 43°

0to20 m/s:0.255 s
top speed: 58 m/s
arc>10 m/s: 121°

arc >20 m/s: 100°
arc>40m/s: 37°

0to20m/s:0.15s
top speed: 100 m/s

arc>10 m/s: 123°
arc>20m/s: 98°
arc > 40 m/s: 46°
arc>60m/s: 27°

Figure 8. Modeling results of the ‘croc’ model. In each figure part the graph gives speed of the tail tip (m/s) versus
time (s), and superimposed dorsal views of the model show position of the tail as given speeds of tail tip. Arc shows
arcs covered by tail tip at speeds greater than 10 m/s, 20 m/s, 40 m/s, and 60 m/s. Time to accelerate to 20 m/s and
top speed are given, as well as arcs covered above selected speeds. Specific tension is (1) 20 N/cm?2, (2) 39 N/cm?2,
(3) 50 N/cm?2, and (4) 78 N/cm2. Combinations of speed and muscle reconstruction deemed unrealistic are marked
by a red diagonal line, results in the best estimate bracket are marked by a green check mark.
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will be ignored, because it suffers from a multiplica-
tion of errors, not only addition (i.e., if half the cor-
rect moment arm is multiplied by half the correct
force, the resulting torque will be only 25% of the
true value), that make the final results unrealistic.
The unrealistically low muscle cross section results
in too low a calculated force, which is then multi-
plied with the moment arm that is also too low
because of the anorexic reconstruction. Although a
specific tension of 20 N/cm? is a realistic value, it is
at the lower end of the range reported for muscles
of larger animals, and thus cannot ameliorate the
effect of the double error introduced by the ‘slin’
musculature reconstruction. Similarly, models
using specific tension values greater than 50 N/
cm? are discounted here as well (Figures 6.4, 7.4,
8.4), because recent experimental studies consis-
tently find values below 60 N/cmZ2. Although it is
certainly possible that values between 50 N/cm?2
and 60 N/cm? as found by O'Brien et al. (2010) or
values below 20 N/cm2 (e.g., Maganaris et al.
2001) are also correct, using the 20-50 N/cm?2
range eliminates the highest and lowest extremes
of the reliable values. The combinations of the
‘medium’ and the ‘croc’ model with a specific ten-
sion value of 20 N/cm?2 to 39 N/cm? are considered
to provide the range of best estimates here.

All other models reach top speeds of at least ~
40 m/s, and the arc covered at over 10 m/s is
greater than 75° (Figures 6.2-6.3, 7.1-7.3, 8.1-8.3).
Using the lowest specific tension value of 20 N/
cm2, the two realistic musculature reconstructions,
the ‘medium’ and ‘croc’ models, arc greater than
90° at 10 m/s and nearly 40° above 20 m/s (Fig-
ures 7.1, 8.1). At this speed the spikes could pene-
trate deeply into soft tissues or between ribs and
were able to shatter bones. Using 50 N/cm?2, these
models top 60 m/s, arcing over more than 80° at
over 20 m/s (Figures 7.3, 8.3). Impacts at this
speed, creating localized pressure over 5 kN/cm2,
would have been sufficient to cause serious, likely
fatal injury independent of the exact body part hit
and the exact geometry of the impact, because the
failure parameters of even relatively strong bones
are exceeded (e.g., Ono et al. 1980).The best esti-
mate models suggest top speeds between ~ 50 m/
s and 55 m/s, and high speeds (> 20 m/s) across
arcs greater than 60°.

Penetrating Impacts

Penetrating impacts at 10 m/s created forces
greater than those sufficient to fracture a human
skull (Ono et al. 1980), and thus were probably
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hard enough to pierce integuments and fracture
bones close to the surface such as ribs or some
facial bones, the latter even of large theropods. At
20 m/s the impact energy was probably sufficient to
drive the spikes deeper, despite the increasing
diameter. Because the tail tip spikes of Kentrosau-
rus are very slender, their diameter increases little
with increasing penetration depth, so that deeper
penetration requires little additional force. The
cross section area of importance is therefore that
directly behind the apical diameter increase. Due
to the flattened shape, the cross section area here
is roughly 9 cm2 in MB.R.3803 on both spikes (~
10 cm? including a thin keratin layer), while those
of the longer spikes mounted on the exhibition
mount in the MFN (MB.R.4842and 4843) are
slightly larger, at 13 cm2 and 13.5 cm?2, respec-
tively. This means that the tail tip moving at 40 m/s,
a value achieved as top speed by all realistic mod-
els and across a significant arc by the ‘medium’
model for a specific tension of 50 N/cm?2 and the
‘croc’ model for 39 N/cm?2, the spikes were able to
crush bones equivalent to a human skull.

When striking the torso, however, the lance-
like shape makes it likely that the spikes would slip
on ribs and push through the intercostal muscula-
ture. Even below 20 m/s the models predict impact
forces sufficient to cause deep penetration if only
soft tissues are hit. Once the body wall of the trunk
was perforated, the spikes could slip deeply into
the lungs or intestines against little resistance,
causing massive and probably lethal soft tissue
damage. Strikes at the posterior end of the ribcage,
where no sturdy girdle elements are in the way,
and where ribs tend to be less stout in dinosaurs,
would be especially effective. Probably even more
dangerous were hits on the neck. Less deep,
because of the slightly greater resistance of mus-
cles, but still incapacitating injury probably
occurred on the tail base (comparable to that of the
Allosaurus caudal described by Carpenter et al.
[2005]) and limbs.

As shown by Carpenter et al. (2005), pene-
trating strikes create a high risk that spikes become
lodged in the target body and subjected to high
bending moments. This possibility causes a high
risk of fracture, even more so in the slimmer Kent-
rosaurus spikes than in the sturdier osteoderms of
Stegosaurus.

Slashing Impacts

If the tips of the spikes were drawn across a
predator’s body, the effect would depend on the
exact angle. If there were sufficient pressure, the
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high speed and sharp tip would lead to gouging
injuries, with the spike tip cutting into soft tissues
and potentially fracturing thin, superficial bones.
The keels on the spikes may indicate a keratin
sheath that exaggerated the keels, making the out-
side shape more blade-like (H. Larsson, personal
commun., 2010). However, the keels were propor-
tionally small in tail spikes, and in the tail tip, spikes
mostly are not ridges sticking out, but only sudden
changes in curvature (Figure 3.2), so that this pos-
sibility remains speculative, and is ignored here.
Slashing hits are potentially lethal where large
blood vessels run close to the surface of the body
without being protected by thick bone, e.g., on the
skull and neck. Sheet-like muscles such as the m.
trapezius are at the risk of being totally severed,
while thicker muscles can be harmed badly as well,
so that loss of limb function is a realistic danger.
Slashing impacts likely were rare, because the
strike geometry requires that the target is at exactly
the right distance to the stegosaur. A little further
away and the tail misses, a little closer and the
impact becomes a blunt strike. However, if such
hits occurred, the calculated impact energies were
certainly sufficient to cause dangerous wounds.

Blunt Impacts

Given the angled attachment of the spikes on
the tail, this type of impact is the most likely.
Among this category, those strikes must also be
counted in which the tip of the spike initially pene-
trates, but at a shallow angle, so that almost imme-
diately a large area comes into contact with the
target.

Blunt strikes distribute the energy of the
impact on a larger force than penetrating strikes,
reducing the peak pressure. The larger the area,
the lower the pressure on any specific point. The
effective contact surface of a stegosaur tail spike
may have been as large as half the total lateral
aspect, roughly 120 cm?2 (Figures 1, 3). In a blunt
strike, the spike would therefore not penetrate the
integument. Instead, the spike would be brought to
a halt in contact with the target's surface, transfer-
ring probably not only the kinetic energy of the tail
tip, but that of the entire distal part of the tail. How-
ever, because the tail consists of not just one rigid
block, but a system of links embedded in muscle,
the deceleration would result in some internal
motion. Combined with the absence of penetration
this means that the contact time between spike and
target would be relatively long, giving bones close
to the surface time to break due to bending, not
due to being crushed locally by a point impact.
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In the interest of traffic safety, a number of
studies have been performed in which impactors of
various weights were used to cause blunt trauma in
human cadavers at speeds typical for auto acci-
dents, usually under 10 m/s. Viano et al. (1989)
used a circular 23.4 kg impactor with a 177 cm?
impacting surface at speeds of 4.5 m/s, 6.7 m/s
and 9.4 m/s in lateral impacts, causing rib fractures
and occasionally pubic ramus fractures. Talantikite
et al. (1998) used smaller impactors (12 kg and 16
kg) of the same size and a narrower speed range
(6 m/s to 8.5 m/s). During 11 tests on human
cadavers they recorded between three and eight
broken ribs, with between three and 16 separate
fractures (Talantikite et al. 1998, table 5). Both
studies also recorded occasional liver ruptures
(Viano et al. 1989; Talantikite et al. 1998). Impacts
of the 23.4 kg impactor at 9.4 m/s are roughly com-
parable to a 10 m/s blunt impact of a Kentrosaurus-
tail tip spike, while those of the lighter impactors
create lower forces on the thorax than a spike hit
would. In summation, it is reasonable to assume
that at least similar injuries occurred during tail
impacts on targets with rib sizes similar to humans.

This means that even at modest speeds, the
tail of Kentrosaurus could cripple small and
medium-sized theropod no matter what angle the
tail tip spikes impacted. Large predators with a
thick integument probably suffered only minor inju-
ries at low impact speeds. However, a doubling of
the impact speed to 20 m/s means that the impact
force is also doubled, while at 40 m/s the force is
quadrupled, so that all tail strike models deemed
realistic could cause multiple rib fractures even in
large theropods. For example, the anterior dorsal
ribs of the abelisaurid theropod Majungasaurus
crenatissimus (Depéret, 1896) Lavocat, 1955 mea-
sure less than 30 mm across the base of the shaft
(O'Connor 2007) and are thus less than four times
as strong as human ribs, which have an average
greatest shaft thickness of roughly 12 mm (e.g.,
Abrams et al. 2003). Other structures of similar
robustness could also be broken by blunt strikes,
such as scapula blades or facial bones.

Aside from breaking bony structures, the
impact of a club can cause other potentially lethal
injuries, e.g., the rupture of internal organs or blood
vessels, or severe muscle damage. Strikes to the
skull can result in concussions or intracranial
lesions.

Tail Swing Times

Despite the threat to attackers posed by the
tail, Kentrosaurus was apparently not immune to



attacks, especially by predators that were fleet of
foot. Collision speeds are much lower near the
base of the tail than at the tip, so that a quick dash
just after the tail had passed could have allowed a
predator to get close enough to the tail base to be
safe from lethal or serious injury. A return of the tail
on the reverse swing takes between 1 s and 4 s in
the ‘torque’ models, depending on the applied
torques, giving ample time for a well-timed sprint
across the 3 m distance between the hips of Kent-
rosaurus and a safe spot just outside the tail's
reach. Also, the tail covered only the posterior
aspect, so that the anterior body and neck were
unprotected (Mallison 2010a). Of this area, as
much as 90° may have been covered at speeds
sufficient to cause lethal injury (‘croc’ model, 50 N/
cm?, Figure 8.3). However, this means that three
quarters of the stegosaur were exposed to attacks
unless the animal reacted timely to a threat and
rotated the entire body so that the ‘danger zone’ of
possible high tail speeds faced the threat. Defen-
sive action thus required a good overview of the
immediate surroundings. The 360° circumferential
visibility required a maximally extended and thus
vulnerable neck, while lateral flexion of the neck
resulted in a large dead area created by the body
(Mallison 2010a). In any case, rapid pivoting of the
entire body was required to bring the tail to bear,
facilitated by the extremely posterior COM position.

An important point about the times for strikes
calculated here is that the tail is already in a maxi-
mally lateroflexed position at the beginning, thus
positioned for a full-power strike. Another advan-
tage of this prepositioning is that it allows the mus-
cles of the extended side that will have to perform
the strike to be maximally stretched. The passive
part of the muscles’ force production curve can
thus be used to generate a high torque and rapid
acceleration quickly. Essentially, part of the force
required to perform a rapid strike can be delivered
by the muscles of the contralateral side of the tail
and stored in the stretched muscles. Extant moni-
tor lizards and crocodylians sometimes prepare for
defensive action in this way. Komodo dragons
(Varanus komodensis) occasionally even run away
holding their tails off the ground and strongly later-
oflexed and strike at pursuers when they come into
range (pers. obs.). The time to preposition the tail
must be added to the times calculated here if an
attempt is made to judge the time interval between
two swipes of the tail, i.e., the time window avail-
able to a predator to get close.
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Comparison to Previous Works

A comparison of the results presented here to
those of Carpenter et al. (2005) and Arbour (2009)
is difficult. The torque values calculated here are
significantly higher than those found by Carpenter
et al. (2005) for Stegosaurus and Arbour (2009) for
ankylosaurs, due to the extremely low estimates of
muscle cross sections in these studies. However,
because Carpenter et al. (2005) and Arbour (2009)
incorrectly used the half-width of the reconstructed
tail, represented by the distance between the hori-
zontal tail midline and tip of the transverse process,
the assumed moment arms do not conform to the
musculature reconstructions, and may in fact be
close to the actual values (see Figure 4 on moment
arm position versus muscle size), so that the over-
all error in Carpenter et al.’s and Arbour’s calcula-
tions is much smaller than that of the ‘slim’ model
used here. Additionally, Carpenter et al. (2005)
miscalculated several values, resulting in a roughly
10-fold increase of the estimated pressure at
impact in their Method 1 (Carpenter et al. 2005,
p.336), and used an incorrect physical formula
(Pressure is defined as Impulse per Area instead of
Force per Area, Carpenter et al. 2005, p. 340).
Also, the motion range of the tail was estimated
very low, with an average limit of below 2.5° per
intervertebral joint (Carpenter et al. 2005, p. 340)
between osteoderm plates and total rigidity
assumed within segments (Carpenter et al. 2005,
p.338, contra ibid, figure 17.6a). lllustrations of
Stegosaurus caudals in Marsh (1880), Gilmore
(1914), and Galton and Upchurch (2004) and per-
sonal inspection of mounted skeletons in the NMS
and DMNS do not indicate a significantly reduced
lateral mobility compared to Kentrosaurus. Carpen-
ter (1998, figure 5a) showed a hypothetical Stego-
saurus tail without osteoderms at maximum flexion,
in an overall curve generally similar to that found
for Kentrosaurus at 5° by Mallison (2010a). Larger
amount of soft tissues than assumed by Carpenter
(1998) and Carpenter et al. (2005) would allow
more motion, and it is also not clear why mobility
should be possible in only one single joint, and not
a group of two or three joints at the overlap points
of osteoderm plates. Biomechanically, such a sys-
tem with no motion in most joints and significant
motion in one single joint should lead to differing
joint morphologies, which are not visible on any
known skeleton.
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SUMMARY

The tail of Kentrosaurus probably had a large
motion arc covering the entire half-circle behind the
animal (Mallison 2010a). Modeling results indicate
that it could swing across most of this arc with suffi-
cient speed to cause serious injury. Muscle force
estimates at the unrealistic lower end of the spec-
trum reported here result in moderate impact
speeds and impact forces. Such hits certainly
smarted, comparable to the hits large extant moni-
tors distribute with their tails (e.g., Holland 1915).
More muscular and realistic models of Kentrosau-
rus achieve speeds at which impacts could seri-
ously harm predators. Without whiplash motion,
speeds of approximately 5-14 m/s could likely be
achieved for the tail tip, depending on the specific
tension of the musculature assumed. In the case of
spike tip hits with an intact horn cover, as envis-
aged by Carpenter et al. (2005) for Stegosauru-
sand with the impact angle close to 90°, at these
speeds the tail spike tips could very likely penetrate
soft tissues deeply, and fracture thin bones such as
ribs or facial bones. Collisions with larger contact
areas, e.g. the side of a spike, at any significant
speed would result at least in the typical injuries
resulting from blunt trauma with moderate energy,
such as concussions, large hematomas, and crush
injuries. Simulations of simple tail swings using the
largest musculature reconstruction, the ‘croc’
model’, suggest that a hit squarely on a predator’s
skull may well have been sufficient to maim or Kkill
even without whiplash motions.

Whiplash motion models indicate high tail tip
velocities and thus impact forces for relatively low
accelerating and decelerating torques. Large arcs
could be covered at speeds greater than 20 m/s,
and top speeds of ~ 40 m/s appear realistic. The
risk of the tail damaging itself when hitting osteo-
logical stops seems minimal due to the motion
geometry. Whiplash strike simulations predict
impact forces easily sufficient to cause critical inju-
ries on predators of all sizes. Within the arc cov-
ered by the whiplash swing of the tail tip at speed
greater 40 m/s, which is small compared to the
total motion range of the tail but may have
amounted one quarter of the animal's aspect,
strikes probably could cause lethal deep penetrat-
ing trauma to the head, neck, and torso of even
large predators. For small- to medium-sized (< 200
kg) theropods even impact speeds of 20 m/s or
less were potentially lethal, due to the large inertia
of the ftail tip. Blunt trauma of the skull was likely
incapacitating, while internal organs may have
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been less affected, although a strike against the
ribcage would likely have resulted in multiple rib
fractures.

An aimed blow required exact timing of the
impact in both space and time. At slow swing
speeds (2 s), a near miss would invite a predator to
step into the arc, exposing the tail base and pelvic
region to bites. The swing speeds and tail tip
speeds sustained across large arcs, however, sug-
gest that such an attack strategy was risky,
because realistic models predict swing times much
lower than 1 s, and times to accelerate the tail tip to
speeds sufficient to cause serious injury at below
0.5 s. Return strikes may have been possible in
less than 2-4 s. Overall, modeling results suggest
that Kentrosaurus was capable of defending itself
effectively against any single threat, so that coordi-
nated attacks by two or more predators may have
been required to endanger the animal.
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