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Abstract. Thyreophora is a taxon of dinosaurs composed of Stegosauria and Ankylosauria, whose members
have been known to utilise their tails as powerful defensive weapons. Remains of these dinosaurs are scarce; the
Portuguese taxon, Miragaia longicollum, known from three individuals, provides precious pieces of information on the
anatomy of these rare animals. This study estimates the stress resistance of a stegosaurian tail and uses Multi-Body
Dynamics Analysis (MBDA) to properly simulate the movements of the tail of M. longicollum. The results show that
the tail of M. longicollum can achieve high speeds and generate significant pressures, akin to those observed in other
tyreophoran dinosaurs. Such high speeds would potentially generate powerful strikes and would inflict injuries on
predators. However, the caudal spines of M. longicollum, despite being larger than those of Stegosaurus stengps, have
worse stress-bearing performances than those of 5. stengps, due to their different morphology. Investigating the com-
plex biomechanics governing the tail of a dinosaur, such as M. longicollun, can have significant implications across vari-
ous disciplines. Investigating biomechanics in extinct species offers valuable insights into comparative anatomy and
physiology, facilitating connections between ancient and contemporary life forms. Palacontologists and evolutionary
biologists might use this information to better comprehend the dinosaur movement, which would advance our un-
derstanding of ancient ecosystems and have an impact on how we interpret the behaviour of contemporary animals.
The knowledge obtained from such study might provide useful biomimicry lessons for robotics engineers, serving as
inspiration for the creation of more adaptable and agile robotic systems.
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INTRODUCTION

Stegosauria is a suborder of armoured her-
bivorous ornithischian dinosaurs that is part of the
clade Thyreophora, the sister taxon to Ankylosauria;
it was named after the earliest recognised species,
Stegosanrus stengps (Marsh, 1887). Stegosaur dinosaurs
have been recovered in present-day North America,
Europe, Asia, and Africa, from sites dating from the
Early to the Late Jurassic; they become scarcer in the
Early Cretaceous from Siberia (Marsh 1887; Averi-
anov & Krasnolutskii 2009; Mallison 2015; Costa &
Mateus 2019; Jia et al. 2024; Li et al. 2024; Zafati et
al. 2024); the youngest remains possibly date to the
Late Cretaceous of India (Galton & Ayyasami 2017),
and China ( Jia et al. 2024; Li et al. 2024). The stego-
saur remains found in Europe have been historically
attributed to Dacentrurus armatus (Owen, 1875) until
it was possible to identify the fossils of Miragaia lon-
gieollum (Mateus et al., 2009) as belonging to a new
genus and species of dinosaur. The remains of M.
longicollum were uncovered in Upper Jurassic rocks
belonging to the Lourinha Formation cropping out
in Western Portugal. The name of the genus comes
from the adjacent settlement of “Miragaia”, which
means “wonderful goddess of the Earth,” while the
species name comes from the Latin term /ongicollum,
meaning “long neck”. The species name reveals one
of the autapomorphies of the genus, which is the
possession of 17 cervical vertebrae, thus possessing
the most elongated neck among Stegosauria (Cos-
ta & Mateus 2019). To date, the remains of three
individuals have been described, and all have been
recovered from strata of the Lourinha Formation
in Portugal (Mateus et al. 2009; Costa & Mateus
2019), allowing a nearly complete reconstruction of
the animal. The last described specimen, MG 4863,
remarkably preserves an almost intact tail, includ-
ing 25 caudal vertebrae and one caudal spine; this
facilitate the acquisition of essential data required to
conduct computer simulations and explore its dy-
namic properties. Another feature characteristic of
M. Jongicollum is the sigmoid shape of the cross sec-
tion of the caudal spines (Costa & Mateus 2019, Fig.
068), different in comparison to the ellipsoid shape
of the caudal spines of . szenops (Marsh 1887; Car-
penter et al. 2005; Maidment et al. 2015).

Different approaches have been employed in
studying the dinosaur tail motion, (Gertsch 1994;
Arbour & Zanno 2018 and references therein).
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Among them stands Multibody Dynamics Analy-
sis (MBDA), which has been used in the present as
well as in former (Mallison 2011) studies. MBDA
is a technique employed in several scientific disci-
plines, including aerospace, building, and automo-
tive engineering, to evaluate the motion of intricate
mechanical systems (Langenbach et al. 2002; Cur-
tis et al. 2008; Moazen et al. 2008; Lautenschlager
2020). In this context, Multibody Dynamics Analy-
sis (MBDA) stands out as a pivotal tool for inves-
tigating the biomechanics and dynamics of extinct
species. Given some simplifications, the skeleton of
vertebrates can be compared to a complex system
of interconnecting rigid components coupled with
kinematic restrictions and lasting stresses. The cau-
dal axial muscles, which are further subdivided into
epaxial and hypaxial muscles, control the mobility
of the tail and hindlimbs (Hutchinson et al. 2019;
Diez Diaz et al. 2020). MBDA has already been ap-
plied to estimate the tail dynamics and behavioural
patterns of several groups of dinosaurs (Mallison
2015; Conti et al. 2020; Van Bijlert et al. 2021). It
aids understanding the function and development
of various anatomical features and behaviours, that
could never be tested otherwise (Lautenschlager
2020). Thyreophora, along with some Sauropoda
members (e.g. Shunosaurus liz, Dong et al. 1983), is
the dinosaur group that has demonstrated tail wea-
ponisation (Bakker 1986; Carpenter et al. 2005;
Arbour 2009). The hypothesis that stegosaurian di-
nosaurs could be able to use their tails for defence
was advanced since the first findings (Marsh 1880;
Lull 1910). Studies such as Gilmore (1914) and Ja-
nensch (1925) have contested its validity, suggest-
ing that the vertebral column may have lacked the
necessary flexibility for effective defensive purpos-
es. Direct evidence in favour of tail-blow-inflicted
damage is necessarily scant. Yet, a caudal vertebra
trom Allosanrus fragilis (specimen UMNH 10781)
revealed a pathology affecting the caudal rib, com-
patible with the morphology of a caudal spine of
Stegosaurus stenops (Carpenter et al. 2005). The initial
application of MDBA to stegosaurian dinosaurs,
exemplified by the study of Kentrosanrus aethiopicus,
involved quantifying the range of motion of its tail
and simulating its movement to explore defensive
capabilities (Mallison 2011). In this work, we apply
MBDA analysis to answer the question of whether
M. longicollum could have utilised its tail and caudal
spines as a weapon.
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Fig. 1 - Photographic material of the
tail modified from Costa and
Mateus (2019) (a); geometric
model used by the software
MBDyn (b); model used in
the visual reconstruction (c).
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MATERIALS AND METHODS

The simulation model is based on the fossils
referred to as MG 4863. Data were collected from
published information on this specimen (Costa &
Mateus 2019) and the missing elements were stati-
stically calculated using the maximum likelihood me-
thod (Kang 2013) to complete the model (Fig. 1).
The thickness of the articular cartilages is estimated
to range between 15% and 12% of the length of the
consecutive element (Fig. 2), as suggested by previous
studies (Diez Dfaz et al. 2020). The total number of
tail elements for M. longicollum is unknown, with 25
preserved elements reaching up to the 37" position,
and five more hypothesised missing elements (Fig. 1;
Costa & Mateus 2019). Thus, the model comprises
42 cylinders, each representing a caudal vertebra, and
22 cones, each representing a caudal spine (Fig. 1).
Hinge joints intersperse each cylinder, to simulate
the action of the articulation between bones; and a
deformable joint superimposes each hinge joint, to
simulate the action of ligaments and bones. The de-
formable joints are posed to restrict the rotation in
the lateral plane, also acting as dampers (Fig. 2). The
tail mass was calculated by estimating the volume of
the cylinders and multiplying it by the average densi-
ty of flesh (1 kg/1), as in previous studies (Mallison
2015). The tail model is reconstructed with a total
length of 264 cm and a total mass of 326.58 kg. The
eleven pairs of caudal spines were hypothesised ba-
sed on the whole tail being covered by spines, as in
other stegosaur dinosaurs like K. aethiopicus (Costa &
Mateus 2019). The addition to the model of the cau-

dal spines increases its mass by an additional 138.7
kg, calculated considering the sum of the mass of
cancellous, compact and keratin tissues that would
have composed the caudal spine in life.

The dynamic and mathematical model of M.
longicollum ~ taill has been buit in MBDyn
(https:/ /www.mbdyn.org/index.html), and the
simulation results have been visualised in Blender,
with the add-on Blendyn, by Andrea Zanoni.

The tail movement is imposed only on the
first eight elements of the model of M. Jongicollum
tail. The region corresponds to the front quarter of
the model’s length and is the zone where the larg-
est musculature was present, according to previous
studies (Carpenter et al. 2005; Conti et al. 2022). The
motion was restricted to a single plane to save com-
puting time, assuming that the tail musculature would
be able to maintain the tail parallel to the ground.
Each cosine function is tested at four different fre-
quencies (1 Hz, 1.25 Hz, 1.5 Hz, and 2 Hz), with
frequency serving as the sole variable across the four
simulations. An applied stiffness value of 1.5¥10° N
m/rad and a damping value of 3.5%10* N m/rad en-
sure that the deformable joints maintain the model’s
integrity. Furthermore, the model is bound to a fixed
element, corresponding with the sacrum in the ani-
mal, serving as a spatial constraint while running the
simulation (Conti et al. 2022; see Supplementary Ma-
terials for the code of the model and simulation, S1).
The model for the visual simulation was created us-
ing reference materials provided by Francisco Costa,
incorporating photographic references and recon-
structed models. These references include specimens
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like the Kentrosaurus aethiopicus from Berlin and the
Stegosanrus stenops specimen NHMUK PV R36730.
The impact forces produced by the model of the tail
of M. longicollum were estimated following the ap-
proach of previous studies, based on other members
of Thyreophora (Carpenter et al. 2005; Arbour 2009;
Mallison 2011). The momentum generated by the
movement of the tail model is calculated consider-
ing the total weight of 35.15 kg of the thagomizer
(the most terminal caudal portion of the tail, which
includes the last two pairs of caudal spines), and it
is tested at the various velocities obtained from the
MBDA simulations. Four different stopping times,
obtained from the literature (Carpenter et al. 2005;
Arbour 2009; Mallison 2011; Russel 2017) were used
for the force calculus, ranging from 8.5%10"s up to
0.5 s. To enable comparison, the stress (o) is calcu-
lated by dividing the Force by the impact area, which
is kept constant at 2.8%10° m?* (Carpenter et al. 2005).

The two morphologies of the caudal spines
of M. longicollum and S. stenops were compared for
their stress-beating capabilities, since M. longicollum
possesses caudal spines with a sigmoidal cross-sec-
tion, different from the elliptical cross-section of .
stenops. The actual measurements obtained from the
specimens MG 4863-39 (Costa & Mateus 2019) and
NHMUK PV R36730 (Maidment et al. 2015) were

used to reconstruct the proportion of the models
of caudal spines, approximating mass and length by
considering the characteristics of each component,
including keratin (McKittrick et al. 2012), spongeous
and compact bone. The two models were then com-
pared assigning the same dimensions to test them.
Data on the strength of bones were collected from
different animals. The ultimate tensile strength was
considered to range between 100 MPa and 210 MPa,
data related to American alligator (Aligator mississip-
piensis) and Sarus crane (Grus antigone) bones (Currey
1987). The Poisson ratio employed for cortical bone
in our study is 0.3, as reported in the article by Cur-
rey (1985). The ultimate compressive strength values
were estimated at 170 MPa, obtained from data col-
lected from ostrich bone samples (Conti et al. 2023)
and 210 MPa from data collected from crocodile
bone samples (Welgemoed 2018).

REsuLTS

MBDA simulation

The parameters of tail stiffness and damping
were initially set at 1¥10* Nm/rad and 1*10* Nm/rad
respectively, to better emulate the natural movement.
The mass of the caudal spines was later added to the
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Fig. 3 - Speed of the tail tip in absolute values, reached by the four
tests performed. (a) with 1.00 Hz, (b) with 1.25 Hz, (c) with
1.5 Hz and (d) with 2.00 Hz.

model and the frequency was increased. These modi-
fications would lead to the failure of the simulation,
as the joints would overextend beyond the imposed
limits; a phenomenon that would correspond to the
breaking of the animal’s tail. To accommodate the
new conditions, stiffness and damping parameters
were increased to 1.5%10° Nm/rad and 3.5%10* Nm/
rad, to maintain the integrity of the model and per-
form a complete simulation. The maximum veloci-
ty achievable is limited by the fixed base of the tail,
representing the attachment of the tail to the body,
which limits the angle of motion of the whole tail, as
in the simulations performed on K. aethiopicus (Mal-
lison et al. 2015). The simulation at the lowest fre-
quency of 1Hz achieved a maximum velocity of 12
m/s (Fig. 3), with a 2 m displacement of the tail tip
towards the animal’s front and a 118° arc traversed by
the tail (Fig. 4). The simulation performed with the
frequency of 1.25 Hz attained a peak velocity of 17
m/s, a point-end displacement of 2.5 m, and a lateral
arc of 148°. The third simulation with a frequency
of 1.5 Hz achieved a peak velocity of 20 m/s (Fig.
3), reaching a point-end of neatly 3 m, and a 168° arc
(Fig. 5). The fourth simulation with the highest fre-
quency of 2 Hz reached a maximum velocity of 26
m/s (Fig. 3), with the point-end of the tail surpassing
3 m toward the front of the animal, covering a 198°
arc (Fig, 5; see also Supplementary Material for the
video of the simulation, S2).

Fig. 4 - Path followed by the tail during the tests at (a) 12 m/s and
(b) 17 m/s speed.

Force of impact

The whiplash of the tail model is calculated
as an impulse (M) equivalent to the product obtai-
ned by multiplying the estimated total weight of
35.13 kg (m) of the thagomizer by the vatious ve-
locities obtained from the MBDA (v); the obtained
values range from 421.55 kg m/s to 913.36 kg m/s.
The range of forces, calculated as the impulse (M)
divided by the stopping time (sT), for the tail model,
ranges from 0.84 kN, with a hypothetical stopping
time of 0.5 s, up to 1074.54 kN, with the shortest
stopping time of 0.00087s reported in the literature
(Russell 2017). The stress (0) ranges from 30 MPa to
38 GPa (Tab. 1).

Caudal spines (thagomizer) performances

We performed two stress tests for bending
and compression of the caudal spines, using both
a standardized length of 1 m for both taxa and the
actual length of the fossil specimens (Fig, 6). For
the caudal spines of 1 m in length, the bending
test shows that M. Jongicollum caudal spines could
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Fig, 5 - Path followed by the tail during the tests at: (a) 20 m/s and
(b) 26 m/s speed.

bear stresses ranging from 11.70 N to 2.45 X 10°
N around the minor axis, and from 6.9 N to 1.45 X
10° N around the major axis. In contrast, the caudal
spines of §. stenops could bear stresses ranging from
28 N to 5.88 X 10° N around the minor axis, and
from 17.11 N to 3.95 X 10° N around the major axis
(Tab. 2). For the actual caudal spine sizes, the ben-
ding test shows that M. longicollum could bear loads
ranging from 1.86 N to 3.91 X 10* N around the
minor axis, and from 1.12 N to 2.35 X 10* N around
the major axis. The caudal spines of §. szenops could
bear higher stresses ranging from 4 N to 2.01 X 10°
N around the minor axis, and from 2.42 N to 1.20
X 10° N around the major axis (Tab. 3).

For the spines length of 1 m, the compres-
sion test shows that M. /longicollum caudal spines
could bear stresses ranging from 1.68 X 10* N to
8.32 X 10° N, while 5. stengps caudal spines could
bear stresses ranging from 2.64 X 10* N to 1.31 X

Miragaia longicollum Stegosaurus stenops
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Fig. 6 - Shapes used for caudal spines bending and compression be-
haviours. Rhomboid section for M. longicollum (a) and ellip-
soid for . stenops (b). The minor axis is indicated in orange,
while the major axis is shown in red. Graphs illustrating the
bending (c, d) and compression (e, f) behaviour of the cau-
dal spines of M. longicollum and S. stengps, respectively. The
graphs on the left (c, e) depict the caudal spines tested at
the same length (1 m), whereas the graphs on the right (d, f)
show the caudal spines tested at their actual lengths (0.75 m
for . stenops and 1 m for M. longicollum).

10" N (Tab. 4). For the actual caudal spine sizes, M.
longicollum might bear 4.90 X 10° N to 2.42 X 10° N,
whereas S. stenops might bear 6.05 X 10° N to 5.31 X
10°N (Tab. 4). These results are illustrated in Fig. 6.

DiscussioN

The tails of stegosaurs possessed a greater
degree of flexibility when compared to those of
ankylosaurs (Arbour et al. 2018). In the event of
a collision, the caudal spines on the stegosaur tail
were designed to cleave through tissue instead of
causing bone damage or tissue bruising (Carpenter
et al. 2005). While the likelihood of internal organ
damage was relatively low, the caudal spines could
still inflict significant harm by slicing through skin
and muscle, resulting in severe blood loss and mu-
scle trauma (Gertsch 1994). Simulations indicate
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Carpenter Weigit Weight Momentum Sty Stress impact of
i thagomizer th gt Speeds of Iy Force Jit |Stressimpact| impactof Momentum | Force J/t stop | Stress impact Iv2 Be
tstop(s) | ¢ 22 M. s"gf”""'er the model |™ V(! ’3 S) | stop (kN) M. | (MPa) M. |only2 spines| m*V(kg*mis) |  (kN)S. (MPa) S. ol an 5"_;"*
m2‘ longicolls : K . (m/s) o l'ct'Jﬂ'um longicollum | longicollum (MPa) M. S. stenoy J J (stena) s
(m2) (kg) tke) g longicollum op
Carpenter

time 0.333 | 2.80E-05 35.13 14.00 12.00 421.55 1.27 45.21 22.61 168.00 0.50 18.02 9.01
me | 0. 17.00 597.20 1.79 64.05 32.02 238.00 0.71 25.53 12.76
20.00 702.58 2.11 75.35 37.68 280.00 0.84 30.03 15.02

26.00 913.36 2.74 97.96 48.98 364.00 1.09 39.04 19.52

Tab. 1 - The table shows the calculus done using the different stopping times (Yellow=Carpenter; Orange=Mallison; Red=Baseball hitter;

Green=Optimistic). See text for further explanation.

that M. longicollum might actively utilise its tail as a
weapon for defence. However, they also demon-
strate that the caudal spines’ distinctive cross-sec-
tional form is not as strong as those of its American
equivalent, S. stenogps.

MBDA modelling

The use of cutting-edge methods such as
MBDA in biomechanical studies of stegosaurian
tails, coupled with recent advancements in compu-
ter technology and its high performance, has not
only enabled the exploration of questions that were
previously unanswerable but has also significan-
tly reduced the time required for comprehensive
analysis compared to earlier methodologies. Althou-
gh the model is a simulation and therefore a simpli-
fication of reality, the results presented in this paper
provide a better understanding of the capabilities
and dynamics of the tail of an extinct taxon. The
mass estimated for the model (326.58 kg without
the caudal spines, 465.28 kg including the spines) is
comparable to Mallison’s “slim” model of K. aethio-
pieus (Mallison 2011), pointing to a musculoskeletal
system for the tail of M. Jongicollum.

Comparison with previous studies

The results obtained regarding the tension
and pressures developed by the impact of the tail of
M. longicollum presented in this study are congruent
and follow the same approach as the one used in
previous studies (Carpenter et al. 2005).

Impact Forces. In previous works, S. stenops was
able to swing its tail up to exert 360-510 N of force,
which is more than adequate to harm tissue and bone
(Carpenter et al. 2005). This was demonstrated with
an estimated spike-tip impact area of 2.8%10-5 m?
resulting in an impact stress of 13-18 N/m? (Car-
penter et al. 2005). Accordingly, since our simulations
proved that the tail of M. longicollum could generate
greater forces, we regard this evidence as more than
adequate to generate pressure sufficient to damage
soft tissues and shatter bones. Since the two thago-
mizers are different in weight (M. longicollum thago-
mizer weighing 35.15 kg, more than twice that of .
stengps, estimated at 14 kg; Carpenter et al. 2005), the
differences in impact forces and thagomizer weight
suggest M. longicollunrs tail was robust enough to de-
ter predators. The forces developed by the impact of
the tail of M. longicollum are smaller in comparison
with the forces resulting from the previous study on
K. aethiopicns (Mallison 2011). The main differences
are related to the different stopping time values used
in the two studies. The stopping time of 0.05 s for K.
aethiopicns (Mallison 2011) is unlikely, considering that
the collision would be anelastic and that the contact
time increases with the increment of the involved
masses (Hubbard et al. 1989). Accordingly, Mallison
(2011) achieved higher pressures by applying a shor-
ter stopping time than in previous studies (Arbour
2009; Carpenter et al. 2005), and those estimated in
this study. According to our test M. longicollum whi-
plash could generate greater forces than that of .
stenops.
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%)
(4 ?:Uzmmér‘[.}‘ 08 0144 0.088 0.1688 017 05176 31 3.26E-05 4.63E+04 | 5.56E+04 6.72E+04 | 9.73E+04
s
Utimate | Hypo tnera (ENipse) J= ("
£ eniie | Dameter | Lenaht | o e inor Asis| M1 | impiia [ sin Apna | Theta ) | (ajor Axins) " pinor | F-toompa | F-tzompa | Fotsmpa | r-2tomea
E} strength (Pa) x| ) (m) =) (m) Axiz)
B8
E é g;?z 1 018 011 0211 o0 0.8571 59 5.04E-04 2.80E+05 3.36E+05 4.06E+05 | 5.88E+05
=
g g 120000000 ::U‘F:]C:\'[‘l 0.01 0.0018 | 0.0011 | 0.0021 | 0.0021 08571 59 5.04E-12 2.80E+01 3.36E+01 4.06E+01 | 5.88E+01
(%§ 145000000 ?rlUZmB(:‘r;I 0.25 0.045 | 0.0275 | 0.0527 0.05 08 59 1.9TE-06 1.75E+04 | 2.10E+04 | 2.54E+04 | 3.6TE+04
w £
g. g 210000000 ?:U?_“Dir‘; 05 0.09 00805 | 0.1032 01 09 59 2.89E-05 6.43E+04 | 7.7T1E+04 9.32E+04 | 1.35E+05
eg
£ : 100000000 ?:U?“O(::E 06 0.108 0.066 | 0.1266 0.12 0.9 59 6.93E-05 1.01E+05 | 1.21E+05 | 1.46E+05 | 2.12E+05
w
7] ?:U?‘ﬂmé\n[; 08 0144 0.088 0.1688 017 0.8471 59 2.06E-04 1.79E+05 2.15E+05 2.60E+05 | 3.76E+05
s
Bending Section Section Hypo Inerzia (Ellipse) J = (/4)*
-.% around major D‘;"";;e' . Lenght | oo Axis | minor Axis | YPOISM | Simpified | sin Alpha | Theta ) |  (Major Axis) * (Winor F=100MPa | F=120MPa | F-145MPa | F-210MPa
E} axis ested (m) ] m) (m) ) (m) Axis"3)
o
o .=
E é SB;?; 1 0.18 011 0211 021 0.5238 31 1.88E-04 1.71E+05 | 2.05E+05 | 2.48E+05 | 3.59E+05
=
g -% 120000000 ::f;r’:::ﬂ"; 0.01 0.0018 | 0.0011 | 0.0021 | 0.0021 05238 31 1.88E-12 1.71E+01 2.05E+01 248E+01 | 3.59E+01
a= at 25cm
(7= 145000000 from tip 0.25 0.045 0.0275 | 0.0527 0.05 0.55 31 7.35E-07 1.07E+04 | 1.28E+04 1.55E+04 | 2.25E+04
w £
g. g 210000000 ?:cfnoi\n; 05 0.09 0.0505 | 0.1032 01 0.505 31 9.10E-06 3.61E+04 | 4.33E+04 5.23E404 | T.5TE+04
ge
2 = 100000000 ?r‘usmmi:’[r]l 06 0108 0.066 0.1266 012 055 31 2.44E-05 6.16E+04 | 7.39E+04 B.93E+04 | 1.29E+05
0
7] ?:GE:“D:T; 08 0144 0.088 0.1688 017 05176 31 77T1E-05 1.09E+05 1.31E+05 1.59E405 | 2.30E+05
The differences in pressure levels attained  impact, generated pressures would still be suffi-
(75.35 MPa for M.longicollum, compared to about  cient to cause harm, hence being used as weapons.

150 MPa tor K. aethigpicus in Mallison 2011) might be
related to the different geometries of caudal spines
considered and the heavier thagomizer and slower
speeds used for M. longicollum. The variations in the
geometry of the spines could affect the use of the
thagomizer as a weapon or as a defensive tool since
different geometries confer to the spines different
responses when solicited by bending and compres-
sion forces. A previous simulation with the unique
tail structure of K. aethiopicus proved that even with
the lowest mass estimation of the tail (‘slim’ mo-
del), K. aethigpicus could deliver high-pressure strikes
even at relatively modest speeds (Mallison 2011).
Such adaptation allowed K. aethigpicus to wield its
tail as a defence mechanism, capable of causing si-
gnificant harm or deterrence. In contrast with the
reconstruction of K. aethiopicus, M. longicolluns’s tail
featured a cluster of multiple tail caudal spines. The
presence of a heavier thagomizer confers the capa-
city to achieve higher velocities and higher impact
forces than K. aethiopicus. Despite the fewer caudal
spines, implying less surface involved during the

The comparative analysis of tail defensive mecha-
nisms in M. Jongicollum and ankylosaurian dinosaurs
elucidates both convergent evolutionary patterns
and distinct adaptations. Ankylosaurs exhibited ro-
bust tail knobs capable of delivering formidable,
bone-breaking blows to predators, as evidenced
by UALVP 16247, which represents average knob
width and could impact with a force of 962-2014
N, exerting an impact stress of 4811-10 070 N/cm?
(48—100 MPa) (Arbour & Sniveley 2009). However,
these figures may underestimate the true impact for-
ces and stresses in average-sized knobs, potential-
ly enabling them to break bone during impacts. In
contrast, while effective, M. longicolluns’s thagomizer
operated at a comparatively lower impact potential.
Furthermore, the comparison was prompted by the
structural similarity between M. longicollunss thago-
mizer and ankylosaurian tail knobs. The enlarged
base of the caudal spines in M. longicollun’s thago-
mizer forms a structure resembling a tail knob, sug-
gesting convergent evolution in tail defence strate-
gies. Moreover, the diverse range of tail structures
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Tab. 3 - Bending tests for the caudal i ) _
. . Bending tests with actual sizes
spines of M. longicollum and
S. stenops with their actual 2| . Inerzia rombe) 4=
. S p for furth ® é = =, Eﬁ;‘g;"‘“) szeoﬂ:m‘s Mlsl\encr“ o "VZ“(‘:\;‘“S si r:;?n;en Sin Alpha | Theta (8) 1131«:')'!'?'[:;2'::\&“33‘;;2?:? F=100MPa | F -120MPa | F ~145MPa | F=210MPa
s1zes. dSee text for further ex- &g [swenain(Pa) (m) (m (m) S
: 5
planation. s =
£ Spine 1 0.098 | 0.0588 | 0.1143 | 0.114 | 0.8596 59 1.83E-05 18634.09 | 22360.91 | 27019.4 | 391316
_3-_ § 1.2E+08 ;?(‘)F:‘lcly\“ 0.01 0.001 0.0006 | 0.0011 | 0.0011 | 0.8596 59 1.82E-13 0.018565 | 0.022278 | 0.02692 | 0.03899
S from tip
2
'g, © | 1.45E+08 ?"Ozmsi\’;‘ 0.25 0.0245 | 0.0147 | 0.0286 | 0.028 0.875 59 6.65E-08 271257 | 325.5084 | 393.323 569.64
2Dc
2 "g 21E+08 ?r‘osr:\)i\’;‘ 05 0.049 0.0294 | 0.0571 0.057 | 0.8575 59 1.14E-06 2329.261 | 2795.114 | 3377.43 | 4891.45
.5
= g 1E+08 ?r‘o‘:_no(i": 0.6 0.0588 | 0.0353 | 0.0686 | 0.068 | 0.8575 59 231E-06 3931.635 | 4717.962 | 5700.87 | 8256.43
)
o Efi:ozr:])i";‘ 08 0.0784 0047 | 0.0914 | 0.091 0.8575 59 T41E-06 9457.239 | 11348.69 | 13713 19860.2
@ B
] § . Inerzia (rombo) J =
Uttimate ~ Section | Section Hypo S el o
® é == o mﬁ;‘g:"‘“) MaJ?':I )Axs Mmm\m "VZ“(‘:\;‘“S Slrr:’p'llllﬁeﬂ Sin Alpha | Theta (8) 113‘63'{.}',1“; Z',:“;L"g:“‘;‘:;::gf" F=100MPa | F -120MPa | F ~145MPa | F=210MPa
£5 ot rotation)
ag
@ = i 1 0.098 | 0.0588 | 0.1143 | 0.114 | 0.5158 31 6.59E-06 11212.55 | 13455.06 | 16258.2 | 23546.4
o Spine
é g #(‘)fl\cl\";‘) 0.01 0.001 0.0006 | 0.0011 | 0.0011 | 0.5158 31 6.59E-14 0.011213 | 0.013455 | 0.01626 | 0.02355
°
.g, S ?r‘ozms(;": 0.25 0.0245 | 0.0147 | 0.0286 | 0.028 0525 31 2.40E-08 1632214 | 195.8657 | 236.671 | 342.765
Dec
o g ?r‘osrgi\’;‘ 05 0.049 | 0.0294 | 0.0571 0.057 | 0.5158 31 4.12E07 1401.569 | 1681.883 | 2032.27 | 2943.29
.5
= § ?:oﬁno(i": 06 0.0588 | 0.0353 | 0.0686 | 0.068 | 0.5188 k1l 8.35E-07 2365.753 | 2838.904 | 3430.34 | 4968.08
-
o ?r‘ozrgi";‘ 08 0.0784 0047 | 0.0914 | 0.091 0.5169 3 2.68E-06 5690.633 | 6828.76 | 8251.42 | 11950.3
Bending | Section | Section Hypo .
Diameter | Lenght L peeton | pypotenus | PO | Inerzia (ENlipse) J - (/4)* (Major | - _ =
£ oo | P |t | Mlor i | uinr | ‘DN simpte | i | Then @ oAl F=100MPa | F ~120MPa | F <145MPa | F=210MPa
2
5
=y gzﬁ\: 0.75 0.115 0069 | 0.1341 0.114 | 06053 59 8.24E-05 95559.39 | 114671.3 | 138561 200675
g <
[ At
o lo— 0,075¢cm| 0.0075 | 0.0009 | 0.0005 | 0.001 0.0011 | 0.4539 59 261E13 4,031412 | 4.837694 | 5.84555 | 8.46597
e from tip
'E E at
[ 18,75cm| 0.1875 | 0.0216 | 0.0129 | 0.02561 0.028 | 04821 59 1.02E07 2519.632 | 3023.559 | 3653.47 | 5291.23
" e from tip
g- 3 at
S5 37,5cm | 0375 | 0.0431 | 0.0259 | 0.0503 | 0.057 | 04539 59 1.63E-06 10078.53 | 12094.24 | 14613.9 | 21164.9
g from tip
% ?r‘oiff‘ki": 045 0.0518 | 0.0311 | 0.0604 | 0.068 | 0.4566 59 3.38E-06 14513.08 | 17415.7 21044 30477.5
7:01;‘5(;": 06 0.069 | 0.0414 | 0.0805 | 0.091 | 0.4549 59 1.07E-05 25801.04 | 30961.24 | 37411.5 | 541822
Bending | Section | Section Hypo i
Diameter | Lenght Hypotenus Inerzia (Ellipse) J = (Wi4)" (Major | . _, —
c potound | T | ey Mo x| Winor s | | Snpitied | Snaota | Thet @ “Axis) (Minor AXis™3) F=100MPa | F ~120MPa | F <145MPa | F=210MPa
S
5 ggf‘z 0.75 0.115 0089 | 0.1341 | 0.114 | 0.5158 3 297E05 57335.64 | 68802.76 | 83136.7 | 120405
s wn
S % At
3 3 0,0075¢
[ m from 0.0075 | 0.0009 | 0.0005 | 0.001 0.0011 | 0.5158 31 9.39E-14 2418847 | 2.902617 | 3.50733 | 5.07958
® S
ET fip
o= at
(2 18,75cm| 0.1875 | 0.0216 | 0.0129 | 0.0251 0.028 0525 31 3.67E-08 1511.779 | 1814.135 | 2192.08 | 3174.74
w £ from tip
23 at
5 E 37,5cm | 0375 | 0.0431 | 0.0259 | 0.0503 | 0057 | 0.5158 31 587E-07 6047.118 | 7256.542 | 8768.32 | 12698.9
from i
@ at 4DC£I
7 from tip 045 0.0518 | 0.0311 | 0.0604 | 0.068 | 0.5188 31 1.22E-06 8707.85 | 10449.42 | 126264 | 18286.5
?r‘osrgi‘m 06 0.069 0.0414 | 0.0805 | 0.091 0.5169 31 3.85E-06 15480.62 | 18576.75 | 22446.9 | 32509.3

among ankylosaurians exemplifies their adaptive
versatility. The systematic consideration of stop-
ping time in force calculations unveils fundamental
principles governing the biomechanics of tail-based
defence mechanisms. This highlights the efficacy of
the swing of the knob and the thagomizer as defen-
sive tools.

Bending and Compression

To estimate the stress resistance capabili-
ties of M. longicollum caudal spines to bending and
compressional loads, we compared them to the
caudal spine capabilities of S. stenops (Tabs. 2-4).
When running the test on spines with the
same sizes for the two taxa, §. stengps caudal
spines showed to be capable of reaching hi-
gher pressures in bending and compression.
Moreover, the data show that despite S. stenops
spines are shorter than M. Jongicollum ones, they
can withstand higher bending stresses compa-
red to M. longicollum (difference of 1.75¥10° N on

the major axis and 1*10° N on the minor axis).
The same trend can be observed under compres-
sional stresses, with S. stengps spines being able
to sustain 5 MPa higher stress than M. Jongicollum.
Thus, . stengps’ caudal spines are sturdier and better
at withstanding impact stresses. As shown by the
results, the elliptical cross-section shape of S. stengps
caudal spines proves superior in bearing bending
and compression, compared to the sigmoid cross-
section shape of M. longicollum caudal spines. (Tabs
1-3).

Further implications

Due to the lack of knowledge on the orienta-
tion and number of caudal spines of M. longicollum,
two hypotheses were tested: the first, with an orien-
tation similar to the reconstruction of K. aethigpicus
(Mallison 2011), characterized by an upward orien-
tation and maintaining the same angle to the dor-
soventral axis and the same lateral inclination; the
second design with the caudal spines disposed of
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Compression tests with the same sizes
_ Force (N) = _ Force (N) =
M. s. stnops | Uttimate Ultimate F‘:Jrlfi‘;f;z!' Uttimate F‘l”:fi‘:n(;i' Ultimate
Secti Secti gicoll s'ineAr‘;a Compressive|Compressive| . | Compressive | . = | Compressive
Pressure point Lenght (m)| Major Axis | Minor Axis | spines Area P (m2) Strength Strength Strenpth*Area Strength*Area Stren';th"Area Strength*Area
(m) (m) (m2) (ellipse) (MPa) | (MPa) (Best | \r Iongico"um_m. tongicollum | <" her | (8- stenops -
(rhombus) (Realistic) | Hypothesis) .Realistic Best I.iealistic Best a
) Hypothesis) ) Hypothesis)
Base Spine 1 0.18 0.11 0.0396 0.0622 | 1.7E+08 | 2 1E+08 6732000 8316000 10574600.9 | 13062742.3
At 5cm from tip 0.05 0.009 0.0055 0.0001 0.00016 | 1.7E+08 | 2 1E+08 16830 20790 26436.5022 | 32656.8556
At 10cm from tip 0.1 0.018 0.011 0.0004 0.00062 | 1.7E+08 | 2.1E+08 67320 83160 105746.009 | 130627.423
At 25cm from tip 0.25 0.045 0.0275 0.00248 | 0.00389 ( 1.7E+08 | 2.1E+08 420750 519750 660912.555 | 816421.391
At 50cm from tip 0.5 0.09 0.0505 0.00909 | 0.01428 | 1.7E+08 | 2.1E+08 1545300 1908900 2427351.56 | 2998493.11
c ion tests with actual si Tab. 4 - (a) Results obtained with the
ompression tests with actual sizes same size during the com-
pression tests; (b) results
7 Foceons || Fore e with their actual size.
M. longicollum Section Section fongi“:ﬁﬂum CUItimaIe_ Col;'l::llz':?ive cullima[e_ CUhima[e_
Spines Eressure Lenght (m) | Major Axis | Minor Axis | spines Area Strzmn;l’:i::ea: Strength (MPa) Sl?e:;ﬁ?::(; Sl;’:‘;ﬁ:‘e&;
it (m} {m) hEMZDJ (Realistic) (B::.m, (M. longicollum | (M. longicolium - b
fehe b} tpothes) Realistic) |Best Hypothesis)
E Base Spine 1 0.098 | 0.0588 | 0.011525| 170000000 | 210000000 | 1959216 2420208
—
(o}
K] ”5":';:) from | 505 | 0.0049 | 0.00294 | 0.000029 4398.04 6050.52
(<]
g a”"'i?;m”“ 01 | 0.0098 | 0.00588 | 0.000115 1959216 | 24202.08
—
E‘ atzsi::f""“ 025 | 0.0245 | 0.0147 | 0.00072 122451 151263
“5"‘:’;"""‘ 0.5 | 0.049 | 0.0204 |0.002881 439804 605052
5 Force(N)= | Force (N)=
s = = Ultimate Ulnmate_ oUrlfifl'lale ouzfi?na[e
. Stenops Section Section S. stenops c , Compressive e —— "
SpinesP_ressure Lenght (m) | Major Axis |Minor Axis spinegrea Str%“r:;lﬁ?:l’;i: Strength (MPa) Slrengm‘mea Slrengm“mea
i (m) ] bk (Realistic) (Bim (S. stenops - |(S. stenops -Best
AL Realistic) Hypothesis)
¢y | BaseSpine | 075 | 0115 | 007 | 002529 | 170000000 | 210000000 | 4299269.55 | 6310862.381
Q
O | A0.0878em | 1375 | 000431 | 0.00263 | 0.00004 6045.8478 | 7468.400223
[ from tip
()
"‘;; a”'s':i:”m"‘ 0.075 | 0.00863 | 0.00525 | 0.00014 24183.3912 | 29873.60089
O | 18TEem | a5 | 002156 | 001313 | 000089 151146.195 | 186710.0056
from tip
atd7.8em | 475 | 004313 | 0.02625 | 000356 604584.78 | 746840.0223
from tip

with a high lateral angle (see Supplementary Materi-
als, S3). The first orientation of the caudal spines
might increase the tail’s striking range and perhaps
inflict slashing damage on approaching predators.
The second orientation may confer a more penetra-
tive capability but also it would demand a larger tail
musculature, capable of exerting greater control
over the movement of the tail. Despite having run
the simulations in both configurations, no distin-
guishable results could have been discerned, sug-
gesting that the orientation of the spines does not
deeply affect the dynamic of the motion of the tail.

The high number of caudal spines suggested
tor M. longicollum supports the two different orien-
tations hypothesized here (Costa & Mateus 2019).

In addition, such a high number might suggest that
caudal spines were not just used as weapons; they
might have complemented the function of dorsal
plates as a deterrent to predators, acting as a protec-
tion from attack from behind, and for intraspecific
behaviours, such as mating and territorial struggle,
and be a feature of sexual dimorphism (Marsh
1877; Christiansen & Tschopp 2010 and references
therein; Arbour et al. 2022).

CONCLUSION

Palacontologists are increasingly using digita-
lization and digital analysis of fossils to study uni-
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que specimens or specimens challenging to handle.
Digital models make it possible to easily examine
fossil samples and specimens in places other than
their storage location, enabling damage-free inspec-
tion of even the most delicate items. The use of
software for biomechanics and the reconstruction
of real-world models has increased significantly sin-
ce the start of the century. In this work, we have
presented the application of 3D modelling to the
reconstruction and simulation of creatures’ move-
ments with MBDA. In this context, the technique
has been applied to the study and reconstruction of
the tail of M. longicollum and the evaluation of its de-
fensive capabilities. The bending and compression
data obtained for its caudal spines have provided
valuable insights into the diversity of function and
behaviour of the tail and thagomizer of stegosau-
rian dinosaurs.

Based on the simulation, the estimated mass
of the tail model suggests the presence of a robust
musculoskeletal system evolved to support and
control the tail movement. The significant weight
calculated for the model, supporting a muscular tail
or a musculoskeletal system, shows that M. longicol-
Ilum could have used the tail as a weapon.

The simulations indicate that while M. /ongicol-
lunr’s caudal spines are less robust than those of §.
stenops, they suggest a multifaceted functional role.
The sheer visual impact of these spines could effec-
tively deter predators, avoiding confrontations. Ad-
ditionally, the spines likely played a significant role
in social interactions, such as mating rituals or do-
minance displays, signalling fitness or status within
the species. This visual display would be crucial for
intra-species communication, influencing mate se-
lection and hierarchical structures. Furthermore,
the arrangement of the numerous spines might
have created a formidable protective barrier, making
it challenging for predators to approach and attack
vulnerable body parts. The presence of numerous
spines, if confirmed by future findings, points to
a strategy that prioritizes intimidation over direct
physical combat. Moreover, future studies could ad-
dress if M. longicollum employed lateral movement
of the whole body to increase the momentum of
the tail swing, instead of a more muscular tail as
shown in the present study.
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