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a b s t r a c t

Noasauridae is a group of theropod dinosaurs mostly present in Gondwanan deposits of Jurassic and

Cretaceous age. Vespersaurus paranaensis from the Bauru Basin (Caiu�a Group, Cretaceous) was the first

Brazilian taxon assigned to the clade. This work applied Finite Element Analysis (FEA) to investigate the

functional morphology of some skeletal elements assigned to Ves. paranaensis (one tooth and two pedal

ungual phalanges). The tooth was modeled and tested in six different scenarios to infer the performance

of its crown in different putative feeding conditions. Three different extrinsic scenarios were tested on

the ungual phalanges to simulate potential habits in which these structures were involved (piercing,

scratch-digging, and hook-and-pull). The scenarios tested on the tooth suggest an ideal bite angle of 45�,

with higher von Mises stress/element in the other angles. This indicates that the dentition of this noa-

saurid was not adapted for struggling prey, nor for harder food items. The FEA results of the ungual

phalanges of Ves. paranaensis suggest a similar performance in the three tested scenarios, therefore not

specifically adapted for any of those specific functions. Additionally, these phalanges are similar in shape

to those of living mammals with scansorial, fossorial, and terrestrial habits. Collectively, this information

suggests that, Ves. paranaensis had a generalist diet, seeking to hunt small vertebrates, invertebrates, or

immobile prey, such as carcass, and did not feed on larger animals.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Noasauridae is a clade of theropod dinosaurs nested within
Abelisauroidea. The group was originally erected (Bonaparte and
Powell, 1980) to encompass only Noasaurus leali, from the Maas-
trichtian of Salta, Argentina. The description of several new species
expanded the taxonomic and morphological diversity of the group,
containing species described in South America, Africa, Madagascar,
India, Europe and Australia (Bonaparte, 1996; Coria and Salgado,
2000; Sampson et al., 2001; Carrano et al., 2002; Agnolin and

Martinelli, 2007; Carrano et al., 2011; Pol and Rauhut, 2012;
Tortosa et al., 2014; Poropat et al., 2020). However, noasaurids are
still mainly known by rather incomplete records from the Creta-
ceous of Gondwana (Brum et al., 2018; Brougham et al., 2020; de
Souza et al., 2021).

The fragmentary nature of most noasaurid specimens reveals an
overall picture composed of small to medium-sized dinosaurs with
necks, arms, and skulls relatively longer than those of other abeli-
sauroid clades (Xu et al., 2009; Carrano et al., 2011). However, little
is known about the paleobiology of the group, including their diet,
even though an apparent great internal disparity was detected,
such as edentulous and toothed species, implying different feeding
habits (Novas et al., 2013; Egli et al., 2016; de Souza et al., 2021). The
functionality of their ungual phalanges is also not much debated,
but morphologically, they resemble those of early theropods, with
the prehensile function of alleged “raptorial” habits (Carrano et al.,
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2011). Even with newly described species, a more comprehensive
understanding of the evolutionary history and morphoanatomical
trait distribution is still lacking for noasaurids, as well as their
significance within the broader context of theropod evolution (de
Souza et al., 2021).

The Caiu�a Group is a geologic unit assigned to either the Early
(Bruckmann et al., 2014; Batezelli & Ladeira, 2016) or Late
(Fernandes & Ribeiro, 2015; Batezelli & Ladeira, 2016; Menegazzo
et al., 2016; Castro et al., 2018) Cretaceous in the available strati-
graphic proposals. The Rio Paran�a Formation, within the Caiu�a
Group, was deposited under a desertic paleoenvironment, likely
with water bodies lasting among the dunes. Two noasaurid
theropod dinosaurs are known from this unit: Vespersaurus para-

naensis (Langer et al., 2019) and Berthasaura leopoldinae (de Souza
et al., 2021). Ves. paranaensis is a small and medium-sized noa-
saurid (80 cm high and 1.5m long) and is considered one of the best
preserved theropods in Brazil (de Souza et al., 2020), but little in-
formation about feeding habits of this species has been explored, as
well as ungual phalanges functions, and paleobiology. Finite
Element Analysis (FEA) is a powerful tool to understand and test
biomechanic and functional morphology hypotheses about extinct
taxa (Richmond et al., 2005; Ross, 2005; Rayfield, 2007; Tseng,
2009; Grine et al., 2010). Here, with the aim of complementing
the information about the paleobiology of Ves. paranaensis, we
inferred its feeding habits based on the performance of dental and
pedal elements using FEA.

2. Materials

The materials analyzed here include an isolated tooth MPCO.V
0020c (Museu de Paleontologia de Cruzeiro do Oeste, Brazil) and
ungual phalanges of a right digit IV (MPCO.V 0022) and left digit I
(MPCO.V 0036a), which have been assigned to Ves. paranaensis by
Langer et al. (2019). This species is assigned to the Rio Paran�a For-
mation, Caiu�a Group, Bauru Basin (Fernandes & Ribeiro, 2015;
Langer et al., 2019).

The isolated tooth (MPCO.V 0020c; Fig. 1AeE) is composed of an
almost complete crown, 5 mm apicobasally long, 4 mm mesiodis-
tally broad, and slightly curved labiodistally (approximately 10�).
Serrations are present on the mesial and distal carinae, with a
density of approximately 4 denticles per millimeter (Fig.1BeE). The
distal serrations extend from the base to the apex of the crown,
whereas the mesial serrations start 1 mm from the base of the
crown and extend to the apex. The crown apex has signs of wear,
probably due to use during the animal's life. The material was
assigned to the rostral part of the tooth rows (Langer et al., 2019).
The ungual phalange MPCO.V 0022 (Fig. 1FeJ) is approximately
30 mm long and has a subtriangular shape; the ventral margin is
straight, and the dorsal margin is slightly convex. The other ungual
phalange (MPCO.V 0036a. Fig. 1KeO) is much smaller, 9 mm in total
length, with a dorsoventral depth of about 6 mm (therefore, more
robust than MPCO.V 0022), and convex ventral and dorsal margins.
The phalanges have longitudinal grooves on both sides, repre-
senting the abelisauroid system of vascular grooves, with a “Y-
shaped” distribution (Langer et al., 2019).

3. Methods

The tooth and the ungual phalanges were subject to computed
tomography (CT) in the Micro-CT machine GE Phoenix v|tome|x,
available at the “Centro para Documentaç~ao da Biodiversidade”,
Universidade de S~ao Paulo (USP - Ribeir~ao Preto, Brazil). The tooth
MPCO.V 0020c was scanned with voxel size of 0.135294 mm �

0.135294 mm � 0.135294 mm, 732 slices, and 150,000 faces; the
phalanx of right digit IV MPCO.V 0022 was scanned with voxel size

of 0.135294 mm � 0.135294 mm � 0.135294 mm, 1000 slices, and
250,000 faces; the phalanx of left digit I MPCO.V 0036a was scan-
ned with voxel size of 0.0351338 mm � 0.0351337 mm
� 0.0351339 mm, 732 slices, and 125,000 faces. The CT scans of all
three elements are available upon request to the authors. The CT
data was segmented in Amira 5.3.3 (Thermo Fisher Scientific) and
also subject to slight restoration (filling small cracks and adjusting
deformed parts) to account for taphonomic distortion and
breakages.

The 3D models were imported into Hypermesh (v. 11, Altair En-
gineering) for transformation into solid tetra-mesh. All three
models have 676,560 elements, with volumes of 20.339 for the
tooth and 300,000 for each phalanx. The properties applied to the
tooth were E¼ 25 Gpa and ʋ¼ 0.31, whereas those of the phalanges
were E ¼ 20.49 Gpa and ʋ ¼ 0.31 (Lautenschlager, 2014). All ma-
terials were treated as isotropic and homogeneous. The area of the
toothmodel was scaled to allow proper comparisonwith the dental
models presented by Torices et al. (2018) (Dumont et al., 2009;
Bright, 2014) and the phalanx models followed the scale and
properties of Lautenschlager (2014) for comparisons.

We constrained the tooth at the denticles from the distalmost
part of the crown (Fig. 2A and B). We applied a total of 90 N in each
functional scenario for analyzing the tooth, distributed in 5 force
vectors (18 N each) along the base of the crown, and directed to-
wards its apex. The force vectors were applied in six different angles
(15�, 30�, 45�, 60�, and 75�) in relation to the tooth apex, so that
angle 0� is completely vertical (Fig. 2A). The functional scenarios
tested for the tooth (MPCO.V 0020c) follow the methodology pro-
posed by Torices et al. (2018). The tests simulate the dental serrations
in contact with the flesh during bites at different attack angles. The
applied force selected do not need to represent the exact bite force of
these animals in life to allow comparison of their stress magnitudes
and distribution (Jones et al., 2012; Torices et al., 2018). The value
applied in our tests is that of a unilateral bite of Varanus komodoensis

(Moreno et al., 2008), which also corresponds to the estimated
maximum bite force of velociraptorines (Therrien, 2005).

For the phalanges, constraints were applied at their base, at the
joint surface and flexor tubercles. Forces vectors were applied in
three different scenarios to model piercing, scratch-digging, and
hook-and-pull. The piercing scenario includes a total force of 400 N
applied to the tip of the phalanx, directed against the tip and
simulating a puncture function (Fig. 2C, E). The scratch-digging
scenario includes one force vector of 400 N at the tip of the
ventral surface of the phalanx, simulating the scenario of scraping
or cupping (Fig. 2C, E). The hook-and-pull scenario includes three
force vectors, 133 N each, at the ventral part of the phalanx, close to
its apex, simulating a hook-and-pull function (Fig. 2C, E). The tests
on the ungual phalanges (MPCO.V 0022 and MPCO.V 0036a) follow
the methodology of Lautenschlager (2014), in which the biome-
chanical performance of therizinosaur phalanges were tested in
simulated scenarios of piercing, hook-and-pull, and scratch-
digging. In this methodology, the force used is based on informa-
tion from the works of Manning (2006; 2009), in which the 400 N
were calculated using the approximate weight of Velociraptor as a
guide.

To solve the models, the scenarios were exported to the soft-
ware Abaqus (v. 6.10; Simulia). To access the stress simulated for
each model in each scenario, we used von Mises contour plots
(Fig. 3) and the von Mises stress was calculated for all elements of
each model, creating an average of the stresses of all elements of
the 3D model, called the von Mises mean (MVM). To avoid the in-
fluence of stress singularities on the von Mises means (MVM), we
used an average threshold of 99%. Just like the tooth, our goals with
the ungual phalanges are to test how the morphology affects the
stress distribution in the different scenarios. As such, it is not
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Fig. 1. Isolated tooth and isolated ungual phalanges of Vespersaurus paranaensis. (AeE) Isolated tooth MPCO.V 0020c in apical (A), mesial (B), lingual (C), distal (D) and labial (E)

views e Scale bar: 5 mm. (FeJ) Ungual phalange of a right digit IV MPCO.V 0022 in medial (F), lateral (G), proximal (H), ventral (I) and dorsal (J) views e Scale bar: 10 mm. (KeO)

Ungual phalange of a left digit I MPCO.V 0036a in medial (K), lateral (L), proximal (M), dorsal (N) and ventral (O) views - Scale bar: 5 mm.
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necessary that the modeled scenarios include the precise force
subject to the ungual phalanges in life, we rather need to stan-
dardize the forces applied among materials, the same scale and the
same properties, to allow comparisons across taxa and scenarios, as
well as results from previous works (Ellis et al., 2008; Dumont et al.,
2009). We set the same maximum and minimum limits of the von
Mises color scales in all figures in order to stablish a standardized
pattern for visualization of the results in FEA analyses.

4. Results

4.1. Tooth

In all tests, the higher stresses are seen on the constrained
denticles of the crown (Fig. 3). The 45� angle presented the lowest
von Mises stress, with a MVM of 16.61 MPa (Fig. 3), followed by
the 60� angle, with MVM ¼ 27.90 MPa (Fig. 3). The test with 0� of

Fig. 2. Loading scenarios of isolated tooth (AeB) and phalanges: right digit IV MPCO.V 0022 (C D) and left digit I MPCO.V 0036a (EeF). The arrows represent the applied forces, and

the red triangles represent the location of constraints. In the phalanges: 1 ¼ Piercing; 2 ¼ Scratch Digging; 3 ¼ Hook-and-pull.
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inclination presented a greater MVM stress of 52.65 MPa (Fig. 3).
The scenarios for 15� and 75� angles show MVM stresses of
33.35 MPa and 33.04 MPa, respectively (see supplemental mate-
rial for additional figures, von Mises visual plot scale, and the full
results of all tests).

4.2. Ungual phalanges

In all scenarios, the phalanges of the right digit IV (MPCO.V
0022) and left digit I (0036a) showed similar patterns of von Mises
stress distribution (Fig. 4). In the Piercing scenario, the greatest

Fig. 3. Von Mises contour plots of Vespersaurus paranaensis tooth. In the first column with 0� of inclination, in the second column with 45� of inclination (ideal angle) and the third

column with 30� of inclination. The first row is in the distal view, the second row in the mesial view, the third row in the lingual view and the fourth row in the labial view.
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stress starts at the tip of the element, where the force was applied,
also having reduced responses to tension in the tip portion of the
base, and in its medial region, with stress distribution inside the
groove (Fig. 4A, D). MVM is 0.18 MPa for the left digit I phalanx and
0.11 MPa for the right digit IV phalanx. In the Scratch Digging test,
the left digit I phalanx had a higher von Mises stress
(MVM ¼ 0.67 MPa) than that of right digit IV (MVM ¼ 0.28 MPa),
but the stress distribution patterns were similar, with a greater
stress along the dorsal region of the phalanges (Fig. 4B, E). In the
Hook-and-pull scenario, the right digit IV phalanx had a lower
mean von Mises stress (MVM ¼ 0.18 MPa) than that of left digit I
(MVM ¼ 0.26 MPa), but the stress is distributed in about the same
areas. A greater stress was detected in the ventral region of the
model, where the forces were applied, particularly along the lon-
gitudinal grooves (Fig. 4C, F).

5. Discussion

The lowest MVM in the tooth model of Ves. paranaensis occurs
for the 45� angle scenario. The higher stress levels in our tests with
0�, 15�, 30�, 60�, and 75� angles suggest that the tooth of Ves. par-
anaensiswas not adapted to deal with struggling prey, as this would
require similar performances in all modeled angles (Torices et al.,
2018). In addition, Ves. paranaensis is also not adapted for feeding
on harder materials, unlike other theropods inferred to have
osteophagy (Gignac & Erickson, 2017). Similar results were ob-
tained for troodontid teeth, but not for those of Dromaeosaurus and
Saurornitholestes, which were possibly more adapted to feed on
struggling prey (Torices et al., 2018). This is also similar to what is
observed in the living lizard Varanus komodoensis (Moreno et al.,
2008; D'Amore & Blumenschine, 2009) and in the extinct baur-
usuchid Aphaurosuchus scharafacies (Montefeltro et al., 2020;
Darlim et al., 2021). An alternative interpretation for the high stress
at most tested angles in the Ves. paranaensis tooth is that the taxon

would prey on animals that did not impose resistance to the teeth,
such as smaller vertebrates or softer materials, such as carcasses or
invertebrates, not having direct contact with bones or more resis-
tant materials.

Both ungual phalanges (right IV digit and left I digit) showed
different stress distribution patterns, some results are similar to
those of other theropod phalanges subjected to the same tests
(Lautenschlager, 2014). This is the case of the therizinosaurids
Alxasaurus Elesitaiensis and Erliansaurus bellamanus, which have
shorter and more robust phalanges, and were interpreted as ani-
mals that potentially used the phalanges in a general way, as they
performed well in all tested scenarios (Lautenschlager, 2014), as
well as the phalange of left digit I. A similar analysis between shape/
morphology and von Mises stress distribution are seen in pha-
langes of mammals with scansorial, fossorial, and terrestrial habits.
This is the case of armadillos, which have phalanges capable of
performing generalist tasks (Lautenschlager, 2014). The same per-
formance is inferred for the Alvarezsauridae Mononykus (Qin et al.,
2023), in which the analyzed phalanges do not show greater evi-
dence of specialized functions, presenting similar performances in
all tests (Qin et al., 2023). The morphology of the ungual phalanges
does not represent the true shape of the phalanges in vivo, as the
keratin sheaths that cover them may present another morphology.
However, generally for pedal phalanges, keratin sheaths follow the
bone morphology in living birds (Hedrick et al., 2019; Thomson &

Motani, 2021), but these keratinous structures are very rarely
preserved and do not significantly interfere with FEA
(Lautenschlager, 2014). Despite the different stress distributions
between tests on the phalanges (Fig. 4B, C, E, F), there is no evidence
that the phalanges of Ves. paranaensis had a specific role because
taking all the scenarios into account, there is no specific scenario in
which the phalanges performed particularly well when compared
to the other scenarios (Fig. 4). Therefore, we suggest that due to the
lack of a specific function and its morphology, a generalist use for

Fig. 4. Von Mises contour plots of ungual phalanges. MPCO.V 0036a in Piercing (A), in Scratch-Digging (B) and in Hook-and-pull (C). MPCO.V 0022 in Piercing (D), in Scratch-Digging

(E) and in Hook-and-pull (F).
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the ungual phalanges of Ves. paranaensis. Such use is different from
that proposed for theropods with slender and long phalanges, such
as Therizinosaurus cheloniformis, which had specialized phalanges
for behaviors that involved less stress on the bones, such as
intimidation or sexual display (Nicholls & Russell, 1985; Zanno,
2006; Lautenschlager, 2014; Qin et al., 2023).

6. Conclusion

Finite Element Analysis suggests that the tooth of Ves. para-

naensis was not adapted for dealing with prey that impose multi-
directional loadings, such as those that struggle when captured. It
was also not adapted to bite hard materials such as bones, unlike
other top predators such as larger theropods and crocodyliforms.
The ungual phalanges of Ves. paranaensis performed well in the
tested FEA scenarios and has similar morphology to other taxa
suggested as a generalist, which corroborates a generalist role in
the ungual phalanges of Ves. Paranaensis. The data obtained via FEA
suggest that Ves. paranaensis was not a top predator of the Caiu�a
desert in southeastern Brazil, having a possibly generalist diet,
focused on small prey and/or on an opportunistic feeding strategy.
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