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Abstract: The Pterosauria comprises the Mesozoic flying reptiles whose unique anatomy 
imposes some challenging constraints to be surpassed when it comes to biomechanical 
studies, besides having left no modern descendants. Thus, trying to understand its 
motion dynamics is quite challenging and much relies on technological devices. Here a 
review on the literature encompassing pterosaur locomotion and general biomechanics 
is provided. The number of articles per year have increased continuously since 90’s. 
“Evolution” and “Flight” were the most frequent words and usually cited together in 
scientific production, and the trend topics of the XXI century. Flight was also the trending 
topic before 2001 and played an important role as expected for volant reptiles. It also 
suggests that further scientific studies are needed to better understand other biological 
issues regarding land locomotion, musculoskeletal system, mechanostat, density and 
properties, neuromechanical aspects, and biomimetics. An increasing integration 
between paleontology and fields such as engineering, physics, and computational 
sciences is anticipated—particularly through the use of modeling, 3D simulations, and 
computer graphics software. This interdisciplinary approach is expected to advance 
our understanding of the movement dynamics of these flying reptiles, while also 
enabling the application of their biological principles in the development of bioinspired 
engineering technologies.
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INTRODUCTION
Inferring function from structure is a challenging 
task when dealing with ancient organisms since 
assumptions are based on functional inferences 
from structures that belong to no longer living 
subjects (Thomason 1997, Benton 2010). In 
these cases, the form-function duo much relies 
on structural data once structure is usually 
the primary (and only available) information 
to paleobiologists (Benton 2010). Much of this 
challenge has been recently overcome by the use 
of modern computational modeling techniques 
to approach the biomechanics of biological form 
and structure through the principles of physics 
and physiology (e.g., Wainwright et al. 1976, Vogel 

1998, Plotnick & Baumiller 2000, Anderson & 
Westneat 2009, Anderson 2010). By converting 
biological structures into mathematical 
relationships (Nigg 1994), it is possible to 
understand an organism’s functional ability 
and to predict it especially when behaviors and 
functions cannot be observed (such as the case 
of extinct subjects) (Anderson 2010). Although 
fossil models cannot encompass the whole 
complexity that rules biological structures (e.g., 
the nervous system) (Lauder 1995), they have 
the potential to address the biomechanical 
possibilities of morphology to forecast function 
and compare functional capabilities across 
fossil organisms (Anderson 2010).
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The Pterosauria comprises an extinct clade 
of Mesozoic flying reptiles that ruled the skies 
from the early Triassic to late Cretaceous (circa 
225-66 Ma), but gone completely extinct after 
the K-Pg extinction event (Wellnhofer 1991a, 
Chatterjee & Templin 2004, Butler et al. 2013). 
The clade’s distinct anatomy poses major 
difficulties for studying how function can be 
attributed to their specific structures, and how 
these structures would mechanically perform, 
which comes to be an essential condition 
to allow the study of many aspects of their 
paleoecology, including functional morphology 
(Hone et al. 2018, Chen et al. 2024). Moreover, 
as a diverse clade that includes many different 
shapes and sizes, form-function inferences, 
as well as structural performances, are not to 
be generally applied, but punctually analyzed 
and compared to similar taxa with caution. The 
unique anatomical apparatus of pterosaurs has 
indeed been implied in misunderstandings since 
these flying reptiles have been discovered. From 
a penguin-like animal (Collini 1784) to a volant 
reptile (Cuvier 1809), this clade has challenged 
many pterosaur researchers, and up to now 
there is no consensus regarding many of its 
functional aspects, which will be discussed here 
in the sense of an updated overview on these 
studies to highlight the achieved progresses 
specially when some functional hypotheses are 
tested using modern technologies.

TERRESTRIAL LOCOMOTION
Many of the functional and mechanical issues 
on pterosaurs have relied on their unusual flight 
apparatus, which has led much effort to studies 
exploring their flight performances and few 
to other aspects of their capabilities, such as 
terrestrial locomotion. This subject, which has 
gained increased focus more recently, benefits 
from anatomical, ichnological and phylogenetic 

evidence that provides additional clues to 
support different interpretations of terrestrial 
posture (De Moraes 2005). Notwithstanding, 
the performance of hind limbs in land and the 
type of progression these limbs were able to 
perform has long been questioned: whether 
they were unskillful walkers (Abel 1925) with 
a bat-like quadrupedal stance recalling the 
first assumptions of Soemmerring (1812a) 
and Goldfuss (1831) or moved bipedally like 
a bird as accomplished by Quenstedt (1855) 
and Seeley (1870, 1901) remains somehow 
disputed. If bipeds (Padian 1983a, b, 1985, 2008, 
Bennett 2001) or quadrupeds (Wellnhofer 1978, 
Wellnhofer & Vahldiek 1986, Unwin 1988, Unwin 
& Bakhurina 1994, Costa et al. 2013, 2014), their 
stance - sprawled or upright - has long been 
disputed. Although the quadrupedal stance has 
been more consistently set upon the bipedal 
progression over the last 20 years, much relied 
on ichnological and biomechanical evidences 
(Lockley et al. 1995, Unwin 1997, 2006, Unwin & 
Henderson 2002, Hwang et al. 2002, Mazin et 
al. 2003, Chatterjee & Templin 2004, Fastnatch 
2005, Witton & Naish 2008, Costa et al. 2013), and 
somehow it is still open to debate.

This question is currently challenged by 
virtue of the dependence of uncrushed and 
undistorted pterosaur fossils that keep their 
three-dimensionality (e.g., Young 1964, Fastnatch 
2005, Costa et al. 2014), and the huge variation of 
limb proportions regarding different pterosaur 
taxa (Dyke et al. 2006). From the late 80’s on, 
pterosaur researchers have sparked a debate 
that was drawn up by early researchers along 
the XIX century. After a huge gap of over a 
hundred years, since Abel (1925) has reached the 
conclusion that a pterodactyle moved on the 
ground as “a creeping bat, with the belly resting 
on the ground, lifted only when the hind legs 
were pushed under the body...”, this debate was 
resumed by Padian (1983a, b) who has challenged 
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Abel’s concept by defending that pterosaurs’ gait 
was similar to that of birds based on the way 
hind limbs articulated to the pelvis. His studies 
gave him support to argue for a parasagittal gait 
and a digitigrade stance for pterosaurs, which 
made them efficient bipeds. These assumptions 
have been reached by reconstructing the 
pelves and hind limbs of Dimorphodon and 
Campylognathoides contra the interpretations 
of Wellnhofer (1974, 1975) upholding the 
quadruped stance for pterosaurs. The awkward, 
belly-drag stance of traditional reconstructions 
that has questioned the terrestrial ability of 
pterosaurs has begun to lose ground for the 
polarised debate of pterosaurs bearing a bird-
like or a bat-like stance, and since then the 
digitigrade bipedalism of pterosaurs started to 
be consistently defended by Padian (1984, 1985, 
1987) and echoed in other contemporaneous 
studies (e.g., Paul 1987) (Fig. 1).

Thereupon, the issue regarding stance and 
gait of pterosaurs has relied mainly on the 
orientation of the acetabulum in the pelvis 

once the direction of this cavity would constrain 
the position of the femur and thus define the 
anatomical plane and functions of the hind 
limb. The subsequent analysis of Unwin (1988) 
on another specimen of Dimorphodon has 
reassessed its walking abilities and objected 
against the biped hypothesis for pterosaurs. 
Unwin’s assumptions have been based upon 
the pelvic morphology, which has driven to a 
parasagittal plane of the hind limbs and femoral 
orientation. With femora directed “obliquely 
outward, somewhat forward and slightly 
upward” (Unwin 1987a, b), the semi-erect or 
a sprawled pose could be achieved and even 
allowed arboreal locomotion, which would give 
additional support to the arboreal or top-down 
hypothesis of pterosaur flight (Huene 1914, Wild 
1984a, b). In this sense, it is worth mentioning 
the late study of Collet (2024) who performed a 
morphological analysis on claws and phalanges 
of different species comparing them to modern 
birds and bats to assess their possible functions. 
The results pointed to similarities with perching 

Figure 1. Different interpretations 
of pterosaurian posture 
and terrestrial locomotion 
style through the years. a) 
Rhamphorhynchus based on an 
illustration from Abel (1925) with 
a more bat like posture with 
sprawled limbs and leaning on its 
belly; b) Scaphognathus based on 
a figure from Seeley (1901) with 
a biped posture walking only on 
its hind limbs; c) Cycnorhamphus 
based on another figure from 
Seeley (1901) with digitigrade pes 
and a more horizontal spine; d) 
Anhanguera reconstructed based 
on several specimens and studies 
of its posture like Costa et al. 
(2013) with more robust forelimbs 
and plantigrade pes, elevating 
the upper part of the spine. 
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and terrestrial birds and bats, suggesting that 
some species were capable of climbing, while 
others (i.e., bigger species) had a more terrestrial 
lifestyle. 

Unwin’s conclusions corroborated the 
previously deconstructed assumption of 
quadruped pterosaurs by Wellnhofer (1974, 
1975) that had also been defended before 
his studies (Pennycuick 1986, Wellnhofer & 
Vahldiek 1986). A worth mentioning paper later 
published by Bennett (1990) has raised doubts 
about Padian’s (1983a, b) interpretations on 
the pelves of Campylognathoides that, once 
distorted and crushed, had misconducted him 
to consider a dorsally directed acetabulum. 
So Bennett (1990) does to a pelvis referred to 
Ornithocheirus from Australia (Molnar 1987), 
for which he claimed to be poorly preserved, 
although undistorted, and to an Anhanguera 
pelvis from the already mentioned paper of 
Wellnhofer (1988) that, according to him, was 
incorrectly built. Bennett (1990) has drawn three 
lines of evidence from Wellnhofer’s paper to 
support pterosaurs as bipeds and discuss them 
based on the results of his osteological analysis 
on an uncrushed well-preserved pterodactyloid 
pelvis from the Romualdo Formation (Santana 
Group, Araripe Basin). The first argues against 
the impossibility of bringing the femur under 
the body, which was possible according to his 
analysis over the pterodactyloid specimen. The 
second was based on the differences between 
the “fully-improved” birds and dinosaurs pelvis 
from that of pterosaurs, and the restriction of 
femoral movement that would constrain it to 
the parasagittal plane, against which he argues 
for the upward rotation of the hind limb during 
flight that would raise the femur above the 
horizontal level. Finally, Bennett (1990) called 
the attention to Wellnhofer (1988) having 
evidenced that femora in articulated specimens 
from Solnhofen Limestone are preserved 

“splayed out to the sides”, which he stated as 
not true for his assumption not finding support 
in pterosaur specimens. After that, several 
researchers have swung their conclusions from 
pterosaurs as bipeds (Padian 1988, 1991, Bennett 
1990, Padian & Rayner 1993) to semi-erect or 
sprawled quadrupeds (Unwin 1989, Wellnhofer 
1988, 1991a, b). 

This long-standing dispute was somehow 
greatly benefited from ichnology when 
Pteraichnus was accepted as a valid pterosaur 
ichnotaxon (Lockley et al. 1995), which tipped the 
balance of this decision in favor of a quadrupedal 
stance as the trackway consisted of tridactyl 
manus and tetradactyl pedes firstly described 
by Stokes (1957) and whose interpretation had 
been challenged by subsequent studies (Padian 
1983b, 2003, Padian & Olsen 1984, Conrad et al. 
1987, Prince & Lockley 1989, Unwin 1989, Lockley 
1991) and later confirmed (Bennett 1997b, Unwin 
1997, 1999) especially after the discovery of 
other tracks attributed to this same ichnogenus 
(e.g. Mazin et al. 2001a,b, Calvo & Moratalla 1998, 
Southwell & Connely 1997, Kranz 1998, Calvo 
1999, Lockley et al. 2000, Rodriguez De La Rosa 
2001) and others (Wright et al. 1997, Hwang et 
al. 2002, Mazin & Pouech 2020, Díaz-Martínez et 
al. 2022). Then a consensus have been achieved 
from this unequivocal evidence provided by 
trackways, with pterodactyloids being considered 
competent quadrupeds (Witton 2015), which has 
also been reinforced by many late works on the 
functional studies of pterosaur anatomy and 
morphology (e.g., Sangster 2003, Wilkinson 2008, 
Fujiwara & Hutchinson 2012, Costa et al. 2013, 
Hyder et al. 2014). Nevertheless, this matter has 
started to put more emphasis on deciding how 
this locomotion would have been performed.

A fundamental issue that has based 
the new tendencies of this discussion is 
still morphology, and hence the state of 
preservation of fossil material plays a crucial 
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role on it. Regarding the pelvic girdle, it is the 
position of the femur at the acetabulum and 
the pelvic configuration itself that work as key 
components for building hypotheses on the 
limits of the femoral dislocation by studying the 
range of motion of the hip joint (Frigot 2017). 
The first time this issue was biomechanically 
addressed together with an anatomically-
based access of fossil material by Bramwell & 
Whitfield (1974) was to study the capability of 
Pteranodon to support its body weight, which 
would be achieved if femora could be brought 
under the body if concluded as possible by 
the authors. On the contrary, Pteranodon was 
proved not able to hold an upright locomotion 
on the basis of the inefficiency of its surface 
posterior to the acetabulum for muscular 
attachment. Other studies have considered the 
position of the hindlimb relative to the body 
based on examinations of well-preserved pelves 
(e.g., Molnar 1987, Wellnhofer 1988) and even on 
Pteraichnus trackways (Bennett 1990) to argue 
for a near or fully parasagittal stance and gait. 
In this way, the consensus on the quadrupedal 
stance for pterosaurs have then shifted the 
stress of the bipedal-quadrupedal dichotomy 
to the pterosaur posture during quadrupedal 
progression in the early 2000’s. 

Functional analysis of pterosaur anatomy 
has greatly benefited from advances on 
biomechanical approaches and comparative 
methods, which extrapolate limitations that 
come from purely morphological examination 
and mechanic manipulation of fossil material 
(e.g., Sangster 2003, Fastnatch 2005, Wilkinson 
2008, Witton & Naish 2008, Fujiwara & 
Hutchinson 2012, Witton 2013, Costa et al. 2013, 
2014 Hyder et al. 2014, Frigot 2017, Griffin et al. 
2024). The first attempt to ally pelvic muscles 
to bones was made by Sangster (2003), who 
has established the hindlimb musculature of 
the non-pterodactyloid Dimorphodon by using 

the Extant Phylogenetic Bracket (EPB) method 
of Witmer (1995). The use of phylogenetic 
bracketing was then followed by Fastnatch 
(2005) to reconstruct a dsungaripterid pelvis, 
and Costa et al. (2013, 2014) to analyze the stance 
and gait of Anhanguera piscator by considering 
the biomechanical principles of lever and 
moment arms (Fig. 2). This unprecedented 
biomechanical approach for a pterosaur was 
undertaken by using 3D digital modelling, which 
allowed some broken parts of the pelvis to be 
virtually reconstructed. This technique has thus 
the potential to overcome problems concerning 
incomplete (but not distorted) material and 
can hence increase the number of conductive 
pelvis to studies of this kind. This framework 
has then been performed by Frigot (2017) for 
the optimally preserved pelvis of Vectidraco, 
and the reconstruction of its pelvic muscles was 
mostly consensual with others (Sangster 2003, 
Fastnatch 2005, Costa et al. 2013), which has 
pointed to a general pattern for the attachment 
of the main functional groups of pelvic and hind 
limb muscles.

Lately azhdarchids has been joined in the 
discussion on pterosaur locomotion, with a 
subsequent study on the pelvis of an azhdarchid 
and its inferred myology been provided by 
Funston et al. (2017) who used the computer 
tomography (CT) scanning resource to create 
a three-dimensional model and discuss the 
azhdarchid locomotion. Then Padian et al. (2021) 
worked on Quetzalcoatlus lawsoni specimens to 
assess its biomechanical capabilities regarding 
walking competence (Fig. 3), flying style and 
neck movement through handling of the 
available material and reconstruction of the 
missing parts, considering a level of cartilage 
on the bones similar to that of birds. By using 
the most complete specimens available, Padian 
et al (2021) came to the conclusion that these 
giant pterosaurs were quadrupeds with a rather 
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different walking style, using its arms as walking 
canes and legs exerting most of the strength 
needed to move. It is worth stressing that, 
although there has been arose an established 
consensus on the reconstructed attachment of 
the pelvic and hind limb musculature of some 
pterosaur species, the results achieved by specific 
reconstructions of pterosaur musculature are 
punctual, which means that generalizations are 
to be done with caution. This is particularly a 
problem when it comes to non-pterodactyloid 
pterosaurs, for which very few assessments into 
their functionalities have been made so far. 
Being so, and although a digital mesh model 
of the non-pterodactyloid Rhamphorhynchus 
has been provided by computer modelling to 
provide its stance (Unwin 2006), these analyses 
are mainly based on anatomical studies of 
well-known individuals, which have given the 
clue of the terrestrial competency of these 
pterosaurs. In this manner, as mostly relying 
on anatomy itself, the hypotheses to infer their 
terrestrial capabilities have mainly considered 
the uropatagium, the scarcity of trackways and 
the possibilities of the hind limbs to sprawl 
and define stance (Witton 2015). As soft tissue 
preservation is exceedingly rare, inferences on 
the possibilities of this structure restraining 
locomotion relies on comparisons with extant 
animals (i.e., gliding and flying mammals 
such as bats and flying squirrels) that bear 
similar membrane structures, but no definite 
conclusions can be drawn regarding the real 
limitation of pterosaur membranes.

In the regard of trackways, the modern 
study of Mazin & Pouech (2020) has analyzed 
six trackways referable to three non-
pterodactyloid new ichnotaxa possibly related 
to Rhamphorhynchidae, and reached the 
conclusion that grounded non-pterodatyloids 
were quadrupedal and good walkers, even with 
the probability of uropatagium hampering the 

Figure 2. Right pelvic girdle musculature of 
Anhanguera piscator in lateral (a), anterior (b), medial 
(c) and posterior (d) views (taken from Costa et al. 
2014). Dorsal Group: Deep dorsal and Triceps femoris. 
Ventral group: Flexor cruris, Puboischiofemoralis 
externos, Adductor femoris and Ischiotrochantericus. 
Abbreviations: ADD 1-2, Mm. Adductores femores 1-2; 
AMB, M. ambiens; FMTE, M. femorotibialis externus; 
FMTI, M. femorotibialis internus; FTE, M. flexor tibialis 
externus; FTI 1-3, Mm. Flexores tibiales interni 1-3; IFE, 
M. iliofemoralis externus; ILFB, M. iliofibularis; ISTR, 
M. ischiotrochantericus; ITC, M. iliotrochantericus 
caudalis; ITI 1-3, Mm. Iliotibiales 1-3; PIFE 1-2, Mm. 
Puboischiofemorales externi 1-2; PIFI 1-2, Mm. 
Puboischiofemorales interni 1-2.
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hind limbs and thus constraining their terrestrial 
performance on land. Finally, as differences in 
sprawling and semi-erect stances can stand for 
both fore and hindlimb joint adjustment (Unwin 
1988, 1999, 2006), morphological disparities 
among limb proportions and the way they 
articulate prevent over-generalizations to be 
made, and once tracking the evolutionary ways 
of these disparate morphologies is problematic 
as non-pterodactyloid phylogeny is far to be 
solved (Unwin 2003, Kellner 2003, 2010, Wang 
et al. 2009, Dalla Vecchia 2009, Lü et al. 2010, 
2012, Witton 2013, Andres & Myers 2012, Andres 
et al. 2014), a consensus over this issue has 
not been yet achieved, which leaves this issue 
open. These gaps can be fulfilled with better-
preserved specimens whose quality would allow 
functional interpretations to be made with 
more confidence, along with permitting more 
biomechanical approaches to be performed by 

using advanced computational resources such 
as computer modeling and CT scanning.

FLIGHT DYNAMICS
The recognition of pterosaurs as flying reptiles 
recovers Cuvier (1801), but since then the 
pterosaurian modes of flight and adaptations 
to it have been the object of many debates. 
Aerodynamic reconstructions have been held for 
over a century using Pteranodon as a model (e.g., 
Hankin & Watson 1914, Kripp 1943, Heptonstall 
1971, Bramwell 1971, Stein 1975, Brower 1983). 
Besides, comparisons to aircraft and birds have 
been used when functional analyses of flight 
performance are carried out for pterosaurs 
(e.g., Templin 2000, Chatterjee & Templin 2012). 
Understanding the possibilities of pterosaurs 
performing gliding flight, for instance, has greatly 
benefited from the pioneer study of Pennycuick 

Figure 3. Skeletal reconstruction 
of Quetzalcoatlus with a walking 
movement sequence showing its 
possible style of locomotion – 
arrows represent Ground Reaction 
Forces exerted during the walking 
stages (altered from Padian et al. 
2021). 1) right limbs elevated in 
swing phase; 2) right limbs reach 
the ground; 3) body leaning on right 
limbs while left limbs enter swing 
phase; 4) right limbs start elevating 
while left limbs reach the ground; 
5-8) the cycle repeats. Scale bar: 
100cm.
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(1968) who investigated this skill in birds using 
a wind tunnel. Later Hazlehurst & Rayner (1992) 
used the Principal Component Analysis (PCA) to 
test the aerodynamic competence of pterosaurs 
by comparing the shapes of bird wings to those 
of pterosaurs, which have pointed to the latter 
as efficient soarers. Indeed, it has been raised 
that, as extant seabirds, pterosaurs would have 
made use of slope and thermal soaring (Brower 
1983, Goto et al. 2022) while navigating in the 
wind and air currents (Fig. 4). Another study of 
Sato et al. (2008) compared soaring seabirds 
and pterosaurs and suggested that although 
giant pterosaurs, such as Quetzalcoatlus, were 
capable of flight, their flight mechanics would 
differ from those of smaller pterosaurs and 
modern birds. According to the authors, as 
pterosaur size increases, aerodynamic and 
biomechanical limitations make efficient flight 
harder, suggesting that very large pterosaurs 
likely relied on soaring or gliding instead 
of active flapping, indicating a size limit for 
effective flight.  

Thermal soaring, as a low-cost flight 
strategy of gaining height by moving in circles 
and upwards to food searching and migration, 

would be important to inland exploration of 
some pterosaurs (e.g., Dsungaripterus and 
Quetzalcoatlus) before gliding, as well as to 
navigate over the seas using convection currents 
(e.g., Nyctosaurus and Pteranodon; Brower 1983) 
by slope soaring (Chatterjee & Templin 2004).  
However, Goto et al. (2022) argued that PCA is 
not an adequate approach to evaluate soaring 
performance and showed through mathematical 
analysis and comparisons with modern birds 
that Pteranodon would perform better with 
thermal soaring, traveling over oceans just 
like modern frigatebirds. On the other hand, 
Quetzalcoatlus wouldn’t perform well in any 
of these kinds of soaring flights because of its 
greater wing loading, suggesting that it would 
have used different strategies to acquire higher 
altitudes (Goto et al. 2022). There is indeed the 
study of Palmer (2011) who pointed out to large 
pterosaurs as less aerodynamically efficient and 
capable of slower flight speeds than previously 
estimated from wind tunnel tests, which 
revealed significantly higher profile drag and 
maximum lift coefficients in various proposed 
wing sections. 

Figure 4. Scheme showing 
how pterosaurs used 
thermal lifts to achieve 
height in “soaring flight”. 
Arrows represent the circling 
movements executed by 
the animal while using the 
thermal lift to rise vertically 
and the descending glide 
used to fly horizontally.
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According to Prondvai & Hone (2008), 
maintaining wing motion in steady flight involves 
a consistent energy supply and ongoing neural 
regulation to keep the muscles functioning 
efficiently. The authors propose two theoretical 
systems to explain passive wing extension 
in pterosaurs, with the first suggesting that a 
network of ligaments linked to elbow movement 
could automatically extend the wing finger and 
prevent excessive joint extension. The second 
model would integrate this passive mechanism 
with a tendinous muscle system, resembling 
those found in birds and bats, allowing for both 
passive control and limited active adjustment. 
Both configurations aim to minimize muscle use 
and energy costs during flight, supporting more 
efficient locomotion. The authors concluded 
to be plausible to assume that in pterosaurs, 
passive ligaments and active muscles operated 
in a coordinated manner as a unified system, 
akin to the functional integration observed in 
contemporary living species.

Anhanguera piscator has also been 
investigated regarding its wing kinematics by 
Strang et al. (2009) who has dealt with wing 
geometry and 3D simulations to understand its 
flight. The authors conducted a detailed analysis 
of A. piscator’s flapping gait to determine which 
wing motions enhance flapping efficiency, 
concentrating on aerodynamic factors. By using 
the Unsteady Vortex Lattice Method (UVLM) 
- a computational approach described by 
Katz & Plotkin (2001) that simulates unsteady 
aerodynamic forces by modeling lifting surfaces 
as networks of bound vortices, the authors 
concluded that UVLM is reliable, with shoulder 
flapping and wrist pitch being crucial for 
efficiency. Moreover, they also concluded that 
inertial effects slightly increase power needs, but 
efficiency stays near 80% across different flight 
conditions. Together with Ornithocheirus, in the 
study of Elgin (2014), Anhanguera was inferred 

to be adapted for dynamic flight over oceans, 
aided by robust wing morphology, against 
azhdarchids, like Quetzalcoatlus, which have 
evolved distinct features that supported efficient 
gliding and movement on land, characterized 
by elongated limbs and comparatively shorter 
wings. Moreover, active, powered flight, as 
demanding a much higher amount of energy to 
be undertaken than soaring or gliding (Norberg 
1990, Ruaux et al. 2020), has also been studied 
in pterosaurs based on aerodynamic analyses 
of this flight mode in birds. The original work of 
Tucker (1968) has been drawn on a wind tunnel 
experiment in which the metabolic rates of 
birds in flight were measured and has provided 
ground to considerations of this kind to be made 
regarding pterosaurs. A much expensive flight 
mode, known as “hovering” (i.e., flying without 
displacement, such as hummingbirds perform 
while lapping up nectar) has also been proposed 
for smaller pterosaurs (e.g., Eudimorphodon and 
Rhamphorhynchus) that would be capable of 
a steady flight while picking up the surface for 
food (Chatterjee & Templim 2004). However, 
a medium cost flight would have probably 
been more commonly performed by small to 
medium-sized pterosaurs, named “steady level 
flight”. This flight mode regards a more dynamic, 
flapping flight to afford both lift and thrust, 
which would be thus more suitable for smaller-
sized animals, while larger pterosaurs would 
have decreased their wing-beat frequencies 
(Chatterjee & Templin 2004).

Contrary to the most consensual trend of 
considering pterosaurs as flying organisms, no 
matter anatomically and morphologically “bird-
like” or “bat-like” regarding their functionality, 
pterosaurs have been even considered as 
flightless (Sato et al. 2008). According to Sato et 
al. (2008), the largest forms would have lost their 
flying abilities based on comparisons with extant 
modern birds, although the lack of evidence 
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from the wings of these forms and differences 
between many of their biomechanical aspects 
provide no support for this proposition (Witton & 
Habib 2010). In this regard, wing features of giant 
azhdarchids show that they were completely 
capable of performing flapping flight, like a 
well-developed deltopectoral crest on their 
humeri, which would anchor powerful flying 
muscles (Goto et al. 2022). Notwithstanding, 
despite the fact of not having a consensus in 
the way pterosaurs would have performed their 
flight, these unique reptiles have been recently 
treated as functionally different from birds or 
bats (e.g., Dyke et al. 2006, Witton & Naish 2008, 
Bell et al. 2011) and, thus, would have achieved 
their flight modes in a particular way regarding 
their peculiar anatomy and morphology.    	

It seems that the longitudinal alignment of 
bone tissues in pterosaurs and birds have evolved 
as an adaptation to withstand longitudinal 
stresses resulting from compression, tension, or 
bending forces (Chinsamy et al. 2009). Regarding 
this issue, the late study of Araújo et al. (2025) 
has underscored a correlation between the 
laminarity index (LI) of pterosaur bones (the 
tapejarid Caiuajara dobruskii, Anhangueridae 
and Dsungaripteroidea pterosaur samples) and 
their flight patterns, enabling comparisons with 
different avian flight modes and their respective 
LI to enhance our understanding of pterosaur 
flight dynamics and abilities. According to the 
authors, the LI in these flying reptiles may be 
influenced by the type of flight adopted, as 
well as by the shape and size of the wingspan. 
Also Rosenbach et al. (2024) have observed  
the presence of small ridges on the surface of 
the humerus in Arambourgiania philadelphiae 
(circa 10 m wingspan). This would form a similar 
pattern to that of vultures, which would indicate 
a flight style based on gliding with wing strokes 
to maintain altitude. The authors either have 
observed an internal trabecular system in 

Inabtanin alarabia, resembling that of flapping 
birds, which would have reinforced the bone 
structure and may suggest this species utilized 
a similar flight mode.

Flight precursors of birds, winged mammals 
and pterosaurs have probably evolved from 
a parachuting and gliding stage (as modern 
flying squirrels) to an active flight mode that 
could sustain a wing-flapping flight for a long 
time (Pennycuick, 2008). The origin of flight in 
pterosaurs counts on three theories: arboreal 
parachuting (Wild 1978, 1983, 1984a), arboreal 
leaping (Huene 1914) and cursorial (from the 
ground up; Padian 1980, 1983a, b, 1984, 1985). The 
cursorial theory claims for bipedal cursors, high 
metabolic output and the patagium attached to 
the hind limbs (Padian 1983a, b, 1984, 1985, 1992), 
and parachuting from trees relies on sprawling 
or semi-erect animals, with restricted mobility 
of both forelimbs and hip (Wild 1978, 1983, 
Wellnhofer 1988, 1991a, b, Unwin 1987a, 1988, 
1989, Unwin & Bakhurina 1994), and leaping 
from one branch to the other would demand 
morphological features to allow arboreal 
climbing, clinging and leaping (e.g., short trunk, 
grasping manus and long tails to stabilize the 
body while in the air), as well as plantigrade feet. 
Bennett (1997a) has provided a discussion on 
the advantages and limitations of considering 
these different theories to explain the origin of 
pterosaur flight, and concluded that pterosaurs 
would not be bipeds nor cursors, neither the 
patagium would attach to the hind limbs, which 
would discard the cursorial theory of flight, and 
defended the arboreal leaping theory over the 
arboreal parachuting one. Moreover, this theory 
has been shown to be compatible with some 
phylogenetic hypotheses, such as those that 
support the Pterosauria as the sister-group of 
the Dinosauria (e.g., Gauthier 1986, Benton 1990, 
Sereno 1991), and the Pterosauria outside the 
crown-group Archosauria (Bennett 1995, 1996, 
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2013). As the former relationship is corroborated, 
we could foresee a small erect bipedal ancestor 
as envisioned by Huene (1914), with the ability of 
climbing trees and leaping between branches; if 
the latter, a small arboreal archosauriform could 
be predicted, with both probable ancestors 
having subsequently developed the flapping 
flight while the emergence of the patagium 
would have permitted the increasing in distance 
during aerial travelling between branches.

More recently, studies focusing on identifying 
possible precursors to pterosaurs may clarify 
questions regarding the origin of flight in 
pterosaurs, which relies on neuroanatomical 
aspects to infer the development of their 
sensorial abilities (e.g., Ezcurra et al. 2020). For 
instance, considering lagerpetids as the sister-
taxon to pterosaurs as posed by Ezcurra et 
al. (2020) provides a path to understand how 
different traits regarding flight could have 
evolved from the non-volant lagerpetids to these 
active-flying reptiles. Indeed neuroanatomy, by 
comparing the brain and vestibular apparatus 
of pterosaurs to those of other groups (e.g., 
birds; Witmer et al. 2003) can enlighten the 
encephalization level of pterosaurs and thus 
clarify its impacts in pterosaur’s ability to fly. 
Along with neuroanatomy, the modelling of 
flight performance comprising parameters as 
wing area, body mass and gravity can predict 
this early ability in hatchlings, which not only 
provides information on pterosaur capabilities 
of flying, but also give clues on niche occupation 
across ontogeny (Naish et al. 2021).

According to Chatterjee & Templin (2004), 
the wing beat cycle in pterosaurs, like birds, 
would have presented four steps that begins 
with an upstroke-downstroke transition (1) to 
downstroke (forward thrust) (2), and the reverse 
downstroke-upstroke transition (3) to upstroke 
(wing position to downstroke) (4), which is 
enabled by well-developed muscle groups. The 

wing membrane of pterosaurs is microstructurally 
formed by actinofibrils (i.e., ray fibers; Bennett, 
2000) embedded within it (Frey et al. 2003) and 
radially arranged, with some tightly bent ones 
that could have conferred high flexibility to the 
membrane, plus an additional layer of reticulated 
oriented actinofibrils (Kellner et al. 2010) that 
would have been associated with postmortem 
folding (Sayão & Kellner 1998). A multilayered 
three-dimensional structure composed by 
fiber, fascia (muscular layers) and blood vessel 
(vascular) layers (Martill & Unwin 1989) has 
completed the membrane basic structure. A skin 
membrane forming the main wing, as the case 
of bats and pterosaurs, is traditionally called 
the brachiopatagium, which is conveniently 
divided into distinct partitions, depending on 
the place to where that partition is attached: the 
propatagium (forewing), the dactylopatagium/
actinopatagium (lateral finger membrane), the 
plagiopatagium/tenopatagium (the medial 
forelimb membrane), and the uropatagium (tail 
membrane) (sensu Yalden & Morris 1975). The 
membrane structure has also been analyzed to 
infer tension, as demonstrated by Palmer (2017), 
who used the wing spar strength of a 6-meter 
ornithocheirid pterosaur to estimate membrane 
tensions sufficient to suppress flutter and 
ballooning, thereby suggesting the presence 
of high-stiffness materials and supporting the 
hypothesis that actinofibrils were keratinous. As 
noted by Wilkinson (2007), the function of the 
fibers is not well understood, but it is proposed 
that they enhance membrane stability and 
optimize twist toward the wingtips.

Pterosaur wings are uniquely built in the 
sense that there is a particular pterosaurian 
slender, tapering bone (pteroid) articulated at 
the wrist that support the propatagium, which 
withstood a great amount of stress during 
flight while controlling the forewing as a flap 
(Frey & Riess 1981; Pennycuick 1988), although 
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its function and orientation are still a matter of 
debate (for more details over this peculiar bone, 
see Bennett 2007, Palmer & Dyke 2010; Wilkinson 
et al. 2006, Peters 2009). The dactylopatagium is 
held by a hyperextended fourth finger relative 
to the others, which brings a high aspect ratio 
and low wind loading during flight (Chatterjee & 
Templin 2004). This wing spar is light weighted, 
round to oval-shaped and tapering distally, with 
the whole spar slightly bending backwards in arch 
(Chatterjee & Templin 2004). Moreover, pterosaur 
wings bear an additional flexible joint over the 
traditional three segments (at the humerus, 
radius/ulna and metacarpals/phalanges) also 
shared with birds and bats, located between 
metacarpal IV and the first wing phalanx (Hankin 
& Watson 1914). Notwithstanding, there is a great 
controversy over the final extent and layout of 
the wing membrane (Elgin et al. 2011, Hone et 
al. 2015b), since very few specimens retain the 
contour and extent of their skin membranes 
due to the inherently conservative design of the 
pterosaur wing planform (Elgin et al. 2011). 

Furthermore, delineating the wing 
membrane restrictedly attached to the body, or 
extending its attachment to the hind limbs, as 
traditionally envisioned by some authors (e.g., 
Soemmerring 1812b, Marsh 1882, Bramwell & 
Whitfield 1974, Wellnhofer 1991a) has a direct 
implication in the stance assumed by pterosaurs 
during terrestrial locomotion. Moreover, 
depending on whether a pterosaur’s wing shape 
is considered- bird-like (narrow chord) or bat-
like (broader chord) - aerodynamics conclusions 
are different (Brower 1980, 1983, Chatterjee & 
Templin 2004, Hankin & Watson 1914, Kripp 1941, 
Heptonstall 1971, Bramwell & Whitfield 1974, 
Stein 1975, Wilkinson et al. 2006). Since aspect 
ratio and wing loading impact flight ecology 
in birds and bats (Hazlehurst & Rayner 1992a) 
and likely in pterosaurs (McGowan & Dyke 2009, 
Witton 2008), clarifying wing structure is key to 

understanding both their aerodynamics and 
lifestyle (Elgin et al. 2011).

Although defended by some (e.g., Padian 
1983b, Rayner 1988, Hazlehurst & Rayner 1992a, 
Padian & Rayner 1993), the bird model for 
pterosaurs has been opposed by others (e.g., 
Pennycuick 1988, Wellnhofer 1991a, Bennett 
1997b, Unwin & Bakhurina 1994), which argue 
for the lack of evidence of an unambiguously 
attached membrane along the body, and the lack 
of hindlimb attachment leading to the absence 
of tension, which would be biomechanically 
inappropriate in the sense that this layout would 
hamper wing controlling/adjustment during 
flight, as well as the camber and pitch, along 
with the decrease of the wing area (Chatterjee 
& Templin 2004). Alternatively, a modified 
bird model has been proposed by Bennett et 
al. (1987), which consisted in considering the 
plagiopatagium attached to the tail that could 
act by controlling the upside-down movement, 
with free forelimbs, and subsequently the bat 
model was assumed (Bennett 1997a, 2000, 
Chatterjee & Templin 2004) with the tail 
holding the uropatagium. The bat planform for 
pterosaur wings was adopted by Chatterjee & 
Templin (2004) based on fossil evidence: the 
Rhamphorhynchus specimen of Tischlinger & 
Frey (2002) and the Sordes specimen of Unwin 
& Bakhurina (1994) to support the so-called 
“rhamphorhynchoid” model, with an extended 
plagiopatagium to the ankle and a complete 
uropatagium. The “pterodactyloid” model bears 
a design delineated from the Vienna specimen 
of Pterodactylus (NHMW 1975/1756) and also 
found in Pteranodon (Bennett et al. 1987), which 
would comprise narrow-winged pterosaurs with 
the membrane attached to the femur/knee joint 
and free lower legs that would favor terrestrial 
locomotion to be performed more conveniently, 
and a small uropatagium inserted onto the 
femur and at the base of the tail.
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Determining the presence of a uropatagium 
is challenging, and those who argue for its 
presence claim that its absence in fossils results 
from taphonomic artifacts (Chatterjee & Templin 
2004). Padian et al. (2021) agreed with the 
hypothesis of free hind limbs with the patagium 
connecting to the sides of the body and argues 
that the giant azhdarchid Quetzalcoatlus would 
have flown with its legs in a position similar to 
that of birds, with the knees pointing forward. 
However, although this debate is beyond 
the scope of this paper, literature records of 
patagial fibers between the hind limbs of some 
non-pterodactyloid pterosaur species (i.e., 
Eudimorphodon ranzii, Sordes pilosus) can 
argue for its very likely presence at least in basal 
pterosaurs (Elgin et al. 2011).

Plenty of studies have investigated the limits 
of wing motion by trying to estimate the range of 
extension permitted by the humerus articulating 
with the glenoid (e.g., Bramwell & Whitfield 1974, 
Hazlehurst & Rayner 1992b, Bennett 2001, Padian 
1983b, Unwin 1988, Wellnhofer 1985, 1991a, b, 
Chatterjee & Templin 2004), and most of them 
have reached the conclusion of pterosaur wings 
performing a wide range of transverse vertical 
motion (ranging from 95o to ~150o, against the 
limited range of vertical motion proposed by 
Hazlehurst & Rayner (1992b) by restricting the 
humerus to a 70o rotation in pterodactyloids). 
Widening the long-axis rotation of the humerus 
would have permitted pterosaurs to takeoff 
and land more efficiently since these activities 
demand a great deal of vertical movement to 
be performed (Chatterjee & Templin 2004). 
Moreover, there is the less consensual elbow 
extension of motion ranging from more 
restricted angles of ~30o (Hankin & Watson 1914, 
Bramwell & Whitfield 1974, Wellnhofer 1991a) to 
wider ones of ~180o or slightly less (Padian 1983b, 
Chatterjee & Templin 2004), with the elbow 
and the wrist joints synchronically flexing and 

extending as in birds (Bramwell & Whitfield 1974, 
Wellnhofer 1991a) and hands bearing ventral 
rotation to supination as well (Vazquez 1992), 
but not allowing the wing to tightly fold against 
the body unlike them because of mechanical 
constraints at the elbow joint with the shoulder 
(Chatterjee & Templin 2004). 

The metacarpophalangeal joint, as the 
main wing movement in pterosaurs, would have 
ranged from ~30o (Chatterjee & Templin 2004) 
to ~165o (Chatterjee & Templin 2004) or slightly 
less (Bramwell & Whitfield 1974, Wellnhofer 
1975), which can be laterally folded in the plane 
of the palm. With an overextended fourth 
wing finger, the wing plane is unfolded at its 
metacarpophalangeal joint (but not at its rigid 
interphalangeal joints) during flight against the 
passive role of other three claw-bearing fingers, 
which are horizontally one-after-the-other piled 
against the fourth metacarpal that play their 
role during terrestrial (quadrupedal) locomotion 
while the wing is folded. This peculiar mechanism 
of the wing finger’s flexion and extension in 
the plane of the palm has given support to a 
protopterosaur adaptation for tree climbing in 
the debate over pterosaur origin of flight (e.g., 
Wild 1984a, Peters 2001, Bennett 1997b). 

In addition to a highly specialized and 
unique wing structure (Fig. 5a, c), pterosaurs have 
also been provided with skeletal improvements 
to enhance their flight abilities, such as the 
fusion and enlargement of pectoral limb girdle 
anchoring major flight muscles (Bennett 2003). 
These elements, such as large sternum and 
hypertrophied coracoid, even form particular, 
unique pterosaurian structures in some clades, 
as the notarium to confer rigidity and stability 
for the pectoral region to resist bending and 
torsional forces during flight (Wellnhofer et 
al. 1983, Aires et al. 2021). Recently Wu et al. 
(2023) have provided a detailed morphological 
and histological description of the pectoral 
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girdle of Hamipterus, and regarded the M. 
supracoracoideus as the main muscle of the 
upstroke (Fig. 5b) based on the presence of a 
saddle-shaped glenoid fossa with pronounced 
articular lip and well-developed acrocoracoid 
process. According to the authors, humeral 
rotation would be limited by the concave 
humeral head  forming a saddle joint with the 
glenoid fossa, which would result in different 
flight mechanisms between pterosaurs and 
birds.

Another much over-debated issue regards 
pterosaur capabilities of taking off and landing. 
Pterosaurs could have launched bipedally, 
like modern birds (Padian 1983b, Earls 2000, 
Chatterjee & Templin 2012, Witton 2013, 
Manzanera & Smith 2015, Provini & Abourachid 

2018, Padian et al. 2021) or quadrupedally as 
vampire bats (Schutt Jr et al. 1997, Habib 2008, 
Molnar 2009, Witton 2013, Manzanera & Smith 
2015, Padian et al. 2021, Griffin et al. 2022, 2024). In 
the former, birds could either start in a bipedal 
pose, in which the crouching counter movement 
of the animal is followed by the lowering of its 
center of mass before a rapid extension of its 
wings and hind limbs to propel itself forward 
and upward, or crouching deeply followed by 
a rapid extension of the hind limbs and the 
downstroke movement of the wings (Griffin et 
al. 2024). To a quadrupedal launch, however, 
pterosaur’s crouching movement is followed 
by an extension of its hind limbs to push them 
forward and start the vault phase (Fig. 6a), when 
hind limbs assume the flight pose (Griffin et al. 

Figure 5. Pectoral girdle and forelimb 
muscle reconstruction. a) Front view 
(altered from Chatterjee & Templin 2004); 
b) Comparison of the pectoral musculature 
from different lineages of archosaurs 
(taken from Wu et al. 2023); c) Forelimb 
musculature, including tendons (taken 
from Prondvai & Hone 2008; altered 
from Bennett 2008). Abbreviations: Bi, 
M. biceps; Br, M. brachialis; Ca, proximal 
and distal syncarpals; D, M. deltoideus; 
Em, extensor of the wing metacarpal; 
Ewf, extensor of the wing finger; Fc, 
flexor of the carpals; Fm, flexor of the 
wing metacarpal; Fwf, flexor of the wing 
finger; H/Hu, humerus; P, M. pectoralis; 
Pc, preaxial carpal; Pt, pteroid; Ra, radius; 
Sc, M. Supracoracoideus; Scc, coracoid of 
the fused scapulocoracoid; Scs, scapula of 
the fused scapulocoracoid; Ses, sesamoid 
of the preaxial carpal; St, sternum; Tem, 
tendon of the extensor of the wing 
metacarpal; Tewf, tendon of the extensor 
of the wing finger; Tfm, tendon of the 
flexor of the wing metacarpal; Tfwf, tendon 
of the flexor of the wing finger; Tr, M. 
triceps; Ul, ulna; Wf, wing finger; Wmc, wing 
metacarpal.
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2024). A quadrupedal, leaping launch sequence 
to gain the air has been proposed by Habib 
(2008) who considered a great deal of energy 
being demanded from the forelimb and pectoral 
muscles. Recently Griffin et al. (2022, 2024), using 
computational musculoskeletal model of a 
5-m-wingspan ornithocheiraean pterosaur, have 
favored a quadrupedal stance for taking off, 
with muscles engaged in quadrupedal takeoff 
being responsible for generating the largest 
total launch-effective moment arms throughout 
the entire takeoff sequence and in the takeoff 
pose. This whole takeoff dynamic would have 
permitted pterosaurs to obtain lift with a little 
help of the released elastic energy formerly 
stored at the tendon of gastrocnemius muscle 

that catapulted the individual into the air 
(Middleton & English 2015). Being so, considering 
the complex dynamic and energy cost to enable 
takeoff from the ground, it would be possible to 
take into account the use of an elevated perch 
or similar to lift, which is observed for birds 
and could be also envisioned for pterosaurs in 
the top of cliffs or trees such as considered by 
Chatterjee and Templin (2012) for Tapejara.

Water launch capacity has already been 
tested for pterosaurs as a matter of quadrupedal 
takeoff to escape surface resistance and suction 
and finally to project the body into the air (Fig. 
6b) as sufficient forward acceleration is achieved 
(Habib & Cunningham 2010), which would be 
pretty unlikely to have been routinely performed 

Figure 6. Different take off 
possibilities for pterosaurs. a) 
take off from dry land using its 
forelimbs to launch the body and 
become airborne (Sinopterus dongi, 
altered from Naish et al. 2021); b) 
take off from water, following four 
steps to generate lift: (1) floating 
on water, (2) first propulsive phase, 
with the limbs being thrusted 
posteroventrally through the water; 
(3) hopping phase, with the body 
being propelled from the water 
surface with increasing height 
in every bound, and (4) escape 
phase, in which enough velocity 
and clearance from the water has 
been achieved so that full launch is 
possible (figure taken from Witton, 
2013). Scaler bar: 100mm.
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by large pterosaurs because of the huge amount 
of energy demanded for this activity (Habib 
2015, Pittman et al. 2022). The first attempt of 
depicting a pterosaur trying to launch itself from 
the water date back from the 70’s (Bramwell 
& Whitfield 1974), and lately researching on 
this particular issue has gained some ground. 
Lockley & Wright (2003) have described parallel 
scratch marks from a Jurassic North American 
deposit as pterosaur swim tracks, such as they 
would have been paddling and touching the 
lakebed with the tip of their toes while crossing 
a shallow lake, with no forelimb marks being 
reported. This interpretation enables a scenario 
of these animals being propelled over the water 
surface with their wings folded and paddling 
feet, as floating birds. By using virtual 3D 
models Hone & Henderson (2014) have tested if 
pterosaurs could have indeed floated, but a bird-
like floating pose was discarded for these flying 
reptiles since, as a main detected “problem” 
regarding the peculiar anatomy of this group, 
pterosaurs would be much front heavier than 
birds, which would have pushed themselves 
forward (especially in pterodactyloids). Lately 
Pittman et al. (2022) tested the hypothesis of 
water launching using specimens of pterosaurs 
that apparently preserved membranes between 
their toes. The authors have argued about the 
possibility of smaller species taking off from 
water using pedal webbing, also confirming the 
feasibility of quadrupedal water launch for an  
aurorazhdarchid pterosaur specimen.

Landing is a commonly unreported behavior 
when compared to taking off (Mazin et al. 2009). 
Chatterjee & Templin (2004) and Unwin (2006), 
although based on different reasoning, both 
predicted that pterodactyloids would land 
bipedally and then transition to quadrupedal 
walking, as earlier proposed by Billon-Bruyat 
(2005). The Crayssac landing track described 
by Mazin et al. (2009) largely supports these 

predictions, though with some variations in the 
details as the indication of pterosaurs pausing 
during landing, which would highlight their 
advanced flight control abilities and potential to 
efficient  manoeuver.

USEFUL “DEVICES” FOR 
DIFFERENT PERFORMANCES
In the sense of landing also being a difficult task 
as it comprises the opposite way of reducing the 
speed to safely touch the ground, the unique 
pteroid bone of pterosaurs could have played 
an important role in flight aerodynamics of 
pterosaurs (Wilkinson et al. 2006). A widely held 
view is that the bone angled toward the body, 
shaping the distal portion of the propatagium’s 
leading edge, as this positioning is almost always 
seen in articulated, flattened fossil skeletons 
(Bramwell & Whitfield 1974, Wellnhofer 1985, 
1991a). Frey & Riess (1981) challenged this idea, 
arguing for an antero-ventrally directed pteroid 
in flight, with the capability of considerable 
range of movement in a vertical plane - which 
was quite rejected by others (Padian 1984, 
Wellnhofer 1985) who argued for the fragility of 
the pteroid to exert the role of manipulating the 
propatagium in flight, with later authors (e.g., 
Pennycuick 1988, Wellnhofer 1991b) defending an 
antero-ventrally and medially oriented pteroid 
(Wilkinson et al. 2006). An updated analysis 
of Wilkinson et al. (2006) provided an antero-
ventrally position of this bone in flight, and 
suggest that the pteroid-propatagium system 
may have been a key factor in the evolutionary 
adaptation to gigantism in pterosaurs. Later 
Bennett (2001, 2007, 2008) settled the pteroid 
positioned at the proximal syncarpal, as Peters 
(2009) subsequently confirmed, with its role 
of extending and depressing to control the 
propatagium and in flight performance of 
pterosaurs being still debated.
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Besides pteroids, there could have been 
other anatomic “devices” that played important 
roles in flight, such as a worth mentioning 
presence of a muscular wing root fairing at the 
base of the neck in Pterodactylus antiquus that 
would have reduced the amount of drag and 
could have implied in an intense use of muscles 
in flight control (Pittman et al. 2021). Other of 
these structures regard pterosaurs’ unique 
crests (Fig. 7). Although there is no consensus 
over the exact function of these structures, 
the hypothesis of having them as aerodynamic 
devices was corroborated by Xing et al. (2009) 
for Nyctosaurus and by Chatterjee and Templin 
(2012) for Tapejara. The presence of a backward-
projected membranous crest with great 
dimensions could produce thrust approaching 
body mass, which would not be applicable for 
pterosaurs with bony crests not attached to 
membranes nor those without crests (Middleton 
& English 2015). Indeed, a cranial model of 
Pteranodon was tested in a wind tunnel by Elgin 

et al. (2008) and the aerodynamic effects of 
its crest during simulated flight was found to 
be limited, drawing to the conclusion that this 
structure has not had influence in this pterosaur 
flight. On the other hand, Henderson (2024) 
tested the use of cranial crests as aerodynamic 
devices to produce turning moments. By 
testing different pterosaur species (eight non-
pterodactyloids and ten pterodactyloids), the 
authors have reached to the conclusion of 
different strategies to produce these moments, 
with their head + neck system displaying turning 
forces that consistently correspond to the 
body’s rotational inertia around a vertical axis, 
providing strong evidence of a functional link.

The presence of pneumatized bones 
associated with air sacs would have played a 
role in reducing weight to decrease the overall 
burden to be lifted and launched into the air 
and during flight, along with bending stiffness 
(Martin & Palmer 2014a). In most flying birds, 
air-sac diverticula selectively pneumatize the 
vertebrae and limb bones, helping to reduce 
skeletal mass (Butler et al. 2009), and differences 
in the number of pneumatic foramina along the 
vertebral column in pterosaurs and birds are 
linked to the placement of air sacs and/or the 
specific lifestyle of each species (Buchmann et 
al. 2019). However, actual mass reduction was 
not detected in recent researches (e.g., Witton 
2008, 2013, Dumont 2010), and it has been 
hypothesized that instead of actually decreasing 
mass, these bones have improved skeletal 
stiffness, strength and resistance to torsion 
forces (Currey & Alexander 1985, Swartz 1997, 
Habib & Ruff 2008, Dumont 2010, Rosenbach et 
al. 2024). Mass estimation in extinct organisms 
has indeed been a challenging task, and from 
geometric or volumetric reconstructions to 
tissue densities estimates and proposed 
variables relationships (e.g., body mass and 
dry mass of the skeleton; Witton 2008), much 

Figure 7. Reconstruction of four different species 
of pterosaurs showing their head crest diversity. a) 
Istiodactylus latidens; b) Pteranodon sternbergi; c) 
Tropeognathus mesembrinus; d) Torukjara bandeirae.
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has been suggested, and body masses have 
been ranged widely for some taxa (e.g., 64-
544 kg for Quetzalcoatlus; MacCready 1985, 
Henderson 2010, respectively), although there is 
a consensual proposition of pterosaurs having 
low body masses despite their large volumes 
(Middleton & English 2015). In this sense, mass 
estimation has implications for understanding 
not only flight, but also the takeoff and launching 
movements in the manner that body propelling 
into the air and landing would have demanded 
higher strength, specially when it comes for the 
largest pterodactyloid forms. Recently Martin & 
Palmer (2014a, b) has suggested the application 
of CT scans to analyze the volume and mass 
of the pterosaur appendicular skeleton, a 
method previously underutilized. In addition to 
enhancing the reliability of methods used by 
other researchers, as noted by the authors, this 
technique would be crucial for gaining insights 
into pterosaur flight dynamics and their load-
bearing capabilities.

Challenging the already mentioned study of 
Sato et al. (2008) suggesting some of the gigantic 
pterosaurs as flightless, as also defended by 
Henderson (2010) and Prentice et al. (2011), Witton 
& Habib (2010) have found that there would be 
no limit of mass and wingspan that could have 
restricted the largest pterosaurs to fly. Also 
worth considering to determine modes of flight 
is the scaling patterns in flying vertebrates. For 
pterosaurs, studies have pointed out that the 
body mass bears a positive allometry with bone 
diameter, while wing elements (from humerus 
to fourth wing phalanx) scaled isometrically 
(Brower & Veinus 1981, Padian & Warheit 1989), 
which uses to be a preferred approach than 
mass estimation since the latter would be a 
more challenging task to determine regarding 
such an uncommon anatomy in a completely 
extinct group (Henderson 2010), even with 
pterosaurs scaling differently from birds or 

bats (Gatesy & Middleton 2007). Moreover, high 
physiological demands during flight, such as 
the maintenance of high metabolic rates, would 
have required an expanded subcutaneous 
air sac system in the forelimb that, together 
with a controlled skeletal breathing pump, 
besides enabling the evolution of powered, 
flapping flight, have also permitted the gigantic 
pterodactyloid forms to be developed in huge 
flying vertebrates (Classens et al. 2009). Lastly, 
the flight performance of juvenile forms have 
also been tested (Naish et al. 2021, Hone et al. 
2020). Through ontongenetic studies performed 
in some species like Rhamphorhynchus, 
Sinopterus and Pterodaustro, hatchlings were 
found able for gliding and flapping flight and 
would also have occupied different niches, due 
to their isometric growth (Naish et al. 2021, Hone 
et al. 2020).

Although all the above mentioned 
difficulties in understanding how these unique 
and completely extinct clade of flying reptiles 
has evolved and performed flight, pterosaurs 
have been seen as compiling a singular array 
of novel structures that constitutes a hard-to-
compare anatomy with extant analogues and, as 
such, have to be faced as pterosaurs, nor birds 
neither bats. Witton & Habib (2010) have also 
questioned the suitability of birds as analogues 
to giant pterosaurs. This clearly poses an 
additional challenge for comprehending the 
diverse aerodynamics that could have been 
performed for different pterosaurs.

KINEMATICS OF THE 
PTEROSAURIAN SKULL
Cranial kinesis, or the intracranial motion 
permitted among different upper jaw elements 
regarding the brain case (Versluys 1910, 1912), has 
long been considered a plesiomorphic character 
(Iordansky 1990) studied among tetrapods 
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(Rieppel 1978, Iordansky 1989, Summers & Wake 
2005). The real kinematic movement refers 
to, in this case, the intracranial movement 
itself and not that at sutures to dissipate 
mechanical stresses. It has been unambiguously 
documented for birds and squamates (Holliday 
& Witmer 2008). Understanding the mechanisms 
that explain the operation of the kinetic upper 
jaw is fundamental to shed light on the range of 
motion achieved by the upper jaw and associated 
bones to explain food selection, control of jaws 
and shock absorbance, among other functions 
(e.g., Zusi 1967, Green et al. 2000, Gurd 2006, 
Estrella & Masero 2007). For this to be achieved 
it is fundamental to extrapolate from movement 
possibilities among bones to the reconstruction 
of muscles that enable movement by operating 
this system, which is quite challenging when 
it comes to fossil organisms. Although cranial 
kinesis has been inferred for some extinct 
vertebrates, such as dinosaurs, only a few studies 
regarded other clades, such as pterosaurs, on 
this issue (Prondvai & Osi 2011).

The first assumptions of cranial kinesis in 
pterosaurs dates back to the early 1900’s when 
Arthaber (1919) has considered Dorygnathus 
banthensis skull as streptostylic (i.e., the quadrate 
mobility around the quadrate-squamosal joint; 
Versluys 1910, 1912), followed by the late study 
of Wild (1978) who had proposed the same type 
of kinetic skull for Eudimorphodon ranzii and 
suggested a close relationship of Pterosauria to 
“eosuchians”. Subsequently Bennett (1996) used 
the character “Metakinetic skull” and coded 
pterosaurs based on the descriptions provided 
by Versluys (1912), who related “metakinesis” to 
a mobile dermatocranium on the braincase. This 
mobility generally regards a posterior flexure 
to the medial supraoccipital-parietal joint 
(Frazzetta 1962) and retrieves Wild’s (1978, 1984) 
streptostylic assumptions for Eudimorphodon. 
However, apart from these studies, there has 

been a consensus with regard to pterosaurian 
skull as akinetic (e.g., Wellnhofer 1978, Buffetaut 
et al. 2002), a premise considered in studies 
of skull strengths (i.e., a non-deformable skull 
when submitted to bite forces, with unchanging 
shape of cranial cross-sections) (Henderson 
2018) and jaw mechanics and pterosaurian skull 
reconstructions to understand bite mechanics 
(Fastnatch 2005, Pêgas et al. 2021). Prondvai & 
Ösi (2011) have been brought a wide analysis 
on the potential of pterosaurs for cranial 
kinesis based on anatomy, morphology and 
phylogeny, and reached the conclusion that 
most early pterosaurs, such as Eudimorphodon 
and Dorygnathus, and not completely mature 
derived ones, would have bear partially kinetic 
skulls, which would make them “virtually 
akinetic”. According to the authors, evidence 
for streptostyly might have been represented 
by cartilaginous areas that allow the skull 
expansion during ontogeny and/or permit the 
skull to withstand high stress or loads, which 
would relate cranial kinesis to transfer exaptation 
(i.e., a new function replacing the old; Arnold 
1994). However, as the recognition of these areas 
demands a good preservation of specimens, it is 
difficult to sustain this assumption to the whole 
group, particularly because many specimens 
lack good preserved skulls, or have their skulls 
preserved at all. Notwithstanding, this issue 
is fundamental to the understanding of some 
aspects of pterosaur biology, such as their 
dietary ecology.

Many diets have been attributed to 
pterosaurs, such as carnivory, insectivory, 
piscivory, durophagy and filter-feeding (e.g., 
Seeley 1901, Wellnhofer 1991a, Veldmeijer et al. 
2012, Witton 2013, 2018), and these hypotheses are 
quantitatively based on functional convergence 
when comparing skull and teeth morphologies 
with those of living organisms (Unwin & 
Henderson 2002, Veldmeijer et al. 2007), direct 
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evidence of diet (content fossils; Wild 1984b, 
Hone et al. 2015a, Witton 2018), ichnofossils 
(as from these traces habitat preferences and 
foraging behaviors can be inferred; Mazin et al. 
2003, Fiorillo et al. 2015), coprolites, although 
the attribution to their producers is a quite 
difficult task, or even generally associating 
diet with organisms that come from the same 
depositional deposit or stratigraphic level 
(Kellner 2003, Chatterjee & Templin 2004, Tütken 
& Hone 2010). A quantitative approach, however, 
is set up on feeding/foraging behaviors that 
could sustain logical dietary hypotheses and 
not on food devices themselves, which can be 
achieved through the study of how forces act on 
digital reconstructions (i.e., how these models 
behave when submitted to stress and loads (e.g., 
Rayfield et al. 2001, Anderson et al. 2011, Pêgas et 
al. 2021). In this scenario, small areas for muscle 
insertion would be related to low bite forces and 
fast closure of jaws (Ösi 2011).

The skull of Eudimorphodon was three-
dimensionally built and it was found to support 
high bite forces, as for Pterodactylus that, by 
being submitted to a Finite Element Analysis 
(FEA), was suggested to exert intermediate bite 
forces, which would indicate the consumption 
of different food items (Henderson 2018). 
Such reconstructions were also performed for 
Ctenochasma, Gnathosaurus and Pterodaustro, 
and the dorso-anterior forces to which these 
taxa’s models have been submitted pointed 
out to quite weak bite forces that could have 
suggested the ingestion of soft food items, such 
as planktonic-sized ones. The consumption 
of hard items, on the other hand, demands 
high bite forces (e.g., durophagy), as these are 
required to break such items as seeds and 
cones, as demonstrated for the skull of Tapejara 
(Henderson 2018). This force was estimated with 
the basis on the relative positions of both jugal 
and quadrate and assumes enough force for 

cracking angiosperms fruits by tapejarids (i.e., 
frugivory; Meijer et al. 2007) whose spatial and 
temporal emergence indeed correlates with 
the development and dissemination of fruiting 
angiosperms (Wang et al. 2008; Vullo et al. 2012). 
Moreover, Pêgas et al. (2021) reconstructed the 
adductor jaw muscles of different pterodactyloid 
pterosaurs and performed bite force analysis in 
nine pterosaur species, having concluded that 
Pteranodon and Nyctosaurus were piscivorous 
with well developed muscles, but weak bite 
forces due to their long beaks; Tapejara showed 
values compatible to those of frugivorous birds, 
which is congruent with its short rostrum and 
well developed musculature; Caupedactylus 
has medium values in muscle development 
and bite force, indicating generalist habits; 
Thalassodromeus had powerful muscles and a 
considerable bite force, indicating bigger prey, 
or hard food items; Tupuxuara, on the other 
hand, had lesser values, indicating piscivory 
or generalist habits; and Dsungaripterus also 
presented high values and a well developed 
musculature, which with their teeth indicate 
durophagy (Fig. 8).

Many studies have approached the shape 
disparity of jaws and their sizes within an 
ecomorphological context to understand 
macroevolutionary aspects of different pterosaur 
groups (e.g., Anderson 2009, Anderson et al. 
2013, Stubbs et al. 2013, MacLaren et al. 2016). 
Different techniques used to ecomorphological 
investigation for pterosaurs regarding their 
dietary ecology have been recently performed 
by Zhou et al. (2017), who used morphospaces to 
distinguish different feeding habits. The authors 
have predicted different diets to distinct lower 
jaw and teeth configuration. Long and slender 
lower jaws bearing teeth inclined forward of 
ornithocheirids and anhanguerids would be 
an indicative of a fish-catching diet, and those 
bearing none, typical of derived azhdarchids, 
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would indicate diets based on small vertebrates 
preying; on the other hand, a durophagous 
tooth morphology of some dsungaripterids 
would point to hard items preying (e.g., plucking 
molluscs), or numerous, very closely arranged 
needle-like teeth that would enable pterosaurs 
as the Argentinean Pterodaustro to filter tiny 
particles and suspended matter from water. 

Other types of investigation have already 
been performed regarding morphological 

disparity and how it reflects feeding habits using 
geometric morphometric methods (GMM) (i.e., 
Stubbs et al. 2013, Lautenschlager 2014, Pinheiro 
& Rodrigues 2017, Navarro et al. 2018), including 
approaches as elliptical Fourier analysis (EFA) to 
quantify two-dimensional complex shapes (Kuhl 
& Giardana 1982) and semi-landmark (SLM) 
analysis to quantify curves and shapes (Gunz 
& Mitteroecker 2013). These approaches were 
combined in the study of Navarro et al. (2018) to 
explore the disparity of pterosaurian lower jaws. 
As a result, the authors have found out that 
convergence is prevalent over divergence, and 
that there is an overlap in morphospace of many 
diverse pterosaur groups with “simple” ‘rod-
shaped’ jaws. When combined, morphological 
data and kinematics profiles can provide more 
complete explanations on the performance of 
pterosaur skulls, including on their possible 
feeding modes, which widely increases our 
knowledge on these ecological aspects of flying 
reptiles.  

OTHER ASPECTS OF PTEROSAURIAN 
BIOMECHANICS
Biomechanics are not limited to locomotion 
and bite force. Other aspects have also to be 
considered to the understanding of pterosaur 
paleoecology, which is relatively understudied, 
as is the case for neck biomechanics (Naish 
& Witton 2017, Buchmann & Rodrigues 2024). 
The lack of studies about this structure can 
be attributed to the scarcity of material or bad 
preservation of the cervical series, with bones 
missing, damaged, or preserved in a two-
dimensional impression (Williams et al. 2021). 
In general, pterosaur necks can be divided 
into three distinct regions: the first being the 
anterior one which articulates with the head 
and possesses a greater range of motion; the 
second is the medial region, the longest one 

Figure 8. Jaw muscles reconstruction with skulls in 
lateral and palatal views. They include temporal 
musculature, M. adductor mandibulae posterior and 
the pterygoideus musculature. a) Tapejara wellnhoferi; 
b) Tupuxuara leonardii; c) Anhanguera blittersdorffi. 
Scale bars: 200mm (figure altered from Pêgas et al. 
2021).
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which helps with lifting the head; and lastly, 
the third is the base of the neck, where there 
are muscles to support the weight of both the 
neck and the head (Buchmann & Rodrigues 
2024). However, the length and format of the 
neck changes along the Pterosauria, with basal 
forms showing shorter gracile necks, while 
more derived ones, especially those inside 
the Pterodactyloidea, have longer rigid necks, 
which with the head make more than half of the 
entire animal’s length. Extreme examples of this 
elongation lie within the Azhdarchoidea, mostly 
in the Azhdarchidae and Alanqidae families 
(Williams et al. 2021).

How could flying animals develop such 
long necks and were these structures capable 
of supporting the stresses caused during flight 
was studied by Williams et al. (2021), who 
analyzed a well-preserved cervical centrum 
referred to Alanqa sp. recovered from the 
Kem Kem Group from Morocco by using XCT 
scanning to understand its internal structure. 
The scanning demonstrated the existence of a 
neural tube surrounded by a complex array of 
internal structures called trabeculae forming 
a helically arranged pattern. The presence of 
these trabeculae indicates that the cervical 
series could resist buckling forces, since these 
structures transfer stresses between the neural 
tube and the external surface (i.e., providing 
more stability to the bone). Other studies 
have been recently conducted on Azhdarchid 
pterosaur specimens with well-preserved 
cervical vertebrae to better understand how 
it functioned and what implications it had in 
the animal’s lifestyle, such as that of Padian 
et al. (2021). The authors gathered a series of 
specimens of Quetzalcoatlus lawsoni and made 
reconstructions of its skeletons, which allowed 
them to manipulate the bones and assess its 
range of motion to find that these animals 
were capable of rapid horizontal and vertical 

movements (Fig. 9) that could have allowed 
them to catch small prey.

In addition to strength and range of motion, 
the possible posture of the cervical series in 
rest also carries its importance since it can tell 
us how these animals could feed. Buchmann 
& Rodrigues (2024) carried out a study about 
the posture of the neck of Azhdarcho lancicollis, 
Rhamphorhynchus muensteri and Anhanguera 
piscator. In the case of Azhdarcho, its neck was 
adapted to support the head in a high position 
without suffering stresses; Rhamphorhynchus 
and Anhanguera, on the other hand, had short 
sinuous necks in a horizontal position, allowing 
them to fish while flying.

	    All these studies cover different aspects 
of the same structure, adding knowledge about 
the posture, feeding habits and resistance to 
external forces of the pterosaurs. However, this 
knowledge is far from complete, relying on the 
discovery of more well-preserved specimens 

Figure 9. Representation of the possible range of 
motion of a Quetzalcoatlus’ neck, both laterally (a) and 
vertically (b) (altered from Padian et al. 2021).
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that can contribute with more information about 
the anatomy of these animals. 

SCIENTOMETRICS HISTORY 
AND PERSPECTIVE
We performed a survey using the Core Collection 
of Thomson ReutersTM Web of ScienceTM at April 
2025. The search query was: “Pterosaur* AND 
(Locomotion* OR Movement* OR Biomechanic* 
OR Mechanic* OR Neuromechanic* OR 
Mechanostat* OR Stance* OR Flight* OR Colision* 
OR “Finite element”* OR Robotic* OR Engineer* 
OR Biomimetic* OR Force* OR Gait*)”. The 
words were used as a filter. Except for patents, 
meeting abstracts, and magazines, all types of 
documents (scientific journals, book chapters, 
and short communications) were used for the 
analyses. No beginning year was determined for 
the search, we only restricted it to documents 
published before 2025. All of the raw data and 
code for the analyses can be found in an online 
public repository (additional data: https://data.
mendeley.com/datasets/jw3zk4cr32/1).

The analyses were performed in the R 
Studio 2024.12.1 (R Core Team 2024), with the 
packcage ‘bibliometrix’ (Aria & Cuccurullo 2017, 
see R-script in the additional data S1: https://
data.mendeley.com/datasets/jw3zk4cr32/1). 
All analyses used the same period, except for 
trending topics and thematic evolution, where 
two periods were created, pre-2001 and post 
2000, due to the limitation of the program 
to show the whole period. Overall scientific 
production on pterosaur biomechanics per year 
was used to assemble a frequency distribution 
graphic line, including the cumulative frequency. 
Keyword Plus® was used in all word analyses. 
For the analysis, a synonym list and a list of 
removed words (see additional data of each 
analysis, accessible at https://data.mendeley.
com/datasets/jw3zk4cr32/1) were included. A 

minimum frequency of five words was used, and 
three per year for the post 2000 period. Due 
to the expected low number of publications, a 
minimum frequency of one word was defined to 
the pre-2001 period. 

We retrieved 309 documents in the 
preliminary search; after filtering out the 
document types, the final sample was made of 
265 publications (additional data S2: https://
data.mendeley.com/datasets/jw3zk4cr32/1). The 
oldest document in the sample was from 1983. 
Articles were the most common type, making up 
83% (n= 220) of the sample, followed by reviews 
(8%, n = 22) and proceedings papers (3%, n = 8) 
(additional data S3: https://data.mendeley.com/
datasets/jw3zk4cr32/1). The literature in the 
field presented an annual growth rate of 7.58 %, 
with publications from 564 authors. 

The annual production in the field presented 
an increasing trend (R² = 0.7823), with 2024 
having the highest number of publications (n= 
20) (Figure 10). Country-wise, the USA was the 
highest publisher in pterosaur biomechanics 
documents, participating in the publication of 
177, followed by the United Kingdom (n = 166), 
and China (n = 102) (Figure 11). We found the word 
“evolution” as the most frequent in the retrieved 
documents, occurring 83 times; another relevant 
word in the field was “flight” (n = 51) (Figure 12). 
This results shows the evolutionary context 
is paramount for the research field, and the 
flight is the main biomechanic theme. The use 
of words over the years was also analyzed, 
with “evolution” having the greatest increase 
in use, mainly after the early 2010s, where it 
surpassed aerodynamics in occurrence (Figure 
13). The occurrence of all of the terms was not 
treated as mutually exclusive in the search 
within the context of pterosaur biomechanics, 
such as ‘evolution’ and ‘flight’, and may vary 
by manuscript section. For instance, they often 
can appear in introductions even when not 
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central to the study (Figure 14). A high number 
of subclusters formed around “evolution”; the 
thickness of its connections to the other words 
represents the frequency of times they appeared 
together. 

We analyzed the word trend and thematic 
maps in the two periods from 1983 - 2000 and 
2001 – 2024 (Figure 15). In the early periods, the 
latest trending words were “pterosaurs”, “lung 
ventilation”, and “locomotion”.  The “pterosaurs” 
and “lung ventilation” topics appeared in the last 
year of the first period (Figure 15a). Exceptionally, 
“evolution” was the most conspicuous word of 
the period, appearing in all years after it was 
first used. The second period showed more 
variety in topics, the newest being taxonomy, 
despite only having enough frequency to 
appear in one year. Other topics showed more 
longevity and frequency, presenting a research 

perspective, such as “paleohistology,” “growth”, 
and “osteology” (Figure 15b).

The thematic map (Figure 16) identifies 
themes in a research field based on the degree 
of development (density of publications) and 
the degree of relevance (connections to other 
themes). The first period thematic map was 
occupied in two of its four quadrants.   The 
niche themes quadrant, high density but low 
connected themes, had the clusters “lung 
ventilation, pterosaurs,” and “vertebrate flight” 
(Figure 16a). The clusters “bird, dinosaurs,” and 
“flight, evolution, locomotion” appeared in 
the basic theme’s quadrant, themes with high 
connection to other clusters, but low density.  
In the second period, all quadrants but one 
quadrant were occupied. In the niche themes 
quadrant were the clusters “ichnotaxonomy, 
preservation”, “alligator-missipiensis”, “soft-
tissues”, “terrestrial locomotion” (Figure 16b). 

Figure 10. Annual scientific production on Pterosaur biomechanics at Web of ScienceTM database, from 1983 to 
2024. See the dataset on additional data S4: https://data.mendeley.com/datasets/jw3zk4cr32/1.
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Between the upper-left quadrant and the motor 
themes, we found the cluster “growth, ontogeny, 
age”. The motor themes are topics with high 
density and high connection to other topics. The 
lower-left quadrant is occupied by the cluster 
“pterosaur tracks, footprint, speeds”. Known as 
the emerging/declining themes, this quadrant 
is formed by low connection and low-density 
topics. Between the motor themes quadrant and 
the basic theme quadrant, there is the “origin, 
archosaur, body-size” cluster. Two clusters 
are positioned in the basic theme’s quadrant, 
“dinosaur, pterosaur, bird”, and “evolution, flight, 
biomechanics”.

FUTURE PERSPECTIVES
As overly discussed, it is difficult to generalize 
pterosaurs’ form and function once the clade of 
these flying reptiles has achieved a significant 
diversity along their lineage. Having reached 

enormous, derived pterodactyloid forms whose 
peculiarities have even raised doubts on some 
of its functional aspects, such as flight capability, 
pterosaurs still have many of their mechanical 
abilities not clearly understood. Apart from this 
question, there is also this well-known difficulty 
in using modern analogues, as birds and bats, 
to elucidate such abilities thanks to the unique 
nature of their anatomical and morphological 
apparatus. While flight in birds and bats can 
be directly observed and compared between 
theoretical and real conditions, this is not 
possible for pterosaurs whose understanding of 
flight relies exclusively on paleontological data 
concerning their wing structure and evolutionary 
development (Koroljov 2016). However, it is 
possible that in vivo theoretical models can 
still be used to help the understanding of 
hypothesized pterosaurian models, together 
with biomimetics as many advances in this field 
are taking place. 

Figure 11. Country production on Pterosaur biomechanics at Web of ScienceTM database, from 1983 to 2024. See the 
dataset on additional data S5: https://data.mendeley.com/datasets/jw3zk4cr32/1.
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Figure 12. Frequent words on Pterosaur biomechanics at Web of ScienceTM database, from 1983 to 2024. See the 
dataset on additional data S6-8: https://data.mendeley.com/datasets/jw3zk4cr32/1.

Figure 13. Words overtime on Pterosaur biomechanics at Web of ScienceTM database, from 1991 to 2024. See the 
dataset on additional data S9: https://data.mendeley.com/datasets/jw3zk4cr32/1.
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The potential of extinct flying vertebrates 
for bioinspired flight technology has already 
been recognized by Martin-Silverstone et al. 
(2020). By enabling the construction of physical 
models, or even designing three-dimensional 
ones by using advanced computational 
techniques, we move additional steps to a 
much clearer understanding on how these 
flying reptiles could have biomechanically 
functioned, as pointed out by Frey et al. (2006). 
By proposing a collaborative approach between 
paleontologists and aeronautical engineers, 
these authors highlight the advanced flight 
abilities of pterosaurs and the growing interest 
of aeronautical engineering in their anatomy, 
also stressing the possibility of constructing 
pterosaur models for future investigations of 
their flight performance using wind tunnels 
and techniques typically applied to living 
species with the development of new materials. 
This cooperation is also stressed by Krüger & 

Klaus (2012) who presented an interdisciplinary 
project between the State Museum of Natural 
History Karlsruhe (SMNK) and the Institute of 
Aeroelasticity of the German Aerospace Center 
(DLR) to integrate the pterosaurian flight 
apparatus with insights from both paleontology 
and flight engineering. Being so, more physicists 
and engineers seem to be increasingly interested 
in mathematical modeling to better understand 
the flight dynamics of pterosaurs, such as Liu 
(2023) who investigated the biomechanics 
underlying pterosaur flight by applying principles 
of mechanical analysis. Moreover, integrative 
mathematical or computational framework 
that interconnects different components 
has also been a trend in this concern, as 
the three key-components - aerodynamic 
forces, biomechanical constraints, and energy 
expenditure - being integrated in the study of 
Wang & Zhang (2020) to dynamically influence 
each other through continuous feedback during 

Figure 14. Co-occurrence network on Pterosaur biomechanics words at Web of ScienceTM database, from 1983 to 
2024. See the dataset on additional data S10-12: https://data.mendeley.com/datasets/jw3zk4cr32/1.
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simulation. This work, as others in this line of 
research, can offer a more flexible and accurate 
approach for simulating pterosaur flight than 
conventional static models.

Moreover,  multifaceted approaches 
combining diverse methods are proving 
increasingly effective for understanding changes 
in various functional aspects of pterosaurs over 

time, such as the study of Venditti et al. (2020) 
that integrated phylogenetic statistical methods, 
biophysical models, and fossil evidence to 
reveal an evolutionary trend toward increased 
flight efficiency in pterosaurs. Pterosaurs, with 
their exquisite anatomy, have been increasingly 
utilized in the fields of bioinspiration and 
biomimetics for aircraft design, as a large 

Figure 15. Trending topics on Pterosaur biomechanics words at Web of ScienceTM database, from 1983-2000, and 
2001-2024. See the dataset on additional data S13-16: https://data.mendeley.com/datasets/jw3zk4cr32/1.
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part of our knowledge about animal flight 
mechanics comes from drawing parallels with 
aircraft (Norberg, 2006). The study of Roberts et 
al. (2011) investigated the stability and control 
of a pterosaur-inspired aircraft, emphasizing 
that adjusting the position of a vertical tail, 
modeled after the pterosaur’s cranial crest, can 
enhance maneuverability and flight adaptability 
across different scenarios. Another example 
is the use of Tapejara wellnhoferi as a model 

for biomimicking a robotic vehicle in the 
study by Chatterjee et al. (2013). The authors, 
by emulating the body structure and flight 
capabilities of Tapejara, have developed an 
autonomous UAV (unmanned aerial vehicle) 
named Pterodrone, with morphing technology 
enabling shape adjustments to optimize flight 
performance under varying conditions. More 
bioinspired pterosaur models are expected as 
knowledge of the flight dynamics of these flying 

Figure 16. Thematic 
map on Pterosaur 
biomechanics words 
at Web of ScienceTM 
database, Periods 1 and 
2. See the dataset on 
additional data S17-120: 
https://data.mendeley.
com/datasets/
jw3zk4cr32/1.
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reptiles advances, allowing for, for example, 
the identification of unexpected obstacles and 
flight replanning, as pointed out by Chatterjee 
et al. (2013) for their pterosaur-inspired drone. 
Also, the optimization of flapping-wing aircraft 
(ornithopters) by replicating pterosaur flight 
dynamics was performed by Zakaria et al. 
(2016). By focusing on functional aspects such 
as wing morphology, flapping kinematics, 
and aerodynamic forces, this study provides 
important contributions to both bioinspired 
engineering and the understanding of pterosaur 
flight abilities, aiding advancements in flight 
technology and enhancing paleontological 
research.  

FINAL REMARKS
Numerous questions regarding the functional 
and biomechanical aspects of pterosaurs, 
such as flight and terrestrial locomotion, 
musculoskeletal system, mechanostat, density 
and properties, neuromechanical aspects, and 
biomimetics, remain under debate. This is 
largely due to the group’s unique morphology, 
the incompleteness of the fossil record, and 
the fragile preservation of their remains. 
However, advances in technologies such as 
computer graphics and 3D simulations in virtual 
environments, combined with interdisciplinary 
collaborations between biology, engineering, 
and physics, have significantly enhanced 
our understanding of pterosaur movement 
dynamics. These developments have also 
fostered the growth of fields like biomimetics 
and bioengineering, enabling the creation 
of bioinspired models based on pterosaur 
anatomy. The integration of these technological 
approaches with the discovery of more complete 

and three-dimensionally preserved specimens 
holds great potential to clarify many outstanding 
questions about the ecology and life history of 
these extraordinary Mesozoic flying reptiles.
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