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Dinosaur locomotor biomechanics are of major interest. Locomotion of an
animal affects many, if not most, aspects of life reconstruction, including
behaviour, performance, ecology and appearance. Yet locomotion is one
aspect of non-avian dinosaurs that we cannot directly observe. To shed
light on how dinosaurs moved, we must draw from multiple sources of
evidence. Extant taxa provide the basic principles of locomotion, bracket
soft-tissue reconstructions and provide validation data for methods and
hypotheses applied to dinosaurs. The skeletal evidence itself can be
used directly to reconstruct posture, range of motion and mass (segment
and whole-body). Building on skeletal reconstructions, musculoskeletal
models inform muscle function and form the basis of simulations to test
hypotheses of locomotor performance. Finally, fossilized footprints are
our only direct record of motion and can provide important snapshots
of extinct animals, shedding light on speed, gait and posture. Building
confident reconstructions of dinosaur locomotion requires evidence from
all four sources of information. This review explores recent work in these
areas, with a methodological focus.

1. Introduction

The discovery of the first dinosaurs immediately raised questions about
how they appeared in life. Fundamental to any such life reconstruction is
locomotion; for a terrestrial vertebrate to eat, reproduce, evade predators or
play, it needs to be able to move from one point to another. Not only is
an understanding of locomotor biology necessary for us to visualize these
animals in life, but it is also fundamental to research into other aspects
of dinosaur palaeobiology. Questions around predator-prey relationships,
metabolism or evolutionary pressures are informed or even dictated by the
constraints imposed by locomotor capability.

For nearly three quarters of the time since Buckland named the first
dinosaur, dinosaurs were seen as slow, lumbering, cold-blooded animals. The
first dinosaur renaissance was triggered by the description of Deinonychus
[1], helped in large part by Bakker’s illustration in that work of the animal
mid-sprint. Changing the prevailing view of how these animals moved,
fundamentally changed our views of almost everything else about them.

Dinosaurs present an interesting group for studies of locomotor evolution
and mechanics. The group evolved large sizes way beyond what we see
in extant terrestrial taxa, and they did so multiple times. The group also
inherited bipedalism from their dinosauromorph ancestors and exceeded the
size of modern bipeds by an order of magnitude. Some of these bipedal
lineages returned to quadrupedality, a rare evolutionary reversion [2,3].

Locomotion is such an important and broad-reaching area of dinosaur
palaeontology, that there have of course been prior review articles [4-11].
As such, and given space limitations here, I do not aim to be exhaustive
in reviewing all dinosaur locomotion research that has occurred since 1824.
This review will focus on recent work, naturally with reference to earlier key
papers. I shall generally limit myself to those works whose findings concern
non-avian dinosaurs, rather than attempting to also review the vast literature
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on avian locomotion, and similarly this review will predominantly focus on terrestrial locomotion, with only small considera- n

tion of the evolution of flight on the dinosaur to bird lineage.

Information about dinosaur locomotion comes from four main sources: extant animals, the fossilized bones themselves,
reconstructed soft tissues (inferred from both bones and extant taxa) and fossilized trackways (figure 1). This review shall look
at recent work in each of these areas.

The methods covered in the following sections all rely on extant taxa for validation, whether that is testing range of motion
(ROM) methods on emu feet before applying them to theropods [12], using musculoskeletal models of humans and birds to
validate simulations applied to dinosaurs [13] or observing bird track formation to understand how a dinosaur foot likely
moved [14]. Indeed, methods for studying dinosaur locomotion should not be used without first being validated against living
animals, where accuracy, precision and confidence of the techniques can be established. At the same time, dinosaurs allow us to
refine, test and expand on our extant-based ideas. Models derived solely from living animals, for instance, may have flaws or
nuances only uncovered when applied to large dinosaurs which extend the mass and size axes well beyond modern taxa [15].

Our fundamental principles of animal locomotion [16,17] are necessarily derived from living animals. It is from living
animals that we can draw comparisons, that we can infer soft-tissue morphology and ultimately constrain reconstructions in
extinct taxa. Observation of living animals provides a means to discover relationships between form and function that may
apply generally, within a clade or morphotype, or throughout a single organism’s lifetime. Because use of extant taxa tends
to underpin all of our research avenues into dinosaur locomotion, I will draw attention to the topic throughout subsequent
sections. However, it is worth explicitly pointing out some studies that have focused on how living animals move in order to
shed light on dinosaur locomotion.

One of the simplest and most commonly encountered metrics of locomotion is speed. Where locomotion as a whole can be
a complex system of kinetics and kinematics, speed is a single value that is immediately relatable by everyone; "how fast could
X dinosaur run’ is one of the most common questions asked by the general public. We shall address how research in dinosaur
locomotion has occasionally shed light on this question, but first we must understand the relationship between speed and other
factors such as size, locomotor mode and limb length in living animals. This is not as trivial as it may first appear—getting
animals to move at their maximum speed in the laboratory or field is notoriously difficult. Alexander reported speeds for
numerous fast land animals, encouraging them to run by chasing them in a vehicle from which video was recorded [18], and
these values remained the ‘gold standard” for many years.

The locomotion of large animals is inherently interesting—already high forces resulting from mass and gravity are multi-
plied during locomotion. This means that limb bones and their associated muscles, ligaments and tendons need to produce,
transmit and withstand incredibly large forces [19]. Locomotor studies of large modern animals such as giraffes [20], hippos
[21], rhinos [22] and elephants [19,23-25], all serve to shed light on how large animals move and deal with such forces, e.g.
through more robust and columnar limb bones.

Unlike many other aspects of animal biology that tend to scale with size, speed has been observed in extant taxa to peak
at an ‘intermediate’ size (approx. the size of a cheetah), with smaller and larger taxa attaining lower maximum speeds [26],
scaling non-monotonously [27]. Work capacity of muscles constrains maximum speeds of large animals, while physical limits
on instantaneous power production of muscles limits top speeds of smaller animals [27,28]. These studies [26-29], while focused
on drawing out relationships and mechanisms in extant taxa, all naturally extended their discussions to what this would mean
for the largest dinosaurs. Decreasing maximum speed with large size would mean many dinosaurs would be relatively slow (or
at least, incapable of high speeds). These studies highlight how study of extant taxa directly informs dinosaur locomotion.

Bipedal locomotion receives much attention both among biologists and palaeontologists, perhaps because it is ‘closer to
home’ (in that humans are bipeds), as well as being unusual; only humans and birds are obligate walking/running bipeds today.
Dinosaurs represent by far the largest bipeds ever to have existed, potentially encroaching on biomechanical limits [30-33]. Of
extant groups, while humans are quite morphologically constrained, birds span several orders of magnitude in size and vary in
form. This makes them an excellent group with which to study how and why bipedal locomotion varies [34,35]. By observing
living taxa, Bishop et al. [34] were able to make inferences about dinosaurs, namely that small and large theropods moving at
dynamically similar speeds, would in fact be moving very differently, with smaller animals more crouched.

If any form of locomotion receives as much attention as bipedalism, it is flight. With the flood of feathered dinosaur
discoveries over the past three decades [36], understanding how flight is linked to size, age and morphology has been a major
area of study, particularly in how it relates to the origins of flight. Dial observed wing-assisted incline running (WAIR; [37]), in
which birds use the wings to aid ascent of steep, vertical and even overhanging surfaces. Dial noted that this effect was present
even in juveniles without fully formed feathers, and subsequent studies [38-40] have further explored this within ontogenetic
sequences of living birds, noting that the ontogenetic trajectories in wing size and feather structure bear many similarities with
evolutionary trajectories observed in fossil theropods [38]. It is highly likely that WAIR represents a means for even the most
incipient of wings and feathers to provide a benefit on which natural selection can act, offering an explanation for the origin of
feathered flight alternative to the more traditional trees-down hypothesis.

Artificially manipulating extant taxa can shed light on how organisms respond to constraints that may have naturally
affected dinosaurs. For instance, to study the effects of the large muscular tail on posture and locomotion, two studies [41,42]
suspended weights posterior to the hip in chickens, moving the centre of mass back, to test the hypothesis that a large muscular
tail in dinosaurs necessitated a more vertical limb posture. The first study [41] observed that the femur actually became more
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Figure 1. A summary of sources of information about dinosaur locomotion. Extant taxa, either through in vivo or ex vivo studies, offer the fundamental mechanics
of motion, guiding principles and provide validation cases for methods applied to extinct taxa. The skeletons of dinosaurs provide gross information about mass and
morphology, as well as clues to loading regimes and posture through bone shape and microstructure. Tracks record direct evidence of gait, speed and distal limb
motions, and via simulations can test hypotheses of motion. Musculoskeletal models are constructed from skeletal and extant evidence and can inform us of kinematics
and performance metrics of locomotion. Musculoskeletal modelling and tracks can provide useful constraints or hypotheses for each other.

horizontal (though still within the range of other bird taxa) with the addition of posterior weights, counter to the original
hypothesis. However the second later study [42] raised chickens from hatching to maturity with posterior weights attached, and
in larger enclosures where they could exercise. This second study [42] did observe a more vertically oriented femur as predicted
by the original hypothesis.

3. Bones

The fossilized bones of dinosaurs are our primary source of information about almost all aspects of their palaeobiology, and it is
only rarely that skeletons do not take centre stage in any museum exhibit. Skeletal elements can be used to infer size and mass,
limb lengths and ROM at a given joint, all of which can constrain possible locomotor performance or provide inputs to more
advanced modelling (see next section).

(a) Scaling, size and mass

Acknowledging relatively small uncertainties due to cartilage and other soft tissues, skeletons can directly tell us how long and
tall an animal was, and how long its limbs were, providing at the very least a point of comparison with extant taxa. A less
directly measurable, but equally important metric is mass, which fundamentally affects how an animal can move [27,28,43,44].
Specifically mass dictates how much force muscles need to generate. In addition to absolute mass, centre of mass and moments
of inertia have major effects on posture and manoeuvrability [4,45]. Mass is generally determined in one of the two ways, either
through scaling equations or through three-dimensional modelling [46].

Scaling equations rely on relationships between size of specific bones (usually the humerus or femur or some combination
of limb bones), and overall body mass, and are derived from living taxa [47-50]. This has clear advantages over the more
complex process of three-dimensional modelling, in that mass can be calculated for many individuals or species with only a few
measurements, enabling rapid and extensive data collection, which can be necessary for broad evolutionary studies. They are
also applicable to relatively incomplete skeletons, requiring only a single bone, or even potentially a partial bone, and do not
rely on soft-tissue reconstruction. However, the scaling relationships are derived from extant taxa, all of which are smaller than
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the largest dinosaurs, and often morphologically very different. It is, therefore, difficult to test if scaling equations are usefully n

accurate outside of the dataset from which they are determined.

The alternative is to reconstruct the full form of the dinosaur to calculate mass. Alexander immersed scaled dinosaur models
in water to calculate volume and multiplied by an assumed density of 1000 kg m™ [5]. Today, the process predominantly
occurs virtually via digital three-dimensional modelling—reconstructing a soft-tissue outline around the skeleton [46,51,52].
This method naturally requires a relatively complete specimen and is inherently more involved to calculate than measuring a
single bone, though modern digitization techniques [51,53,54], and hulling methods [55,56] have greatly simplified this process.
Volumetric models can be wholly multiplied by assumed densities ([55]; often lower than 1000 kg m™ to account for the
pneumaticity present in many dinosaurs), or the models may be constructed with distinct approximate volumes for bone,
muscle and air sacstlungs, and each multiplied by a particular density [57,58].

Both methods, scaling and volumetric modelling, continue to be used, offering differing advantages. Scaling equations have
been described as having accuracy, and volumetric models as providing precision [50], though there remain some cases of
significant disagreement between the methods (e.g. [59,60] where the mass of Dreadnoughtus was calculated as approx. 60 t
using scaling equations, versus approx. 27 t with volumetric modelling) inviting further work refining these methods [50].

(b) Range of motion

The ROM of any given joint is integral to how the limb and body move, providing hard and soft constraints that limit the
possible postures and movements. Joint mobility has been described as a bridge between form and function [61]. At its most
basic level, research into dinosaur ROM involves taking the bones, either real, cast or digital, and manipulating them to find
hard stops that limit further movement at a joint [62-66].

However, we know from numerous in vivo and ex vivo studies [12,67-69], especially those using X-ray Reconstruction of
Moving Morphology [70-74], that joint ROM is highly dependent on soft tissues, which can not only alter the shape of the joint
relative to the bones, but can actively deform, enabling translation of the axis of rotation. Combining progressive dissections, in
which soft tissues are systematically removed [75,76] can provide more rigorous investigations into dinosaur ROM [12,77,78],
but even here, the values recovered can be subjective and dependent on the rotation axes in which the observer moves the
bones. Because the seemingly simple task of determining ROM has proven to be so complex, recent work has advanced
methods to measure ROM in a standardized manner [74,79-81] which will in the future facilitate more comparative studies.

Bones and joint ROM are enough to start to constrain limb poses and body postures, and infer facets of locomotion, without
knowledge of soft-tissues. Gatesy et al. [82] used constraint-based exclusion of limb poses to reconstruct Tyrannosaurus limb
posture at mid stance, validating their method against extant ratites. Starting with all possible limb poses, the ‘configuration
space’ was whittled down by removing least probable poses. Joint ROMs were the first and most significant constraint. Other
kinetic constraints of increasing uncertainty (e.g. resultant moment signs and magnitudes) further reduced possible poses until
only a narrow range of limb configurations remained. The reconstructed limb poses indicated only slow running at best for
Tyrannosaurus rex.

(c) Bone structure

Both the internal and external structures of bones provide crucial insights into dinosaur locomotion. Gross morphological
features, particularly the scaling of proportions with body size, offer clues about locomotor capabilities across dinosaur taxa.
Limb proportions and overall body plan change systematically with increasing body mass, reflecting biomechanical constraints
and adaptations [44,83]. Allometric scaling, where different body parts grow at different rates in relation to body size, plays a
critical role in these changes. For instance, larger theropods tend to have relatively short and more robust limb bones com-
pared with their smaller counterparts, a trend also observed in modern mammals [84]. This allometric scaling has significant
implications for speed, agility and overall locomotor performance [43,85]; shorter limbs reduce relative stride length, reducing
speed; robust limbs resist bending and compressive forces but increase mass and cost of transport.

At a smaller scale, the microstructure of dinosaur bones provides a direct record of the loads experienced during life,
offering invaluable data on posture and movement patterns. Cortical bone cross-sectional geometry reflects the dominant
loading regimes experienced by the limb bones [86,87]. For example, the thick-walled, elliptical cross-sections often observed
in theropod femora suggest adaptation to both bending and torsional loads, consistent with an upright, parasagittal gait [83].
Cubo et al. [88] provided evidence of biomechanically adaptive bone modelling, changes in structure due to stress, in the
hadrosaur Maiasaura, demonstrating how bone microstructure can change during growth in response to mechanical loads.
That these changes occur within a single taxon is informative as to ontogenetic changes in locomotor capabilities throughout
ontogeny in at least some large dinosaurs.

While bone morphology offers information about posture and movement, and skeletons of dinosaurs are a natural starting
point for studying their locomotion, many uncertainties remain, particularly regarding the drivers of motion, muscles. To
further refine our understanding of dinosaur locomotion, we need to move ‘beyond the bones’ [9].
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4. Muscles, soft-tissues and computers

(a) Reconstructing muscles

While it is the osteology that provides the basis of our understanding of dinosaur locomotion, the skeletons cannot move on
their own (museum visits might be far more exciting were that the case). Skeletons are driven by muscles, which, for all intents
and purposes here, do not fossilize, making biomechanical reconstructions difficult [89]. Muscle is highly conserved across
Tetrapoda [17,90], so we can with some confidence reconstruct the properties of dinosaur muscle. Where the uncertainties lie is
in which muscles a given dinosaur had, the path said muscles took, and the size of those muscles. Ascertaining if a given muscle
crossed a joint, and how large it was, can give an indication of the power the animal might exert at said joint.

Osteological evidence in the form of muscle scars, rough areas where tendons attached muscles to bone, can provide primary
information about the presence of muscles [91]. However, not all muscles leave evidence on the bones, and not all skeletons (in
fact, very few) are complete, so the extant phylogenetic bracket [92] is employed to provide levels of confidence as to whether a
dinosaur possessed any given muscle.

When muscle scars are present, they can describe the origin and insertion points of a muscle, which in turn determines
which joint or joints would be acted upon. Myological reconstructions of dinosaurs have been carried out increasingly often,
and across all major groups [7,31,93-103]. The rapidly growing literature on muscle reconstructions in dinosaurs has in large
part been facilitated by the increasing availability of digitization methods, which facilitate observation of muscle scars and
placing muscles accurately in three-dimensional space without needing to manhandle large fragile specimens.

By reconstructing muscle locations, moment arms (or lever arms) can be calculated; the distance between the joint centre and
the line of action of the muscle [31,97-99,103]. Larger moment arms create greater moments about a joint, reducing the absolute
force required to move the joint but require more muscle length change and faster velocities than smaller moment arms, for
the same rotations. Hutchinson & Garcia’s seminal work [32] on Tyrannosaurus used reconstructed moment arms to estimate the
minimum mass of muscle required to counteract ground reaction forces experienced during running and showed that given
said moment arms, the mass of muscle required was unreasonably large; subsequently they determined Tyrannosaurus and
other large theropods were not capable of fast running. The speed of T. rex has remained a topic of interest for musculoskeletal
studies [31,104-106], mostly supportive of a slower maximum speed.

Reconstructing muscle locations, sizes and moment arms can be deeply informative, and recent work has made efforts to
document and standardize the process of building these musculoskeletal models [107] and constraining their inputs around
soft-tissue parameters [108]. But muscle force production is an area of uncertainty [109]. Ultimately, muscle force is determined
by physiological cross-sectional area, which is defined as muscle mass divided by fibre length. Fibre length can be estimated
(with caveats around pennation) from the muscle length, as defined by origin and insertion. But muscle mass, or volume, is
much harder to constrain from osteological information. Some muscles, like the caudofemoralis which might be constrained
by caudal vertebral osteology (e.g. [110]) can be estimated with some confidence, but for the most part, muscle volume
reconstructions are subjective and require sensitivity analyses [111,112] to limit possible reconstructions and place minima and
maxima on possible force production.

(b) Dynamic musculoskeletal modelling

If we have a digital model of a dinosaur, which includes the bones, (ranges for) the masses of body segments, as well as the
muscle positions and volumes, we have the building blocks to make a full dynamic model. Sellers et al. [13] were the first
to build such dynamic models for dinosaurs, utilizing evolutionary algorithms to find optimal sequences and magnitudes
with which to activate the included muscle groups. Such a method requires significant computational resources, and indeed
Hutchinson & Gatesy’s review the prior year stated ‘rigorous dynamic simulation of a moving dinosaur, one encompassing all
motions and forces, cannot yet plausibly be done’ [9]. Sellers et al. were able to generate gaits for several non-avian theropods
plus emu, ostrich and humans as validation taxa. The simulated extant taxa achieved maximum running speeds close to what is
observed in vivo, and predicted unexceptional speeds for the non-avian theropods (8-10 m s™), with the larger taxa, Allosaurus
and Tyrannosaurus moving slower than the smaller taxa Velociraptor and Dilophosaurus, broadly in line with the trends of speed
and size observed in extant taxa, outlined earlier [26].

Subsequent studies have also incorporated dynamic modelling to investigate bipedal locomotion in theropods [106,112,113],
possible gaits and facultative/obligate bipedalism in ornithopods [114] and locomotion in the very largest dinosaurs, sauropods
[15]. These studies shed light not only on maximum speeds [13], but on most efficient gaits [15], the contribution of body
parts such as the tail to overall movement of the body [105,113] and the further constraints of stresses and strains within the
bones [106]. A strength of musculoskeletal modelling is that the simulations are not only based on anatomical evidence but are
fundamentally based on physics, enabling us to find hard limits and constraints on what is biologically possible, even for taxa
for which there are no modern analogues.

5. Dinosaur tracks and trackways

Bones are a direct record of the animal’s morphology, but it is fossil footprints, or tracks, which are direct records of motion.
The three-dimensional morphology of a given track is determined by the anatomy of the foot and distal limb, the consistency
and response of the substrate and the kinetics and kinematics of the foot that made it [115]. Trackway parameters such as
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stride length, pace angulation and foot rotation, are all 1: 1records of foot placement, and therefore represent posture, speed [ 6 |

and behaviour. However, this information is tempered by two limitations: first, that the identification of a trackmaker can be
notoriously difficult, certainly to species level, but even to much higher taxonomic levels. Second, that the shape of a fossil track
is a result not only of the formational process itself but also subsequent preservation and exposure processes [116,117].

The scientific literature on dinosaur tracks extends almost as far back as Buckland’s naming of Megalosaurus, with Hitchcock’s
reports on the tracks of the Connecticut valley [118-120]. Indeed, even in Hitchcock’s earliest publications on the subject, he was
able to use tracks to make statements about the trackmaker’s locomotion: ‘I suspect from the numerous examples which I have seen of
tracks at the distance of four feet, that this was the ordinary step of the bird when walking; while it was able to lengthen it to six feet, when
moving rapidly’.

Tracks and trackways tend to be used to infer locomotion at two scales. Individual tracks are used to infer specific move-
ments of the autopodia. Trackways and tracksites tend to be used as evidence of whole-animal movements of individuals and
groups.

(a) Trackways, gaits and speed

One of the most ubiquitous applications of trackways to locomotor research is Alexander’s equation for calculating speed from
stride lengths [121]. Noting that stride length typically increases as an animal moves faster, Alexander derived a relationship
with which to predict speed from trackways. Integral to this equation is hip height, which while not recorded directly in
trackways, was estimated by Alexander as four times foot length. Subsequent authors made alterations to Alexander’s equation
to account for faster dinosaurs [18,122] or to more accurately calculate hip height for specific clades [123]. Despite being
heavily cited over the past approximately 50 years, it is worth pointing out that Alexander himself cautioned against relying
on numbers output by the equation, noting in 2006 [4] that ‘The method cannot claim to be accurate. We cannot be certain that the
relationship ... was the same for dinosaurs as for mammals... The method depends on doubtful estimates of leg length... Though it cannot
predict precise speeds, the method is informative; there seems to be no likelihood of confusing a stroll with a sprint’. Multiple authors since
have commented similarly [124-126], yet the method remains very widely used.

Determining what gait, or pattern of footfalls, quadrupedal dinosaurs used is difficult. In quadrupeds, front and hind
feet can vary timing significantly, yet still produce the same footfall pattern on the ground, resulting in the same trackway
parameters. Distinguishing a trot from a pace, for instance, has until recently not been possible from trackways. However,
recent papers [127,128] have used variability in stride lengths along a trackway to constrain gleno-acetabular distance, and
subsequently to limit possible limb phases, and therefore gait, of the trackmaker. Both papers found sauropod trackways
indicating a diagonal couplets gait (or a limb phase around 0.3). Trackways can also give insight into manoeuvrability of
dinosaurs, with several reports of turning sauropods [129-133] indicating particularly tight turns while maintaining footfall
patterns.

Bipedal gaits are simpler in that there are fewer possible gaits (walking, running and grounded running), though how
bipeds transition between these gaits is of interest. Work by Bishop et al. [134] used trackway width, in conjunction with stride
(speed) to determine that non-avian theropods likely had a continuous locomotor repertoire, moving gradually from walking to
running, as in modern birds and unlike humans who switch abruptly from a walk to a run.

Trackways also provide insight into posture. Sauropod trackways have been divided into ‘narrow’ and ‘wide” gauge based
on the internal distance between left and right tracks, with wider gauge trackways having been attributed to titanosaurs [135].
However, while many sauropod trackways may be distinctly ‘narrow’ or wide’ gauged [132,135-138], there are reports of
trackways which change in width, or “gauge’ along their length [139].

In cases where osteology or musculoskeletal simulations may not decisively indicate whether an animal was bipedal or
quadrupedal (e.g. hadrosaurs), throughout part or all of its life, tracks can provide definitive evidence [140]. Although many
trackways may not be definitive due to overprinting (the pes stepping where the manus was, obliterating the manus track),
presence of manus impressions within a trackway offers indisputable evidence of at least facultative quadrupedality [141].

Because the hind foot naturally comes after the manus, overprinting by the pes is a common and expected phenomena,
resulting in pes-only or pes-dominated trackways [142,143]. However, the reverse situation can also be found —manus only or
manus-dominated trackways, as seen in numerous reports from sauropod tracksites [144-147]. These cases present a bigger
challenge to interpret—how can the pes impression be missing, when the manus is clearly indented? Early interpretations
invoked swimming ([148-150], or technically “punting’ because feet had to contact the bottom to make tracks [151]). However,
modelling footprint formation while taking into account centre of mass position and differential pressures under the manus and
pes have suggested a terrestrial origin for many of these trackways, whereby the higher pressures resulting from the smaller
manus likely overcame the sediment strength, leaving tracks only under the front feet [143,152].

Theropods also have a record of enigmatic or unusual traces. Descriptions of ‘swim” tracks and trackways are common in
the literature, often expressed as elongated scratch-like marks [153-158] caused by the tips of the claws just reaching the surface
of the sediment. Elongate scratch-like impressions have even been attributed to swimming stegosaurs [159]. However, similar
track morphologies of elongate toe marks have been noted toward the bottom of volumetric tracks made in soft mud [116,160],
where the distinction between walking and swimming becomes much less apparent.
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(b) Individual tracks

Singular tracks, preserved isolated or within a trackway, can be rich sources of information about specific movements of
the distal limb [160-164]. Because the three-dimensional morphology of the track (at the surface, and throughout the track
volume [165-167]) is the result of foot motion, it is possible to ‘reverse engineer’ the track to trace the path the foot must have
taken [14,168,169]. Recent work has used particle simulation to model the foot-sediment interaction and directly test whether
the reconstructed motions are possible, and whether they produce virtual tracks that match the fossils, essentially testing
‘hypotheses of motion’ [160]. Most dinosaur-track foot kinematics reconstructions have used theropod tracks, and recovered
sweeping motions with generally low entry and exit angles, often bearing similarities with extant birds [14,162]. Deep sauropod
manus tracks have tended to indicate a more vertical ‘stamping’ motion of the foot [170,171], though many sauropod pes
impressions do display a forward exiting motion of the foot, resulting in lifting of the sediment at the anterior of the track.

(c) Limitations

Using tracks to reconstruct foot motions suffers from an inconvenient fact: the deeper the foot sinks, the more motion is
recorded and can subsequently be recovered; however, the deeper the animal sinks the less likely that the recorded motion
is ‘stereotypical’ of the animal walking on firmer surfaces. Drawing comparisons between dinosaur locomotion and that
of modern taxa, particularly birds, therefore may necessitate having the animals move over similarly compliant substrates
[14,116,162,168,172].

Another drawback to fossil footprints is that they will rarely record maximal performance. The prior sections on osteological
and myological locomotor studies tend to focus on how limbs, joints, and muscles can maximise force, or minimize stress, and
subsequently tend to find extremes of plausible locomotor mechanics. But animals rarely move with maximum performance,
and when they do it is even more rarely that it might be on a compliant substrate capable of deforming into tracks, deep or
otherwise. Trackways are, therefore, unlikely to answer questions about how fast a trackmaker could run, or even if it could
run at all. This is borne out by most trackways [121,173-175], with few exceptions [174,176], indicating unexceptional ‘normal’
walking speeds for the trackmakers.

6. Summary and future directions

I'have outlined above our major sources of information about dinosaur locomotion:

— extant taxa: from which principles of animal locomotion can be derived, as well as scaling relationships, and links
between form and function;

— bones: our basis of life reconstructions, and from which key locomotor parameters such as mass, limb lengths, joint
mobility, and muscle positions and actions can be determined;

— soft-tissues: the muscles, tendons and ligaments that would have generated and transmitted forces to the bones, driving
locomotion;

— tracks and trackways: direct evidence of fossilized motion, recording gait, behaviours and speeds.

Each source of information brings unique insights. Each also has weaknesses; extant taxa do not occupy the full size or
morphospace that dinosaurs did, and we cannot say with certainty that extrapolations drawn only from living taxa are
necessarily accurate. Bones and reconstructed muscles both constrain possible locomotor capabilities through limits on ROM
and maximal force generation, respectively. But these reconstructions often leave wide ranges of plausible outcomes and carry
numerous assumptions arising from the vagaries of reconstructing missing soft-tissues in animals with poor extant functional
analogues. Musculoskeletal research also often focuses on extremes—maximal speed, maximal mobility, etc., which do not
necessarily inform us about stereotypical locomotion. Conversely, being direct records of motion, tracks can offer locomotor
insights and a level of confidence that is not always present from body fossils alone, but the certainty that a pes fell exactly in
this position, and a manus in this one, is tempered by difficulties in assigning which dinosaur made the tracks in the first place,
and by rarely recording anything approaching maximal performance.

The key to advancing our understanding of dinosaur locomotion lies in closer integration of all sources of information such
that validation, theory, simulation and primary data come together. While there are clear connections between extant taxa and
dinosaur osteology and myology, there is a potential for further refinement by enhancing the complexity of musculoskeletal
models (aided by ongoing improvements in computational capability) and increasing the validation of these simulations.
Integrating constraints from bone mechanics and coupling these with validation against extant taxa, we can achieve unprece-
dented confidence in our reconstructions of dinosaur locomotion.

Further coupling of the ichnological record with more traditional biomechanics studies presents may be the most significant
opportunity to advance our understanding of dinosaur locomotion. This approach bridges the fossil record of motion with the
fossil record of form. Dinosaur tracks offer a critical test for hypotheses of motion derived only from anatomy and physics. For
instance, comparing footfall patterns from forward dynamics simulations with those observed in the track record. Recovery of
specific foot motions from deep penetrative fossil tracks may act as distal constraints for limb-based musculoskeletal models.
These models, given enough computing resource, might incorporate sediment simulations directly creating a realistic feedback
loop between muscles and environment and producing directly testable hypotheses.
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