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The cursorial capability of the South American giant theropod Giganotosaurus carolinii 
should have been quite limited taking into account the strength indicator of its femur (ap- 
proximately 7 GPa-l) as well as the risk of experiencing grave or even lethal injuries in- 
volved in the falling of this multitonne animal on a run. However, even at low speeds a 
fall would have caused serious injuries. Thus, in accordance to the approach developed in 
this study, the maximum speed of Giganotosaurus should be not that which will impli- 
cate corporal lesions with minimum probability of lethalness. Instead, its maximum 
speed should be that which would permit the recovery of body equilibrium as each step is 
taken. Taking into consideration this approach, an indicator of stability is defined for 
bipedal, cursorial animals. This indicator is determined by the relationship between the 
time available for the movement of hip joint during the retraction of a hindlimb and the 
time needed to move the opposite hindlimb by an angle (in function of the speed) of suffi- 
cient magnitude as to facilitate the recovery of body equilibrium. This indicator was used 
to estimate the maximum speed of locomotion of Giganotosaurus (about 14 m s-I) at 
which, from a lunematic point of view, the danger of falling does not exist. 
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Introduction 

Different approaches have been used to assess the locomotor capabilities of dinosaurs 
(see for example, Alexander 1976,1985; Coombs 1978; Bakker 1986,1987; Farlow et 
al. 1995) and consequently several attempts have been made to estimate the maximum 
speed attained by giant bipedal dinosaurs (Thulborn 198 1,1982; Bakker 1986; Farlow 
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et al. 1995). The South American mid-Cretaceous (Albian-Cenomanian) carnivorous 
dinosaur Giganotosaurus carolinii (Coria & Salgado 1995) is one of the largest known 
theropods and, with a length of more than 12 metres, might have been even larger than 
the notorious Late Cretaceous Tyrannosaurus rex. 

Up to the present, biomechanical studies of the locomotion of South American di- 
nosaurs are very scarce (Alonso & Marquillas 1986; Mazzetta 1999; Mazzetta et al. 
2000; Mazzetta & Blanco this volume). In this study, we present a new approach to es- 
timate the locomotor ability of bipedal dinosaurs, and provide an estimate of the speed 
of Giganotosaurus for the first time. 

Material and methods 

Farlow et al. (1995) pointed out that the risk of falling limits the maximum speed of 
a cursorial biped. On the basis of this argument, they hypothesise that the cursorial ca- 
pacity of Tyrannosaurus rex would have been limited, moving at speeds which did not 
entail a great risk of falling. This gigantic and massive theropod did not have forelimbs 
sufficiently well developed to impede or cushion a fall, so if a fall did occur, it might 
have caused serious or lethal injury. However, the argument of Farlow et al. (1995) 
does not explain the behaviour of certain extant species that choose to move at high 
speeds, even at the risk of suffering significant or lethal injuries (Alexander 1996). 
For example, the gibbon (Hylobates syndactylus) moves rapidly between the high 
branches of trees using brachiation, and the ostrich (Struthio camelus), the largest liv- 
ing cursorial biped, achieves considerable running speeds (Alexander et al. 1979; Al- 
exander 1996) in spite of lacking forelimbs sufficiently adequate to impede or cushion 
a fall. It should be mentioned that the possibility of injury is size related - as bigger ani- 
mals have relatively less surface area with respect to their mass, on falling each unit of 
surface area will have to cushion a proportionally greater amount of the animals mass. 
This is why mice do not hurt themselves if they are dropped from around 4 metres, but 
a person will be injured or klled. This problem is out of the scope of this paper, and we 
will focus on whether the animal will fall or not, assuming that falling will represent a 
real danger. 

In this predictive kinematic model of the cursorial capacity of bipedal animals we 
assert that the principle limitation for cursorial capacity is the maximum speed at 
which the biped is capable of recovering body equilibrium. Accordingly, the different 
gaits utilised by a cursorial biped may be understood as activities used to impede fall- 
ing or to maintain equilibrium. Independent of its speed of locomotion, as a cursorial 
biped moves a limb to take a step, it loses its equilibrium momentarily until it is re- 
stored by the excursion (forward movement) of the other limb. When a cursorial biped 
moves at high speeds over the supporting limb, less time is available for the animal to 
move the other limb forward in order to regain equilibrium. To estimate the maximum 
speed of locomotion of a cursorial biped, an indicator of stability (I.S.) is constructed 
and is defined by the following equation: 
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Fig. 1. Rotation of the coxofemoral joint in a biped. The joint rotates in a parasagittal plane with radius I 
around an axis at the foot contact point. It begins when one of the feet rests on the ground, and the corre- 
sponding limb carries out a circular movement with constant tangential speed v. The femur length (f) is the 
minimum height of the coxofemoral joint above the ground that is necessary to allow the forward move- 
ment of that limb in the next step. 

where tA is the time available for the movement of the hip joint, between the instant a 
limb is at rest on the ground and the instant the hip joint reaches its minimum height 
with respect to the ground, and tN is the time necessary to move the non-supporting 
limb a certain angle (as a function of the speed) sufficient to make possible the recov- 
ery of equilibrium. 

Some assumptions were made in order to obtain a rough estimation of tA and tN. In a 
biped, moving at any speed, the progression (in the parasagittal plane) of the coxo- 
femoral joint could be considered as a rotation movement around an axis situated at the 
point of contact of the foot with the ground. Such a rotation begins the instant one of 
the feet rests on the ground (Fig. 1). This movement has a radius of rotation of length 1 
(where 1 is the limb length) and carries out a circular movement with constant tangen- 
tial speed v. If the acceleration of this circular movement is greater than the gravity ac- 
celeration as, for instance, in fast running, this movement is dynamically impossible, 
but in any case it provides a good kinematical estimation of tA during the ground phase 
of the run. More realistic assumptions for fast running, like the one considering the hip 
joint moving in a straight line, give nearly the same results. The length of the femur (') 
is considered as the minimum height, with respect to the ground, of the coxofemoral 
joint during any stage in the locomotory cycle that is necessary to allow the forward 
movement of that limb in the next step. In other words, the maximum extent possible 
for the circular movement of the coxofemoral joint that permits the continuation of the 
animal progression (avoiding a fall) is produced when the coxofemoral joint attains a 
height equivalent to the length of the femur. If, during the progression of the animal, 
the coxofemoral joint dropped to a height less than the length of the femur, there would 
not be sufficient distance between the hip and the ground to permit the interposition of 
the hindlimb in order to achieve the recovery of body equilibrium. Nonetheless, such a 
theoretical situation was considered in order to find out the top speed given for the lim- 
iting case. 

In a walking gait, tA is the duration of the aforementioned circular movement of the 
coxofemoral joint. In a running gait, it becomes necessary to consider, in addition, a 
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suspended stage. In this situation a fraction of the available time (tA) becomes the dura- 
tion of the suspended phase. If we consider that, for a running speed, the time involved 
in the suspended phase is equal to the corresponding time in the supported phase (as 
observed in films of modem cursorial bipeds running near to the top speed), tA is given 
by the following expression: 

where 8 is the angle (expressed in radians) between the vertical and the line defined by 
the point of contact of the foot and the coxofemoral joint (as shown in Fig. I). In the 
previous expression, the speed v is inversely proportional to tA: that is to say that when 
the speed of the animal increases, less time is available for the retraction of the support- 
ing limb and thus for the recovery of body equilibrium. 

It is assumed that the excursion of the non-supporting limb has a uniform angular 
acceleration; thus the time necessary to complete the excursion is obtained by the fol- 
lowing expression: 

where a is the angular acceleration of the suspended limb of the animal, which in turn 
is given by the following expression: 

This angular acceleration depends on the sum of the moments (7) produced about 
the coxofemoral joint by the muscles utilised in the excursion of the limb. Each of 
these muscles exerts a force F, whose line of action is situated perpendicular to a dis- 
tance x (known as the lever arm) with respect to the coxofemoral joint; each moment 
Fx contributes to the forward rotation of the thigh around this joint. The angular accel- 
eration also depends on the moment of inertia (Z) of the limb, which is given by ~ ( m ? ) ,  
where m is the mass of the limb and r is the radius of rotation of every segment of the 
limb (for a more detailed explanation of the calculation of the moment of inertia of 
body parts, see Alexander 1983: p. 28). The moment of inertia varies with the distribu- 
tion of the mass in the limb (Hildebrand 1985). It is low when the weight is more proxi- 
mal and high when the weight is more distal. In this way, the moment of inertia is re- 
duced when the limb mass is concentrated proximally to the rest of the body. 

This situation is found in the limbs of cursorial vertebrates. The masses of the most 
important appendicular muscles are concentrated very close to the body and the ac- 
tions of these muscles are transmitted by tendons to the distal parts of the limbs. This 
arrangement has been interpreted as a strategy to reduce the moment of inertia of the 
limbs and thus the energetic costs of locomotion (McGowan 1991). As previously 
mentioned, we made the assumption that angular acceleration is constant during the 
movement of the hip joint and that hence there is no deceleration. The latter could be 
achieved at the expense of the ground reaction force during the footfall. In fact, force 
moments and moments of inertia change their values during limb movement, but the 
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Fig. 2. Restoration of the pelvic musculature of a theropod. Muscles involved in the excursion of the limb 
are detailed (m. puboischiofemoralis externus, pars I is hidden beneath the internal surface of the pubis). 
M. puboischiofemoralis internus is considered the principal femoral protractor (modified from Romer 1923). 

effects of these changes are negligible in comparison with the ones based on other un- 
avoidable sources of uncertainty (mainly the uncertainties derived from the muscular 
reconstruction of extinct species), and consequently they were not considered in the 
model. 

In this kinematic model, the moment of inertia is taken (for the calculation of angu- 
lar acceleration) as the average value between the moment of inertia corresponding to 
the total flexion of the limb at the level of the knee (0") and the limb extended 90" at the 
same level. 

In the proposed kinematic model, when tA is less than t,, a cursorial biped would be 
moving at a speed so great that there would not be sufficient time to move the 
non-supporting limb forward in order to recover body equilibrium, and the biped 
would fall. Therefore, an indicator of stability equal to one (when tA = tN) corresponds 
to the maximum speed that a cursorial biped is capable of attaining. 

This kinematic model was used to estimate the maximum speeds of living cursorial 
bipeds (human and ostrich) and of the giant theropod Giganotosaurus carolinii. For 
the dinosaur, a restoration was made of the musculature responsible for the limb excur- 
sion based on studies of the pelvic musculature of theropod dinosaurs developed by 
Gregory & Camp (1918), Romer (1923), and Tarsitano (1983). It is assumed that the 
muscles involved in the limb protraction were parallel-fibred and exerted a tension 
(force per unit area of transverse section) o of 1 x lo5 N m-2, equivalent to that achieved 
by the skeletal muscles of living vertebrates at their maximum power (for the value of 
o, see Weis-Fogh & Alexander 1977). In this way, the force F produced by each one of 
these muscles may be calculated by the equation F = oA, where A in the estimated area 
of each muscle's transverse section. 

Fig. 2 shows the restoration of the pelvic musculature of a theropod, in which the 
muscles involved in the excursion of the limb are detailed. The muscles involved in the 
protraction of the femur are (in accordance with the nomenclature of the muscles of the 
pelvic region used by Romer 1923) the m. puboischiofemoralis internus, parts I and I1 
(designated here in as p.i.f.i. I and p.i.f.i. 11) and the m. puboischiofemoralis externus, 
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F2 

Fig. 3. Lines of action of the forces produced by 
the muscles involved in the limb protraction. 
The forces F1 and F2 are exerted by the muscles 
p.i.f.i. I and p.i.f.i. 11, respectively, while the 
force R is the resultant of the forces exerted by 
the muscles p.i.f.e. I and p.i.f.e. I1 (see text for 

R abbreviations). 

parts I and I1 (from now on, p.i.f.e. I and p.i.f.e. 11). Of these, the p.i.f.i. is considered 
the principal femoral protractor (Tarsitano 1983). 

The p.i.f.i. I originates from the first sacral vertebrae and from the corresponding 
internal surface of the ilium, and it inserts on the proximal portion of femur, over the 
anterior surface of the fourth trochanter. The p.i.f.i. I1 originates from the internal 
surface of the transverse process of the lumbar vertebrae (the last five presacral ver- 
tebrae) and it inserts on the lateral surface of the femur, close to the greater 
trochanter. The p.i.f.e. I originates from the internal surface of the pubis, emerging 
(unlike the p.i.f.i.) from below the m. ambiens, where it joins the p.i.f.e. I1 (of which 
it is a derivative) and it inserts posteriorly (together with the p.i.f.e. 11) on the proxi- 
mal part of the femur in its medial surface close to the fourth trochanter. In its turn, 
the p.i.f.e. I1 originates from the external surface of the pubis. Fig. 3 details the lines 
of action of the forces produced by the aforementioned limb muscles. The insertion 
point is the point of application and the corresponding longitudinal axis of the mus- 
cle is its direction. 

The moments of inertia of the limb of the bipedal dinosaurs studied were calculated 
by first estimating its mass by volumetric approximation, assuming a density of 
1060 kg m-3 for the muscle (as observed for the striated muscle of mammals by 
Mkndez & Keys 1960) and of 2000 kg m-3 for the bones (see Spector 1956). 

The model presented here relies upon several assumptions. Nonetheless, it takes 
into account the influence of maximum speed on many of the anatomical adaptations 
considered characteristic of cursorial animals (see Hildebrand 1985). Accordingly, the 
length of the hindlimb, the relative femur length, the mass distribution in the hindlimb 
(moment of inertia), the muscle mass involved in the movement of the hindlimb, and 
the maximum angle of excursion of the hindlimb were the set of anatomical features 
considered in the formulation of the indicator of stability. These arguments suggest 
that this approach is quite reliable for comparisons of maximum speeds among differ- 
ent bipedal species, but that it is not so useful in estimating absolute values of maxi- 
mum speed. The model was also applied to extant bipeds (Struthio camelus and Homo 
sapiens) in order to assess its consistency. 
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Fig. 4. Graph of the indicator of stability (I.S.) as a function of speed (v) for the Gondwanan theropod 
Giganotosaurus carolinii. See text for more explanations. 

Results 

Fig. 4 shows the graph of the indicator of stability (I.S.) as a function of speed (v) for 
the Gondwanan theropod Giganotosaurus carolinii. As expected, the stability of this 
bipedal tetrapod diminished with increasing speed of locomotion. As mentioned 
above, according to the proposed kinematic model, the maximum speed of a cursorial 
biped would be that when the indicator of stability is equal to one. Table 1 shows maxi- 
mum speeds for Giganotosaurus carolinii, and for the two largest extant cursorial bi- 
peds, the ostrich (Struthio camelus) and the human (Homo sapiens), estimated by 
means of the model and, for the extant species, observed maximum speeds. As shown, 
the estimated speeds for extant bipeds are similar to their observed maximum speeds. 
An Olympic athlete can easily sprint 100 m in 10 seconds, therefore averaging a speed 
of 10 m s-', with a peak speed of approximately 12 m s-' (Alexander 1992), while an 
adult human without previous athletic training is capable of a maximum speed of close 
to 8 m s-'. The ostrich was observed to achieve a maximum speed of 16 m s-' (Alexan- 
der 1996). 

The estimated maximum speed for Giganotosaurus would have permitted it to run 
at least as fast as small theropods, as judged from the estimated maximum speed of 
small theropods from their footprints. Farlow (198 1) estimated that a relatively small 
theropod (with a hip height of about 1.4 m) from a dinosaur tracksite in Texas moved at 
12.1 m s-l, until now the greatest speed recorded for a dinosaur. The above interpreta- 
tion is not compatible with the opinion of Colinvaux (1978), who suggests that large 
theropods were not fast-moving active predators but slow moving scavengers. How- 
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Table 1. Maximum speeds of cursorial tetrapods estimated from the proposed kinematic model. The maxi- 
mum running speed of Struthio camelus was taken from Alexander (1996). Body mass of Giganotosaurus 
carolinii was taken from Mazzetta (1999). 

Taxon 

ever, the fact that it exhibits a considerable cursorial capacity would not disqualify this 
gigantic theropod from scavenging occasionally; in fact, all modem carnivores, no 
matter how efficient they are as predators, also eat carrion. 

Giganotosaurus 
Struthio 
Homo 

Discussion 

Body mass (kg) 

An analysis of the limb bone strength indicator in Giganotosaurus appeared to show 
that this giant bipedal carnivore was relatively slow moving. The strength indicator of 
its femur (approximately 7 Gpa-', according to an estimate provided by Mazzetta 
1999) is considerably lower than the corresponding value for the ostrich (44 GP~- ' ,  as 
calculated by Alexander 1985). 

Padian & Olsen (1989) concluded that, overall, the locomotory movements of 
non-avian theropods were more similar to extant birds (like ratites and galliformes) 
than to crocodiles or other living reptiles. However, non-avian theropods and birds did 

Maximum speed (m s-l) 

observed 1 estimated 

9 000 

120 

70 

not use similar locomotory movements. Even though they use similar limb postures, 
there are differences between birds and non-avian theropods in limb orientation, lune- 
matics and muscular mechanisms of movement of the hindlimb segments (Gatesy 
1990). 

The femur of birds is oriented almost horizontally during running, which increases 
the moments of flexion exerted upon it in comparison with the femora of other tetra- 
pods. Thus the high value observed for the strength indicator of the femur of the ostrich 
may not be appropriate for comparison with the condition in other bipedal tetrapods. 
The femur of the ostrich would be expected to be relatively stronger than the femur of a 

- 

16 
8 

comparable-sized theropod because of this difference in orientation. 
In birds, the centre of mass is localised far forward of the hip joint. Thus birds need 

14 
18 
9 

to maintain the femur relatively horizontally in order to place the foot below the centre 
of mass and so retain body equilibrium. This restriction excludes femoral retraction by 
the caudi-femoralis longus muscle as the main component to retract hindlimb, as ob- 
served in crocodiles and modem reptiles, and presumably also the condition in dino- 
saurs. Instead, birds primarily use the flexion of the knee to move the foot symmetri- 
cally under the centre of mass. 

Unlike the condition in birds, the tail of non-avian theropods constitutes a substan- 
tial proportion of the total body weight, and thus the centre of mass is localised close to 
the hip joint (Alexander 1985). Consequently, the majority of non-avian theropods 
were not subject to the restrictions in orientation of the femur observed in living birds 
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where the tail has been lost. The horizontal femoral orientation and the flexion of the 
knee were not required in order to maintain the feet below the centre of mass, and con- 
sequently the entire locomotory limb would have been able to move under the 
acetabulum without any loss of balance (Gatesy 1990). According to this interpreta- 
tion, the majority of the non-avian theropods did not need to use an avian pattern of 
movements of the limbs during the locomotion because the body was counterbalanced 
like a see-saw. 

The locomotory pattern proposed for non-avian theropods implies that the stresses 
exerted on the femur of the theropods would not have been similar to those produced in 
the femur of the ostrich. Furthermore, as pointed out by Alexander (1985), the relative 
lengths of the appendicular bones of the theropod dinosaurs are different from those of 
the ostrich and from the corresponding bones of other extant tetrapods. Therefore, 
comparisons based on strength indicators of bones, that have been used to infer the 
cursorial capacities of Giganotosaurus carolinii with respect to those observed in the 
ostrich or in the human are of limited value. 

Bakker (1986) and Paul (1988) argue, in contrary to more orthodox opinions (e.g., 
Coombs 1978), that the cursorial capacity of giant theropods like Tyrannosaurus was 
equivalent to that of much smaller theropods. Our estimation of the speed of Giganoto- 
saurus, is in agreement with this opinion. 

This kinematic model proves more suitable for the study of the locomotory capabili- 
ties of bipedal dinosaurs than the approach proposed by Alexander (1985), because the 
former does not presuppose a comparison with living bipeds. Moreover, the predictive 
capacity of the model used here was corroborated when applied to living bipeds. 

Additionally, the best estimations of running velocity from theropod tracks made 
by Farlow (1981), if correct, suggest that the estimation of maximum speed obtained 
for Giganotosaurus carolinii by means of the kinematic model is a reasonable one. 
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