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Figure 1. Size comparison between T. rex and several extant terrestrial vertebrates. Silhouettes are sourced from Phylopic
(Phylopic.org). Tyrannosaurus rex, credit to Matt Dempsey; Struthio camelus, credit to Ferran Seyol; Ursus maritimus, Margot Michaud;
Homo sapiens, Andrew Farke. Silhouettes are scaled relative to one another and recoloured for the purposes of comparison. Links to the
original image repository are provided in the electronic supplementary material, S1.
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2. Material and methods
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2.2. Specimen dimensions
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2.3. Hip height
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Table 1. Two-dimensional measurements derived from Hartman [40,42,43], Persons & Currie [54] and Zanno & Napoli [56].
(Cross-referencing material from Hutchinson et al. [10]. Margins of error are at most under 3% between measurements and
cross-referencing material from Hutchinson et al. [10].)

specimen LACM 23845 MOR 555 exBHI 3033 FMNH PR 2081

two-dimensional measurements (complete leg)2.558 mb,e 3.6 md 3.61 ma 3.77 mc

two-dimensional measurements (femur, tibiotarsus
and tarsometatarsus)

2.158 mb,e 3.1 m 3.11 m 3.25 m

cross reference (femur, tibiotarsus and tarsometatarƒ
sus)

N/A 3.055 mf 3.068 mf 3.3 mf

aHartman [40].
bPersons & Currie [54 ].
cHartman [42].
dHartman [43].
eZanno & Napoli [56].
fHutchinson et al. [10].
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2.4. Foot-strike models
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2.5. Model parameters

2.5.1. Formulas and application
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Figure 2. Measurements of a T. rex leg including leg length remaining in articulation with the acetabulum, distance to the third
metatarsals, proximal phalanges and distal phalanges of digits I, II and III. Locations have been superimposed onto the ichnospecies
Tyrannosauripus pillmorei. Photo by Rufus Crown-Sparrow (Wikimedia Commons), and outline of the T. rex leg traced from a photo by
H. F. Osborn, currently housed in the public domain. Links to the original photo are provided in the electronic supplementary material,
S1.
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2.5.2. Model validation and justification: empirical observation and modelled result accuracy
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Figure 3. Visual representation of variables used. Silhouette sourced from Phylopic (Phylopic.org). Scale is 1 box = 1m. Tyrannosaurus
rex: credit to Matt Dempsey, resized and recoloured for the purposes of comparison. Link to the original repository is provided in the
electronic supplementary material, File S1.
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2.5.3. Model validation and justification: model and equation sensitivity to changes in foot-strike pattern
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2.5.4. Model sensitivity analysis: extinct taxa margin of error
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Figure 4. Comparison of empirical observed results and modelled results from equations (2.1)„(2.3) for speed and stride frequency
to test the models… ability to produce accurate results. Animals with a mass of greater than 1 kg usually had a formula available
which produced results with less than 10% error. Silhouettes sourced from Phylopic (Phylopic.org), S. camelus: credit to Ferran
Seyol; H. sapiens: Andrew Farke; Colinus virginiaus: Gabriela Palomo-Munoz; Coturnix coturnix (stand in for C. chinensis): Marie-Aim†e
Allard; Gallirallus australis (stand in for P. porphyrio): T. Michael Keesey and HuttyMcphoo; M. gallopavo: Gabriela Palomo-Munoz; D.
novaehollandiae: Andy Wilson. Links to the original repository are provided in the electronic supplementary material, S1.
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2.6. Statistical analysis
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3. Results
3.1. Model sensitivity analysis: extinct taxa margin of error
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Figure 5. Sensitivity analysis of stride frequency and speed between foot-strike patterns, in extant bipeds S. camelus and H. sapiens.
MFS and DFS patterns produced higher speed results and stride frequencies than RFS patterns. Silhouettes sourced from Phylopic
(Phylopic.org), S. camelus: credit to Ferran Seyol, H. sapiens: Andrew Farke. Links to the original repository are provided in the
electronic supplementary material, S1.
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3.2. Speed results: all specimens of Tyrannosaurus rex
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3.3. Stride frequency results: all specimens of Tyrannosaurus rex
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Figure 6. Sensitivity analysis of Tyrannosaurus specimen MOR 555, using different hip heights which may reflect anticipated error
within used measurements.
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Figure 7. A comparison of foot-strike patterns and speed. Each foot-strike pattern is included, using each equation, each hip height
and each RSL. More DFS patterns result in higher top speeds. (A) RFS, MFS, DFS comparison ***p = 0.0000269, (B) RFS and MFS
comparison **p = 0.006633, (C) RFS and DFS comparison ***p = 0.000005113. Outline of ichnospecies T. pillmorei modified from
Lockley & Hunt [31].

Table 2. Differences between RFS and DFS values across average, maximum and minimum values in the complete dataset. RFS„DFS is
highlighted to compare the traditional foot-strike pattern in previous studies to the best supported foot-strike pattern based on recent
analyses. * Signifies significance.

input % difference RFS€DFS,
avg. values

% difference RFS€DFS,
max. values

% difference RFS€DFS,
min. values

equation (2.1) 7.0„8.5 m s‡1, 21% 11.4„13.7 m s‡1, 20% 3.6„4.5 m s‡1, 26%

equation (2.2) 8.8„10.2 m s‡1, 16% 12.9„14.8 m s‡1, 15% 5.2„6.2 m s‡1, 19%

equation (2.3) 6.3„7.7 m s‡1, 21% 10.3„12.4 m s‡1, 17% 3.2„4.1 m s‡1, 26%

mean 7.9„9.4 m s‡1, 19% 12.2„14.3 m s‡1, 17% 4.4„5.4 m s‡1, 22%

average 20% increase 18% increase 23% increase

p-values, Kruskal€Wallis

comparison (RFS, MFS,
DFS)***

RFS€MFS** RFS€DFS*** MFS€DFS

0.0000269*** 0.006633** 0.000005113*** 0.06498
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Figure 8. A comparison of foot-strike patterns and stride frequency. Each foot-strike pattern is included, using each equation, each hip
height and each RSL. More DFS patterns result in higher stride frequencies. (A) RFS, MFS, DFS comparison *p = 0.0373, (B)€RFS and DFS
comparison *p = 0.01521. Outline of ichnospecies T. pillmorei modified from Lockley & Hunt [31].

Table 3. Differences between RFS and DFS values across average, maximum and minimum values in the T. rex dataset. (RFS„DFS is
highlighted to compare the traditional foot-strike pattern in previous studies to the best supported foot-strike pattern based on recent
analyses. *Signifies significance.

input % difference RFS€DFS,
avg. values

% difference RFS€DFS,
max. values

% difference RFS€DFS,
min. values

equation (2.1) 0.96„1.04 Hz, 8% 1.44„1.58 Hz, 10% 0.68„0.73 Hz, 8%

equation (2.2) 1.22„1.26 Hz, 3% 1.62„1.69 Hz, 4% 0.98„1.01 Hz, 3%

equation (2.3) 0.87„0.94 Hz, 8% 1.30„1.43 Hz, 10% 0.61„0.66 Hz, 8%

mean 1.09„1.15 Hz, 5% 1.53„1.63 Hz, 7% 0.83„0.87 Hz, 5%

average 6% increase 8% increase 6% increase

Kruskal€Wallis p-values

comparison (RFS, MFS, DFS)*RFS€MFS RFS€DFS* MFS€DFS

0.0373* 0.6195 0.01521* 0.05351
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4.2. Similarities and differences: Tyrannosaurus, birds and other bipeds
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Figure 9. Estimated speeds of T. rex specimens in the dataset. Silhouettes sourced from Phylopic (Phylopic.org). Top: T. rex, credit to
Jack Meyer Wood; second from top: T. rex, credit to Matt Dempsey; third from top: T. rex, credit to Manuel Brea Luerio; bottom: T. rex,
credit to Conty. Links to the original image repository are provided in the electronic supplementary material, S1.
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Figure 10. Visual representation of some of the key aspects of future models of Tyrannosaurus locomotion complementing Sellers
et al. [58], including an oscillating, dynamic tail, alongside a more bird-like foot function and up-to-date muscle distribution. Such a
model and its results of how T. rex moved and how fast it moved would be key to understanding how T. rex functioned as an apex
predator and acquired prey animals as confirmed by the fossil record. Scale is 1 box = 1 m. Original image and credit belong to Dr Mark
P. Witton; modified with permission.
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