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® Tyrannosaurus rex - 10,000kg
® Ursus maritimus - 1,000kg

@ Struthio camelus — 91kg

® Homo sapiens - 41.5kg

3.3 Meters Hip Height

12.4 Meters Body Length
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Figurel. Size comparison b&tweamd several extant terrestrial vertebrates. Silhouettes are s rced fr
(Phylopic)ofgrannosaurusresht to Matt DeBipstyo cametadit to FerranlBsysImarititdiasgot Mlcha
Homo sapi@éndrew Farke. Silhouettes are scaled relative to one another and recoloured for the pngposes C

original image repository are provided in the electronic supplementary material, S1.
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2. Material and methods
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2.1. Specimens
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Tablel. Two-dimensional measurements derived 40042 JEtersamy & Cidrienfl Zanno & Nagijo|jj]
(Cross-referencing material fromeHaldlfinddergins of error are at most under 3% between measurem<
cross-referencing material fronetHattdjnson

specimen LACM 23845 MOR 555 exBHI 3033 FMNH PR 2
two-dimensional measurements (com2ei68&d) 3.6 fh 3.61Mm 3.77Mm

two-dimensional measurements (femuw2, iib85tarsus 3.1 m 3.11m 3.25m
and tarsometatarsus)
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2.2. Specimen dimensions
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2.3. Hip height
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Figure2.Measurementsl ofedeg including leg length remaining in articulation with the acetabului distanc
metatarsals, proximal phalanges and distal phalanges of digits I, Il and IIl. Locations have beérfsuperim
Tyrannosauripus piRmai@by Rufus Crown-Sparrow (Wikimedia Commadnsgem ttacetintooh thehog by

H. F. Osborn, currently housed in the public domain. Links to the original photo are provided in§t electrc
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2.4. Foot-strike models %
:—g >"el

2.5. Model parameters

2.5.1. Formulas and application
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u = forward speed

>

A = absolute stride length (2 x pace length)

pace length
>

soewnol/Bio-buiysandfisosiedor [

relative stride length = absolute stride length / hip height

Figure ¥isual representation of variables used. Silhouette sourced from Phylopic (F’FMapn:oeeg)r cale is
rex credit to Matt Dempsey, resized and recoloured for the purposes of comparison. Link to the_@ngmal r
electronic supplementary material, File S1. 5 5}
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2.5.2. Model validation and justification: empirical observation and modelled result accur
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H. sapiens (2) -A* Eq. 1
* Modelled §. camehs (2) H Hean
Frequency
Result (Hz) C. virginianus —_l Eq.3
. . Eq.3
m Empirical C. chinensis
Frequency
ST —— i)
= Modelled M. gallopavo m Eq.3
Speed Result
-1
(ms-1) D. novaehollandiae ‘f Mean
= Empica R T 12
Speed Result .
(ms-1)
S. camelus Eq.2

0 2 4 6 8 10 12 14
D. .
. . . . S. camelus H. sapiens
S. camelus H. sapiens novz;lj?ah:"an M. gallopavo P. porphyrio C. chinensis virginianus @ @
= Modelled Frequency Result (Hz) 2.35 2.24 1.612 1.996 4.088 5.177 7.693 1.652 0.879
m Empirical Frequency Result (Hz) 23 2.236 1.67 1.967 2.451 3.315 4.999 1.509 0.888
= Modelled Speed Result (m s-1) 12.2 10.97 2.61 1.39 4.1 0.66 3.66 2.97 0.99

odsosngetanolBio-buysigndeioosieso) [N

m Empirical Speed Result (m s—1) 12 10.95 2.72 1.37 2.46 0.42 2.38 3.24 1

Figuret.Comparison of empirical observed results and neapeliech sei2ty foorspeed and stride fré(%ency
to test the models... ability to produce accurate results. Animals with a mass of greater tharj ¥lkg usu:
which produced results with less than 10% error. SilhouettesPsgluoado8praiejdepiit o Ferrdr
Seydi. sapieAsdrew F&&bnus virgin@aisriela Palomo-Ghinozx cot(staird in @rchindnditarie-Aimté&
Allardallirallus augstdisd inRPoporphyrib Michael Keesey and Hittydédipima@abriela Palomo-Munoz;
novaehollandiady Wilson. Links to the original repository are provided in the electronic supplementary mai
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2.5.3. Model validation and justification: model and equation sensitivity to changes in foc

‘721 0ZE " —e1>728%'s2-7—e/Z2@eSce’0e''—ol ¢'Sel 71728728« "—0el1S5>5721 ®eZ—o0
"— 15700721 SE>"eel1VYS>"iel e, ee>'" 721 ™MSeeZs—l —1¢'Y' —ele™ZE
“<@Z>YZel SleZe Ve BM ' SZAtHE S 1Z2Ree1«ZES707Z1 Z1'SYZ1ZiSE+1SeS
o7 — @' EE@IT — e IXXVAN A 170 Ze1Se”—e@’eZ1S—1"—e7>-7¢'SeZ71""™1°7’e'e1S
Se”—e@’eZ1Seel e 3771 ¢ "o @e>'"Z1 ™MSee75—@01 081 1S—el1l i1 ZS>E‘'Zee
e>'071>728727Z—EC¢i1l —1e"eSedl[Z1>Z 701 Z>Z1™> 7 EZele"51@™7Z71S—
e >l ee>’'eZ1>5728727—EC¢dL '+'1S—1See’ e’  _SelWVAL>ZeZeele™>1¢ e l@™Z7
eleeZ>7 —01"™] ‘7'e'e@BleeSee’ —el W\X1>Z0eZeeele 51 00™77¢1S—elcee>'eZ1
—Se7>'Sedle’e71 Wil 'eeZ57Z—EZoel —1loee> 71572877 —E¢1 Z2>721-S>¢'—Se1l-
™yZ2@Z—@EZ1cZe 27—1e'eeZ>7 —elai5aipe>'"21™See7>— 10

2.5.4. Model sensitivity analysis: extinct taxa margin of error
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Homo sapiens Eq. 3

Homo sapiens Eq. 2
= DFS Freq.

u MFS Freq.
Homo sapiens Eq. 1

" RFS Freq.
=DFS

Struthio camelus Eq. 3
= MFS

=RFS

Struthio camelus Eq. 2

»

Struthio camelus Eq. 1

; E 0 1 2 3 4 5 6 7 8 9

Struthio camelus Eq. 1  Struthio camelus Eq. 2  Struthio camelus Eq. 3 Homo sapiens Eq. 1 Homo sapiens Eq. 2 Homo sapiens Eq. 3
uDFS Freq. 1.88 213 1.7 1.83 21 1.66
= MFS Freq. 1.83 211 1.65 1.81 2.09 1.64
= RFS Freq. 1.77 2.08 1.59 1.57 1.97 1.42
uDFS 6.9 7.9 6.3 6.7 7.6 6.01

= MFS 6.4 7.4 5.8 6.5 7.5 5.9

Tedsosagewnol/Bio-buiysigndAerosieso) [

=RFS 5.9 6.9 53 4.5 5.7 41 :
Figures.Sensitivity analysis of stride frequency and speed between foot-strike q:mtme!ud:ljrsmtanidsépeds
MFS and DFS patterns produced higher speed results and stride frequencies than RFS pattfe&. Silho
(Phylopic)o8 cameloedit to Ferran Feegapiedsidrew Farke. Links to the original repository a:régorovide(
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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12
10 = Original = 5% Increase = 10% Increase = 15% Increase n
» 8 .
£ H=
56 ]
® 4 : <
& =
0 i 9
RSL Eq. Mean . RSL Eg. Mean . RSL Eq. 2 SL Eq. Mean (@]
RSL 2.0 25 RSL 2.5 3.0 RSL 3.0 C_D
m Original 4 3 6 2 348 5.2 6 2 8.2 5.6 7.2 8.4 10 4 7 6 9.4 ‘2“
u5% Increase 4.02 6 36 5 5.8 7.9 5.3 6.9 79 10 7.2 9 : o]
u10% Increase 3.81 5.7 34 4.8 5.5 76 5 6.6 75 9.6 6.8 8.6 c
=15% Increase 3.6 55 33 4.6 5.2 74 47 6.3 74 9.3 6.4 8.2 PO
5
12 0
mOriginal ®5% Increase m10% Increase = 15% Increase S
~ 1 :
S ‘@
5 08 ‘o
5 D=
2 06 ]
] —
< 04 o
& 02 H ?
0
Eg. Mean . Mean . Eq. Mean :
RSL 2.0 25 RSL25 RSL 3.0 :
m Original 0 69 1 0 62 0.84 0.8 1 02 0 72 0.93 0 9 1 12 0 81 1.01
= 5% Increase 0.65 0.96 0.59 0.8 0.75 1.02 0.68 0.88 0.85 1.08 0.77 0.96 @
u10% Increase 0.61 0.93 0.55 0.77 0.71 0.99 0.64 0.85 0.81 1.04 0.73 0.92 o]
u15% Increase 0.58 0.89 0.53 0.74 0.68 0.95 0.61 0.81 0.76 1 0.69 0.88 )

Figures.Sensitivity analyBisaohosaspecimen MOR 555, using different hip heights which may r ct anti
within used measurements.

68'[293

3.2. Speed results: all spBgiamtusalirus rex
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3.3. Stride frequency results: alllypanmosasof rex
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Table Differences between RFS and DFS values across average, maximum and minimum values in the ¢
highlighted to compare the traditional foot-strike pattern in previous studies to the best supported foot-stril
analyses. * Signifies significance.

% difference RFS€DF% difference RFS€DFS% difference RFS€DJ
avg. values max. values min. values

equation 2.1) 7.0,8.5 I, 21% 11.4,13.7 ¥h 80% 3.6,4.5 I11,26%

p-values, Kruskal€Wallis

comparison (RFS, MFS, RFSEMFS** RFSDFS* MFS€DFS

DFS)***

0.0000269*** 0.006633** 0.000005113*** 0.06498
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Table3.Differences between RFS and DFS values across average, maximﬂ'mreniMiaséﬂir(ﬂlﬁSMﬁE@dsin the
highlighted to compare the traditional foot-strike pattern in previous studies to the best supported foot-stril
analyses. *Signifies significance.

% difference RFS€EDF$% difference RFS€DFS% difference RFS€D

avg. values max. values min. values

equation (2.1) 0.96,1.04 Hz, 8% 1.44,1.58 Hz, 10% 0.68,0.73 Hz, 8%
equatlon(22) .......................... 122126H23% ............ 162169Hz4% .............. 098101Hz3% .........
equatlon(23) .......................... A 87094H28% ............ 130143H210% ........... 061066H28% .........
e 109115H25% ............ 153163Hz7% .............. 083087H25% .........
javerage % increase  8%increase %increase

comparison (RFS, MFS, BFSEMFS REEDFS MFS€DFS

0.0373* 0.6195 0.01521* 0.05351
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predator and acquired prey animals as confirmed by the fossil record. Scale is 1 box =1 m. Ongl‘gal image
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5
Z-™'Seel —1>8™ 1 E ' S—eZ@l' —1+Z1™ @ " —1"e1+'Z1EZ—>21 N -3¢
<>e 0’7157 —YPpi—-e1ly 8

Ze™'eZ71 e’ — e8> e BoSl«Za S EASDY oS —1SY'S—ed1S1e's—'« ES—1+"C
<2 2724MN>Z 8 —e1 el —"eZ5—1>72Se'YZ1 'l 715 +1 S—WIWTW-VBISZ1"\7 — (
“Z>72Sele'Z1>"eZ1 el 71 z z>1 oe1>Z-zCEZ ¢1'—18Y'S—0el '+'1-">7Z1+'00*Se1]
S1e>728¢751>7 71" —1e " E " ="¢""—81e'Z1"" ™IS —el1eZ7-7>1™eS¢7¢181-2E‘1-">21
”-1—”—,SY’§—1WXNB‘]NZ“@]|J§LB:H21 ele'Z1-"eeloe's—'o ' ES—+1E " —e>'cZe " >@1e"1
™y7@7Z—EZ17 01021581 "E'1™eS¢@1S17"2¢1>" 21 —1Z-">SWWHNBE+'~"—
‘21™>7007Z—EZ1>15<eZ—EZ217181'ZS8Y'e¢1-200E+Z*1+S'¢1 "E‘1™eS¢elS
" —1+"1'SYZ1S1ce's—" o' ES—«1\IWZAE fAMIZIHA @~ 151 ZAPM>" ™M 56" _See 1
0876170181 E " Z+7>"®@SZ>1E " —-™S>7¢1e” 170 751 7> ™M " 0edle'Z1™>77Z—EZ1"
™M™ 0] ele'VYZ>e7 —EIAVE e A7l -0 7>—18Y'S—15>7e8e'VZ0e1l' —1eZ1>"021"
™™ _e]_70e18e00"1¢Z1-SeZ1e 51’ —"eSe’" @1’ —121S—"¢781 'e'1™>2Y""2
il1>Z8eleZemel-2@E+Z*1+'S—1'el E+"RADPILZ{0SLNI>ZeF T d1 SHY S
e7e7>721 02’70l YZ—1'Z2Z1E+" Z1b7ESe vt e MEZ0 77 +>72S' Y715 —01
CEEILI™MS —ECLcZe 272—1'2172 72— >V fieE+Z1-Seel —1+'21S—"«Zacly

4.3. Limitations and future directions

'e71 Z21'SYZ1- s ¢71>72S500"—8<eZ1Zee 501" 1E"—e>"e17>>">817Z—07>21-"7¢
S—Se¢0eZ0d1E 'SeeZ—07001>2-8"—i1 721'SYZ1eZ-"—e>SeZele'Sele'Z1e " els;
292YSeZel ee>'oZ1 5728727 —E'200@01LS—el1' —1e7>—1 ™>"«SceClE " —e>'cze’ ' —oloe
—"eZe0@le"1See” 1e'Z7Z1e7 " e1S—01¢550781 -7 E25>1¢8'¢1¢”1™> " ™M730¢1" —e758
‘Swe1<Z272—170+Sce’00'Ze1<t1>ZEZ—cloeeze'7Z01'Se1282Se'"—@leZ>'YZele>"
17 —eZ>@eS—¢ — e 17PEIE BTyl — 1223555 —eZ7157Z@%eece]l 'etle 21" e
S—eil eo’e’"_SeetdLl ‘'eZ1 Z21'SYZ1YE85Ge7 o dcelDURBMNS »el's ' E'SelelZes’—-
‘Z@'eSe71¢ 18 eeZrele'Sele’—'¢5515—Set e’ el ES—1<Z1™7>¢"5-7e1"—1e
E" —EIpied§-S5¢1'SYZ1lcee> " —eZ>1'—oIBEBp " VZeBN ¢ 1“1 81K 10, 0" 21" 01"V Z-
S—e1 ™~ 73071 -7 E282>7217—S8ce'—el'e‘lee>'sZ1>28%37—E'Zel —1E"—
@' -"*S>1 E'S>SE+Z>' e Eel " YIaVWANIAZZ 15V 2581 ot e '@l —"el 71 "e'1eZYZ
— 7707171 ™ e3EZ1e'Z1-"eeleZe'—'¢'YZ1>Z07s@il —10072-=5>¢81"%2>1 ">’
‘Sel’—e'etel—"e'el1<7108'—7¢1Y'S1e'Z1E>72S¢'"—1"¢1851<>"Se185—e1728c@’'+¢1
Zoe21>20ez--oe1 S¢1¢Z1%20Z%1¢” 1 —e">—1e3e3521-"eZee]
775717 Ee’ " —@le"1Z{™e">Z1 —(Ee?e7210'—"+5>15—8e¢teZel"—1"+Z>1
o7 —7E1>S—eZ281'e7—e'et’—el ‘Z—1e’@1c>e, 0”71 e "¢l ez —Ee"—1-5¢1"8
ee’e’ " _See3182S—e'eSe'YZ1>7Z00700@]l "o —177>15eS0Ze1™> Y 'eZ1Z2Y 07 —(

< U

Downloaded from http://royalsocietypublishing.org/rsos/article-pdf/doi/10.1098/rs0s.252139/6117152/rso0s.252139.pdf

by guest

on 26 February 2026















	Evidence of bird-like foot function in Tyrannosaurus
	1. Introduction


