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Background. The estimations of maximum speed of Tyrannosaurus Rex vary from 5 20 m/s and higher and
still are the subject of scientific discussion. Some scientists consider T. Rex the largest terrestrial super-
predator that needed speeds greater than 60 km/h (17 m/s) to capture its prey. Some recent publications in-
dicate that it wasn’t able to run at all due to its large mass and significant loads on the skeleton and limit its
walking speed to 5—7.5 m/s.

Objective. We will try to answer the question of whether large animal or robot sizes are an obstacle to rapid
running and to evaluate the maximum possible speed of T. Rex.

Methods. We will use: a) two energy efficiency indicators - the drag-to-weight ratio or the cost of motion
and the recently developed capacity-efficiency (connected with the power-to-weight ratio or metabolic rate);
b) the vertical acceleration estimations; c¢) the available data about the speed, the stride and the leg length of
human and animals.

Results. The drag-to-weight ratio and the capacity-efficiency were estimated for running of different animals
and humans. It was shown that the maximal running speed of T. Rex may reach the values 21—-29 m/s. The
values of its vertical acceleration are typical for bipedal running.

Conclusions. Large dimensions of Tyrannosaurus Rex couldn’t be an obstacle to achieving rather high speeds
during short intervals of fast running. Such conclusions allow us not to abandon the assertion that the dino-
saur was a super-predator. Presented approach could be useful for studying locomotion in modern and fossil
animals, human sport activity and for design of fast bipedal robots.

Keywords: biological data analysis; animal locomotion; bipedal running; fossil animals; cost of mo-
tion; metabolic rate; drag-to-weight ratio; power-to-weight ratio.

Introduction

The maximum speed of Tyrannosaurus Rex
remains the subject of scientific discussion. With-
out going into detail, we note two opposite points
of view. Some scientists consider T. Rex the largest
terrestrial super-predator that needed speeds grea-
ter than 60 km/h (17 m/s) to capture its prey [1].
Some recent publications indicate that it wasn’t
able to run at all due to its large mass and signifi-
cant loads on the skeleton and limit its walking
speed to 5—7.5 m/s [2, 3]. However, the speed of
the African Bush elephant (Loxodonta africana,
the herbivorous animal of similar weight — 8t)
may exceed 11 m/s [4].

In this paper, we will try to answer the ques-
tion of whether large animal or robot sizes are an
obstacle to rapid running and to evaluate the
maximum possible speed of T. Rex. For this pur-
pose, energy efficiency indicators (the drag-to-we-
ight ratio or the cost of motion and the capacity-

efficiency, developed in [5, 6] and connected with
the power-to-weight ratio or metabolic rate) and
the vertical acceleration estimations will be used.

Materials and Methods

Drag-to-weight ratio and cost of motion. Since
the aerodynamic drag can be neglected by running
of humans and large enough animals [6, 7], the
total drag X ~ mg/k is connected with supporting

the animal weight mg. The drag-to-weight ratio
1/k can also be treated as the cost of motion, i.e.

how much energy is used to move 1 N of weight to
the distance of 1 m. Usually in literature, this
characteristic is related to the 1kg of mass —

Jkg'm™" (see, e.g., [8]). By dividing the values in
Jkg'm™ by 9.8 ms™ (the value of gravity cons-
tant), we obtain the dimensionless criterion 1/k.

To estimate the efficiency of running, we shall
modify the approach proposed in [7], which as-
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sumes running as series of jumps and the energy of
the vertical motion as wasted to support the hori-
zontal motion. Then this wasted kinetic energy
equals 0.5mv? (Vis the vertical velocity in the be-
ginning of the jump). By dividing this energy by
the duration of the jump 2v/g, we obtain the
wasted capacity 0.25mgv and the drag coefficient
1/k =0.25v/U, where U is the velocity of a hori-

zontal movement.

Since the aero-dynamical drag can be neglec-
ted, the vertical velocity just after (and before) the leg
contact with the ground can be estimated from the
simple relationship: [;=2Uv/g, where / j is the length

of the jump, or running stride. Then the drag-to-we-
ight ratio can be estimated as follows [6]:

1/k=0.25v/U =0.1251,¢/U>. (1)

Power-to-weight ratio and capacity-efficiency.
The power balance for the steady horizontal ana-
erobic motion can be written as follows:

mgU

gnmg = XU = (2)

where ¢ is total available power per unit of weight
(metabolic rate), and n is the propulsion efficien-
cy (0 < <1). Then the maximum velocity of run-
ning is independent of mass and equals U = kgn.
That means that the large mass of T. Rex cannot
prevent its fast running. It must be noted that a
long time running can be supposed as an aerobic
activity with the energy release proportional to the

lung surface (or m*?). Then from the balance si-

milar to (2), we can conclude that U~m'?,

small animals are faster long distance runners. The
same is valid for human athletes. For instance, the
body mass of 10 000 m runner champion — Kene-
nisa Bekele (55kg) — is only 58.5 % of mass of
100 m one — Usain Bolt (94 kg).

Eq. (2) yields a new characteristic — capacity-
efficiency (see also [5, 6]):

i.e.

U
Cp=qn=— 3
E=4dN X (3)
which with the use of (1) can be written as follows:
Cp =0.25v=0.125/,¢/U. “4)

Results

Estimations of the drag-to-weight ratio. The
estimations of the cost of motion (1) for humans

and animals are presented in Table and in Figure
by red markers. To estimate it dependence on the
maximal running velocity, the simple relationships
for male 100 m running: U =0.79+3.89/, and

female 40 m one: U =0.53+3.71/; can be used (U
isin m/s, /; — in meters [9]). Then eq. (1) yields:
1/k =0.0321(U - 0.79)g /U %;

1/k =0.0337(U - 0.53)g/U>.

)

The red solid and dotted lines show the rela-
tionships (5) in the Figure. They attain their maxi-
ma at velocities 1.48 m/s and 1.06 m/s respectively.
At greater velocity, the cost of running diminishes
with the increase of the velocity. For bipedal running,
the experimental values (shown by red triangles) are in
good agreement with the relationships (5). Only very
small animals such as cockroaches, lizards and
quails are the exceptions, since their stride-velocity
dependences sufficiently differ from the human
ones (their stride frequency U//; is much higher).

The real metabolic cost of human running is
approximately 4 Jkg 'm™' (e.g., [8]) or 1/k = 0.41.
This value is 10—15 times greater than shown in
the Table estimations 0.027—0.042. It means that
only a small part of the energy released in human
body is transformed into the kinetic energy of the
mass center movement, i.e., the propulsion effi-
ciency is rather small.

Calcualtions of the capacity-efficency. The re-
sults of the capacity-efficiency calculations with
the use of equation (4) are presented in the Table
and shown by blue markers in the Figure. It fol-
lows from (3) and (5) that

Cp = 0.315-0.249/U;

(6)
Cp =0.33-0.175/U
for 100 m male and 40 m female running respec-
tively.

Solid and dashed blue lines show the relation-
ships (5) in the Figure.

For bipedal running, the experimental values
(presented by blue triangles) are in good agreement
with the relationships (6). Only very small animals
such as cockroaches, lizards and quails are the ex-
ceptions, since their stride-velocity dependences
sufficiently differ from the human ones.

It must be noted that real values of the po-
wer-to-weight ratio (or metabolic rate) are much
greater than the capacity-efficiency. For example,
the maximum metabolic rate of human athletes is



44

Innov Biosyst Bioeng, 2018, vol. 2, no. 1

Table: Information about speed, lengths of stride and leg for humans and animals obtained from different sources. Estimations of

drag-to-weight ratio, capacity-efficiency and vertical acceleration

Primal information Calculations
N Name Maximal | Stride L Drag-to- Capacity- Vertical
speed, |length, | t%g Ref. weight, efficiency, acceleration,
m/s m ength, m 1/k, eq. (1) |CE, m/s, eq. (4)| a/g, eq. (8)

1 | Gockroach, 15 1002 | 0016 | [12, 16] 0.016 0.024 111
Periplaneta

» [Bobwhite quail, 30 [0250 | 0114 |[12,13,15]] 0.035 0.103 1.68
Colinus virginianus

3 |Guinea fowl, 34 | 0564 | 0279 |[12,13,15]] 0.058 0.201 1.75
Numida meleagris

4 |Lizard L, . 3.7 10159 | 0.034 [12, 17] 0.014 0.053 2.87
dopsosaurus dorsalis

5 |Lizard 2, . 42 |o0162| 0040 | [12,17] 0.011 0.047 2.51
callisaurus draconoides

6 |Rhea, 55 | 1.383 | 0.809 |[12,13,15]] 0.055 0.306 1.65
rhea Americana

7 | Turkey, 58 | 1.135| 0.483 |[[12,13,15]| 0.041 0.239 2.08
meleagris gallopavo

g |Male record 10 km, 63 | 1.650 | 0800 | [18,19] 0.050 0.319 1.96
Kenenisa Bekele
Emu,

9 | dromaius 7.2 | 1.835| 1.003 |[12,13,15]| 0.043 0.312 1.77
novaehollandiae

10| Fit female, 40 m run 74 [ 1.850 | 0.790 [9] 0.042 0.307 2.17

11| Fit male, 100 m run 9.4 [2210 ] 0.830 [9] 0.031 0.289 2.42
Female record, 100 m,

12| Florence Griffith-Joyner| 05 | 2083 | 0850 [20, 21] 0.028 0.268 2.23

13| Male record, 100 m, 104 | 2439 | 1.000 [22] 0.027 0.286 2.25
Usain Bolt

14| Hare 18.0 [ 3.000 | 0.397 [4] 0.011 0.204 5.60

15| Ostrich 194 | 5.000 [ 1.500 [4, 23] 0.016 0.315 3.02

16| Red kangaroo, 19.4 | 9.000 | 1.600 [4] 0.029 0.567 5.15
macropus rufus

17 | Horse record, 19.7 | 7.500 | 1.600 [24, 25] 0.024 0.467 4.29
Winning Brew

18| Cheetah 31.0 | 7.000 [ 0.610 [4] 0.009 0.277 8.48

approximately 2.9 m/s (28 W/kg) [8] and is 10 ti-
mes greater than the capacity-efficiency of 100 m
running and is in between the rate of standing
1.29 W/kg and walking 3.3 W/kg [10]. Similar large
differences occur also in the case of vehicles (see
[6]) and can be explained by a small value of the
locomotion coefficient n.

We can assume that the capacity-efficiency of
T. Rex cannot exceed the value 0.33 m/s, which fol-
lows from second equation (5) and experimental data
for bipedal running. If Tyrannosaurus Rex had the va-
lues C; > 0.33 m/s, it would mean a higher metabolic
rate or/and a bigger locomotion coefficient n in com-

parison with existing animals with the same running
gait. There are animals with higher values of capac-
ity-efficiency (e.g., horses and kangaroos, see the

Figure and the Table), but they have different run-
ning gaits.

Estimations of the maximal running velocity.
Inequality C, < 0.33 m/s and formula (4) yield

the estimation of the maximum running velocity in
Tyrannosaurus Rex

U(m/s)>3.71-1;(m). 7

Thus, to know its maximal speed, we need its
maximal stride length. Unfortunately, information
about T. Rex traces is very limited. Moreover, to
use formula (7), we need the maximal length of
the running stride, which is much larger and hap-
pens much less often in comparison with the
strides corresponding to the comfortable running
(see, e.g., the data about ostriches in [11]). We can
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Figure: Drag-to-weight ratio (cost of motion) and capacity-efficiency for humans and running animals. Red lines correspond to
10/k values calculated with the use of formulae (2). Experimental values (formula (1)) are shown by red markers. Blue lines corre-
spond to Cp values calculated with the use of formulae (5). Blue markers show the experimental values (formula (4)). Bipedal run-

ning animals are presented by “triangles”; other running gaits — by “circles”

use the information about the relative stride referred
to the leg length. The maximum stride-to-leg ratio
for humans and birds vary from 1.7 to 2.4 [12, 13].
Then taking the value 3.3 m as the maximal length
of T. Rex leg [14], we can obtain from (7) the es-
timations of its maximum velocity: U>20.8—
29.4 m/s.

Such high speeds correspond to the maximum
values of the capacity efficiency, i.e., are close to
the asymptotical values in relationships (6). Thus,
we can conclude, if T. Rex needed to run fast, its
capacity-efficiency could be around 0.33 m/s and
its maximum speed between 21 and 29 m/s. To be
sure that such high velocities are possible, we will
estimate the values of the vertical acceleration a as
a measure of forces acting in skeleton.

Calculation of the vertical acceleration. We can
use the simple relationship: a ~2v/t,, where 7, is

the duration of a leg contact with a ground and
can be taken from [14], where the information
about running of many animals were summarized

as follows: 7, = 0.8/ ,0‘84/ U (the values of the leg
length /, must be taken in meters, speed in m/s).
Using also (4), we obtain:

C C U0.87
~8—L£ ~ 10—, 8
0=sSE <0 EE ®)

The results of application of formula (8) are
presented in the Table. For the bipedal running
animals, the vertical acceleration doesn’t exceed
3g. Bipedal hopping gait (kangaroo, hare) allows
larger values of acceleration (5.2—5.6g), since the
vertical load is distributed on two legs. The highest
acceleration 8.5g occurs in cheetah, where four
legs are in simultaneous ground contact. Putting in
(8) values Cp = 0.33 m/s and /,= 3.3m, we can

estimate the acceleration in T. Rex between 1.7g
and 2.3g for speeds 21 and 29 m/s respectively.
These values are typical for bipedal running and
cannot destroy its bones.

Discussion

To be convinced of the correctness of our es-
timates, it is necessary to answer the question why
the capacity-effectiveness of modern lizards is 6—
7 times less than what is accepted for T. Rex (see
the Table). Application of these small values of C,

to T. Rex could yield 6—7 times higher values of its
speed (according to (4)) and 21—22 % lower values
of its vertical acceleration (according to (8)). Such
procedure looks incorrect due to the huge differ-
ence in sizes (e.g., the length of callisaurus dra-
conoides is 69 times smaller than the length of
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T. Rex [14, 17]). For very small animals, aerody-
namic drag becomes essential and the presented
formulae are no more valid. To be aware of this,
we can use the critical value of k

pV

3M;a:_ 9)

avU? m

k=04

at which the aerodynamic drag on an elongated
body of revolution with a laminar unseparated
shape becomes equal to the drag associated with
supporting the weight, [6]. Here V is the volume

of body; p is the density of air; v = 1.46-107° m?/s

is the kinematic viscosity of air. If Kk~ >>k, then
the aerodynamic drag can be neglected.

Assuming the average density of animals to be
close to the density of water p,, (m=pyl), we

can use the available data about their mass and the

value o ~1.2-107°. Then, for callisaurus dracon-
oides (the lizard of average mass 9.5g, [17]), for-

mula (9) vields kK~ ~ 322. This value is compara-
ble with the estimation (4), presented in Table 1,
k ~91. It means that air drag influences the run-
ning of small lizards. The same conclusions can be
drawn about cockroaches and quails. Relatively
small values of capacity-efficiency don’t mean that
very small animals are bad runners. Their drag-to-
weight ratio and C; was underestimated by ne-

glecting the aerodynamic drag. In the case of T.
Rex (U = 21-29 m/s, m= 8—14 t), eq. (9) yields
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values k" ~16000—35000, which are much lager
than k =U/Cp ~64—88 (eq. (3), Cp ~0.33 m/s).
Therefore, the air drag in T. Rex running can be

neglected and all presented formulae and estima-
tions are valid.

Conclusions

The obtained results don’t mean that T. Rex
had to run at speeds 21-29 m/s. We claim only
that its large dimensions couldn’t be an obstacle to
achieving such high speeds during short intervals of
fast running. Such conclusions allow us not to
abandon the assertion that the dinosaur was a su-
per-predator. Such a popular animal couldn’t only
eat carrion.

Presented approach could be useful for study-
ing locomotion in modern and fossil animals, hu-
man sport activity and for design of fast bipedal
robots.
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I.I". Hectepyk
BI TUPAHO3ABPA PEKCA? OUIHKWN E®EKTUBHOCTI, LUBUAKOCTI TA MPUCKOPEHHA

Mpo6nematuka. OuiHKM MakcUManbHOI LWBMAOKOCTI TMpaHo3aBpa Pekca BapitotoTbes Big 5 o 20 m/c i BMWe 1 Joci 3anuwarTbes
npegMeToM HaykoBoi Auckycii. [leski BYeHi BBaxatoTb, WO T. Pekc — HaWbinblunii HA3eMHUIA Cynepxmkak, sIKUi, LWob 3axonuTn CBOHO
3006my, MaB po3BuBaTY LWIBMAKICTE NoHaA 60 km/rog (17 m/c). Y gesikux HedaBHixX nybnikauisx BkadyeTbCcs Ha Te, L0 BiH B3arari He Mir
6iraTn Yyepes BeNuKy Macy i 3Ha4Hi HaBaHTaXXEHHS Ha CKeNeT, i LWBMAKICTb Moro xoabbu obmMexyeTbes 3HavYeHHsM 57,5 m/c.

MeTta. Mu cnpobyemo BiAMoOBICTV Ha 3anuTaHHS NPO Te, YK € BENUKi po3Mipu TBapuH abo poboTie nepeLukonoto weuakomy biry, Ta oui-
HUTW MaKCMMAarnbHO MOXIIUBI LUBUAKOCTI pyxy T. Pekca.

MeTopuka peanisauii. Mu 6yaemo BUKOpPUCTOBYBaTU: @) ABa NOKa3HUKN eHepreTUYHoi edpekTUBHOCTI — CMiBBIAHOLUEHHS onip A0 Baru,
abo BUTpaTV Ha pyx, Ta 3anMpOMNOHOBaHy HELLO0AaBHO MOTYXHICTb—eMEKTUBHICTb (MOB'I3aHy 3i CMiBBIAHOLUEHHSIM MOTYXHICTb 4O Baru
abo weuakicTio meTaboniamy); 6) OUiHKM BEPTMKaNbHOIrO NMPUCKOPEHHS; B) HAsBHI AaHi NPO LWBMAKICTb, KPOK i JOBXWHY HOTW NIOANHW 1
TBapWH.

PesynbTaTtn. 3po6neHo ouiHkM cniBBiAHOLEHHS OMip A0 Barn Ta NOTY>XHOCTi—e(PEKTUBHOCTI Ans Giry pisHWX TBapwH i noaen. MNokasa-
HO, L0 MakcMmarnbHa WBUAKICTb pyxy T. Pekca moxe gocsaratm 21-29 m/c. 3Ha4eHHs MOro BepTUKaNbHOMO NMPUCKOPEHHST XapaKTepHi
ans 6iry Ha ABOX Horax.

BucHoBku. Benuki po3mipu T. Pekca He MOXyTb ByTu nepeLukoaor Anst AOCATHEHHS! 4OCUTb BUCOKUX LUBUAKOCTEN Biry 3a KOpoTki npo-
MiXKKM Yacy. Taki BUCHOBKM [al0Tb HAM MOXIMBICTb HE BIAMOBNATUCS Bif TBEPAXEHHS, IO ANHO3aBp OyB cynepxmkakom. 3anpornoHo-
BaHWIM Niaxia Moxe 6yTW KOPUCHUM AN BUBYEHHSI PYXY CyYaCHUX i BUKOMHUX TBapWH, CMOPTMBHOI aKTUBHOCTI NIOAEN, a TakoX Ans po3s-
POBKU LUIBMAKMX ABOHOMMX PoBOTiB.

KnroyoBi cnoBa: aHani3 6ionoriyHux AaHux; nepecyBaHHs TBapuH; Gir Ha ABOX HOrax; BMKOMHI TBApWHW; BUTPATW Ha PyX; LUBUAKICTb
MeTaboniamy; cniBBiAHOLIEHHS OMip 4O Baru; CriBBigHOLLEHHSI MOTYXHICTb [0 Baru.

W.T". Hectepyk
BEI TUPAHO3ABPA PEKCA? OLIEHKU E®®EKTUBHOCTU, CKOPOCTU U YCKOPEHUA

MNpobnemaTtunka. OLeHKkN MakcmManbHOM CKOPOCTU TMpaHHo3aBpa Pekca BapbupytoTcsa oT 5 4o 20 M/C v Bbile 1 A0 CUX NOP ABNATCA
npeamMeToM HayyHoWn AncKyccun. HekoTopble yYeHble cunTatoT T. Pekca KpynHenLwmnmM Ha3deMHbIM CynepXMLLHUKOM, KOTOpPbINA, YToBb! 3a-
XBaTUTb CBOI [00bIYYy, AOMKEH Obin pa3BMBaTh CKOPOCTb 6onee 60 km/Y (17 m/c). B HekoTOpbIX HeaaBHMX NyOrMKauMAX ykasbiBaeTcs
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Ha TO, YTO OH He Mor GeraTb BoobLle 13-3a BOMNbLUIOK MacChbl N 3HAYUTENbHbBIX HArpy30K Ha CKeNeT, U CKOPOCTb ero xoAbbbl orpaHuyn-
BaeTcs 3HaveHnem 5-7,5 m/c.

Llenb. Mbl nocTapaemcsi OTBETUTb Ha BOMPOC O TOM, SBASOTCA N 6onblune pa3mepbl XMBOTHBIX UK poBOTOB NpenaTcTBueM Ans Obl-
cTporo 6era, n OLEHNTb MakcMaribHO BO3MOXHYI CKOPOCTb ABWXeHus T. Pekca.

MeToauka peanusaumm. Mbl 6yaem ncnonb3oBaThb: @) ABa NokasaTensi aHepreTMyeckon apdekTMBHOCTN — OTHOLLEHWE COoMnpoTUBIe-
HUS K BECY, UMW CTOMMOCTb ABUXEHUS, U pa3paboTaHHyo HelaBHO MOLLHOCTb—a(EKTUBHOCTL (CBA3AHHYIO C OTHOLLEHWEM MOLLHOCTU
K BECY MNN CKOPOCTbI0 MeTabonuama); 6) oLeHKM BEPTVKanbHOIO YCKOPEHWS; B) MMEIOLLUMECS AaHHble O CKOPOCTW, Liare v ArMHe Horu
YernoBeka 1 XUBOTHBbIX.

Pe3ynbTatbl. OTHOLWEHNE CONPOTUBIEHMS K BECY U MOLLHOCTb—I(OEEKTUBHOCTL ObiNM OLeHeHbl Anst 6era pasnuyHbIX XUBOTHBIX U
nogen. MakcumanesHas ckopocTb Gera T. Pekca moxeT gocturate 21-29 m/c. 3HayeHVs ero BepTVKanbHOrO YCKOPEHWUS TUMWYHbI ANs
6era Ha ABYX Horax.

BbiBoabl. Bonblune pasmepsbl T. Pekca He MoryT 6biTb NpensiTCTBMEM Afsi JOCTWKEHMS AOBOMbHO BbICOKMX CKOPOCTel 6era B KOpOTkMe
NPOMEXYTKN BpeMeHU. Takue BbIBOAbI MO3BOMSAOT HAM He OTKa3bIBaTbCA OT YTBEPXAEHNS O TOM, YTO AMHO3ABP ObiN CynepXULLHUKOM.
MpeacTaBneHHbIN NOAXOH MOXET ObiTb None3eH AN U3y4eHUs JIOKOMOLIMK Y COBPEMEHHbIX M UCKOMaeMblX XMBOTHBIX, CTIOPTUBHON ak-
TMBHOCTY YernoBeka 1 Ansi pa3paboTku ObICTPbIX ABYHOTMX pobOTOB.

KnioyeBble crnoBa: aHann3 61onormyecknx AaHHbIX; NMOKOMOLUS XUBOTHbIX; 6er Ha ABYX HOrax; Uckonaemble XXUBOTHbIE; CTOMMOCTb
OBWXEHUA; CKOPOCTb MeTabonunama; oTHoLeHue CONpOTUBIIEHUA K BECY; OTHOLLIEHNE MOLLIHOCTU K BeCy.



