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Legged Terrestrial
Locomotion in
(vertebrate) Animals

Peter Aerts & Kristiaan D’ Aot
University of Antwerp, BE

Aquatic organisms :
neutrally buoyant
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Terrestrial organisms :
Locomotion means

=> Support (against gravity)
=> Propulsion

=> Balance (postural control)
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Propulsion & Support

transversal limb posture

parasagittal limb posture
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Balance

static equilibrium dynamic equilibrium
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Transversal limbs: and drawbacks ANIMAL LOCOMOTION -4,
Cleithrum %’;}-‘“\% —
N T
Scapula W /é\‘
Humerus A — S T—

A. Dorsal view

Fig. 8.11

T Supporting foot
B. Anterio-lateral view Supporting foot

Parasagittal

(a) Salamander

support : costly

swing phase : costly

(a) Salamander
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(b) Placental mammal

(control cost)

Scapula

Humerus

(b) Dinosaur
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Terrestrial legged locomotion: cyclical movement pattern
- one cycle = stride;
- distance covered (by BCOM) in one cycle = stride length;
- # cycles per second = stride frequency

consequently : locomotion speed = stride length x stride frequency

it St e X e Cr it o - 5

step phase | flight phase

stride

-stride can (eventually, depending on gait) be split in a
step phase & flight phase
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distance covered (by BCOM) during
ground contact of one limb =
step length

Definitions only equivalent at df =.5

z /mr;z:mon
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options to increase speed (m/s) = stride frequency (1/s) x stride length (m)
-increase frequency
and/or
-increase length

1) Increase stride length : larger step and/or flight phase

a) larger relative limb length

step length b
tep length
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b) larger distal limb segments

c¢) adjust limb posture
-plantigrade
-digitigrade
-unguligrade

UNGULIGRADE DEER




but:
locomotion = cyclic re- and protraction of limbs

implies angular speed fluctuations rostral

N

\Z/ angle
YN

angular speed

retraction
uonoenoxd

+

)

\ngular acceleration

Longer limbs: increase of I because of larger r;
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%

Imd =2 M_,, (I = moment of inertia)

(I = resistance against rotation)

I;

— 2
Ilﬂ - Z ml I'l

higher costs

solution 1: reduce distal limb mass (I,,= X m,r;?)
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solution 2: bring more mass proximally (I ,= X2 m, 1;?)

- muscle mass concentrated proximally
- distally primarily tendons

i)
Gluteus Latissimus dorsi il f
Masseter
1'// /
RN oy /%‘f /// Cleidomastoid
S / / /
> 9 \ YA
-,/ § \"é{?l/% Deltoideus
y 7 Y f
% / \\//A
Z 7 -
%// /Z% //\ﬁ% Triceps
L '4
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ForeFeat HndFoot Forearm Leg  Uppar Mol Lower Molar but runnlng faster
@ "
Recent, g Eg i . l Fr
Equs. higher forces 4

RECENT

R e

NE

MICCE!

QUGOCENE

EOCENE

??7? reduction of distal segments???
77?7 lighter & longer segments ??7?
7?77 (bending)strength 772 ‘
QQC >
similar axial strength = identical J-surface
3nr* = nR?
r= (Rz /3)1/2
I,,, = measure for resistence against bending
S m = @ I,pp = 7 (diameter* / 8 )* = mt R%/4 (recent horse)
Ifor eocene ancestor!!:
T | I.Opp = 3[n (R?/3)12)%4] = 3[n (R¥/3)? /4] = TtR4 /12
diameter recent metatarsal can be 0.76 x smaller (=lighter)
without loss of bending strength
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but: longer segments linked to reduced distal muscle mass

)

?7?loss of joint stability???

Attachment of suspensory
ligament to cannon bone

Check ligament — prevents
hyperextension of flexor tendon

development of complex
joint surfaces
(with loss of DOFs)

Tendcen of superficial
digital flexor
Tendon of deep
digital flexor

Suspensory ligament.

Anchor of suspensory
ligament to sesamoid
bone

Tendon of lateral i
digital extensor Annular ligament
Tendon of deep

Cruciate ligament digital flexor

. ‘hinge’ (1 DOF)

stabilization by ligaments

(fetlock pronghorn)
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d) increase functional limb length

A, Varanus (lateral view)

B. Varanus (dorsal view)

e =
B. Lateral view

2) Parasagittal limbs: free scapula —=longer step lengths

Stride

Leading foot
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1) Transversal limbs: lateral undulation + girdle rotation

e) undulation vertebral column : longer step length

Direction of
movement
of body

Pelvic girdle

B. Middle

A. Beginning

2) Parasagittal limbs: dorso-ventral undulation

ﬂ = active <\, passive

determines 10% of speed
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f) include a (double) S et P £ i L i
ﬂlght phase L Stepping [ Suspension I Stepping l Suspension Stepping—l Suspension ’

l Stride

requires sufficient force

Stepping Suspension

Stride

Leading foot

()
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g) Move muscle insertion site towards joint to increase step length for
a given muscle shortening

but:
A
I rk ®
F g \

grk \ T
* Fcaufemx

Simplified:

Mgrk - Fgrk rgrk - _MA - _FcaufemA N
MgI’k - Fgrk rgrk - _MB - -FcaufemB I'y

same muscle shortening

requires more force = larger muscle-&
(or at least more activated fibres)

(vb: caudofemoralis)
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2) increase of the stride frequency : faster limb movements (cycling)

a) move muscle insertion site towards joint to increase the swing velocity for a given

given shortening speed

but:

caufems, %}
"
*

*
*
*

fastef limb retraction

same constraction speed only
possible with even larger muscle-& (vb: caudofemoralis)

higher accelerations

higher Fgrk (or even more activated fibres)
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remark 1 |
12- .
F-V-relatie

1

+ A
0 08 - B
L 06-
=
S04-
o
0.2- Hill-relatie
0 T T T T T T
020 0.2 04 06 0.8 1
relatieve V
when all fibres are activated
force output must drop
remark 2

larger muscle-& implies higher mass;
higher mass implies higher inertia;
higher inertia implies higher F

higher F_, requires more muscle force.... .
& ark 1€4 (vb: caudofemoralis)
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1dentical muscle contraction
(shortening + speed)

AS AS/ At

faster limb retraction

I
dy/At>d /At

Lout/ Lin -
gear ratio =

measure for speed
(at the cost of reduced force!!!)

IS
LN
|~
IS
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CHEETAH, Acinonyx
[}
T": 4.45

‘gear ratio‘ reflected in behaviour
!%=’a-83: -aiming for (constante) high speed :
hlgh Lout/Lin
-aiming for force (e.g. digging, inertia):
10W L /Lin :—":44

out

MUSKRAT, Ondatra

gearing is possible

- high gear muscle
- low gear muscle

KANGARDO, Macropts (note: dynamlc gearmg)
%= 464 A WOMBAT, Lasiorhinus

!
‘—“‘= 3.50
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b) summation of joint rotation speeds (when independently actuated)
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FF

Motor Unit Type
FG

Muscle Fiber

Muscle
Fibers

250 mN

c¢) switching to faster muscle fibre types (‘white fibres’)
but: much more sensitive to fatigue !!

Type
Motor Neuron f\(l" EP% %

S

FR
SO

FOG

LRl

> V:’ -.35-5-” 2
K.l

Force
(% initial)

!‘

|

IS o

4 6 60 0 2 4 6 €60

Time (min)
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Gait: specific pattern of locomotor movements and inter limb coordination

(often changing with speed)
Gaits can be classified on a kinematic or a dynamic basis

1) kinematically(or spatio-temporally) : based on duty factor and relative phase

- duty factor DF = ground contact time of a (specific) limb / stride duration
- DF > 0.5 — walking gaits
< 0.5 —— running gaits

for bipedal locomotion, walking is
characterised by a double support phase

DF > 0.5

a

running by a flight phase
=

DF <0.5

Locomorph Summer School
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further division on the basis of relative phase (RF)
RF = relative timing within a stride of the foot falls with respect to a
reference limb

0 Q 0.5 0 QO.S 0 O 0.b 0 O 0.3

left-front = reference
(yet, most often left-hind
1s used)

0.75 0.25 05 0 0 05 07 0
amble trot pace canter

0 0.1 0 O 0.1 0 0 0 0
/ AN

05 0.6 0.6 0.5 05 0.5 0 0
transverse gallop rotary gallop bound pronk

normal walking and running in humans : RF = 0.5




- 1if RF = 0.5 within a girdle: symmetrical gait
- all other cases: asymmetrical gaits
[remark : refers to time symmetry ! (listen to cadans)]

Center of gravity

symmetric
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5

Lr&rma

—

A. Limb movements and foot placements during one stride of a turtle

use of ‘footfall’-patterns Lefthind 035 |
Left front ——— ; 5
5
Right hind ————— t
Right front | IO-BE——
0 0.5 10

Duty factor = 0.75

Percent of stride

B. Gait diagram of the stride shown in A

E. Half bound
asymmetric % m @5 @
Lefthind | —
Left front } |
Right hind ——
Right front } i
Locomorph Summer School
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Endofcycle
Left hind foot
Left forefoot
H Right forefoot
arness pacer Right hind foot
—Rantndloot SYMMETRICAL GAITS
—_— MODERATE RUNNING PACE
" !
LF
Quarter horse RE
RH
MODERATE WALKING LATERAL SEQUENCE SINGLEFOOT
—_— l
LF
Walking horse —_— RF
RH
—_— MODERATE RUNNING LATERAL SEQUENCE SINGLEFOOT
LH l’
LF
Harness trotter R
RH
FAST RUNNING TROT
¢ LH 1
LF
N RF
{ Capuchin monkey R
= MODERATE DIAGONAL SEQUENCE WALK
LH 1
_ LF
Duiker RE
f § {i RH
FAST RUNNING DIAGONAL SEQUENCE SINGLEFQOT
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@ ﬁ SYMMETRICAL GAITS

LF — et
RF

Time scale End of t‘:'——“ '
cycle g: | ——
/ RF ipsilateral (fore —aft)
g v o =0 : pace
lateral coupletI § V =15 : lateral couplet
» 1 Singefoot i =25 : lateral ‘single foot’
I [“"e'a' sequence EE—« —_— +——  =35:diagonal couplet
diagonal couplet S al » =50 : trot
3 ] [Trm =65 : diagonal couplet
§ “ w ~ . : . ’
diagonal Couplctlg \ =75 : diagonal single foot
3 lsing,efom in =85 : lateral couplet
'E 0 diagonal sequence :100 X pace
lateral CoupletI ? I N ’
H ,l N

100
00 80 80 “© 20
. — '
9% of cycle that each foot is on the ground B —
l RH —

TS L — L3
LF = f——
Y S —— 3 RF et
LF ——t RH et
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-

SYMMETRICAL GAITS: lateral couplet => pace
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SYMMETRICAL GAITS : laterale sequence (couplet)

Locomorph Summer School
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SYMMETRICAL GAITS laterale sequence single foot
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SYMMETRICAL GAITS: diagonal sequence (couplet) => walking trot
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SYMMETRICAL GAITS : walking trot
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SYMMETRICAL GAITS : bipedal running

Locomorph Summer School
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-

SYMMETRICAL GAITS : bipedal walking

e o : - -y e IR
1 £l e e B 28 J}:FLL-.':r' ==
e ¥ 1 Ei B84 5 |
TEEEES ,
- e i e b 1:1_-j—|-|up- e
RS =
HEE e b
w h-u * h1n-‘lr44?:s.:. = i
B o 5 B -
T adode. 3 L
: -t et bt
LU IEE
: i i "'""I"I'* T
: WG L4 sjsd
el ‘.
-] s _'. ‘_"P'EFL Al abal ol ;
i 5_ -'.L;j; i:' =4 3 5 _:
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™ [EURE—
LF St .
[ — v
M it

HOUSE MOUSE: Bound

LH ——
LF

RF gy *
RH —
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ASYMMETRICAL GAITS
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2
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ASYMMETRICAL GAITS : bound

Locomorph Summer School
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Stride

Leading foot

ASYMMETRICAL GAITS

'rotary' gallop

‘transverse’ gallop
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ASYMMETRICAL GAITS : bipedal gallop

Locomorph Summer School
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ASYMMETRICAL GAITS : ricochet
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alternative for kinematical classification o

2) dynamically (according mechanical behaviour of support limb)

paradigm for walking gaits: inverted pendulum:
organism pivots about (relatively) stiff support limb

Mass

Leg

Locomorph Summer School s
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h = max
100 Walk (1.25 m/s) —> vV = min
80 4+ Kinetic energy VvV = max
sl h = min

Mass
40 +
4 Gravitational
20 potential energy Leg
0 -

S

Mechanical energy (J)

] L 1 1 i
T T L}

0 02 04 06 08 1
Time (s)

-potential (mgh) and kinetic (mv*/2) energy fluctuations are out of
phase fase (cf. pendulum): energy conversion saves up to 70% of
the mechanical (!!) costs
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paradigm for running : spring mass system

-flexion-extension of support limb

-deepest point at midstance

Mass
Leg spring
Locomorph Summer School :
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Run (3.8 m/s) h =min
4700 = mi
vV =min _
6 150+ KE h = max
% 650 , AR vV = max
% T ) Mass
g 100 3
':‘—'—'; 2
3 GPE T600 2
=" o
= 504 o Leg spri
o « g spring
(=) ~—
5 1550 =
: ot
© .
[ Rightstance ] , | Leftstance | 4500
T
0 0.4 0.8

Time (s)

potential and kinetic energy fluctuate in phase :
no conversion

But !!!
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W] —t;: m(AV)*2 + mg Ah ==——p E
I R

elast

=P m(AV)*/2 + mg Ah

elast

Fmsﬁt'::;g Tendon recoil .
ground stretches I
o awetche propels leg Energy conversion saves up to

S

50% of the mechanical costs

Tendon Z?/
stretched ﬁ TB"@E

k. Leq propelled up
and forward

| Tendon | |
stretched
Fmt
)w:
Mass i

Lgsing  Vuscle-tendon-systems behave as elastic springs
(!! extensors : achilles tendon, quadriceps, triceps surae)

Locomorph Summer School
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‘inverted pendulum’ mechanism holds for quadrupeds, too
2 ‘bipedalen’ in tandem

KT Y5 AT VAT

I | T
(4] 25 50 75 100

Stride time (%)
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i i |

Eﬁﬁﬂ : : \ | :

— | |
~ N TN —T ~ W s s MV/ N \/\/\/\y"

I I | | | | | | | | |

LE i LH | | i I LH | | : LE ) !

LF [— [F | e— [F ee— LF '
FH =— | ——— FH e | | — P — | —— i I e —
EF o— —— RF m— p—— RF e— | —— RF — | —

0 02 04 06 08 10 0 02 04 06 08 0 02 04 06 0 02 04 06
Time (s) Time (s) Tiume () Time (s)

dog walking at different speeds:
Epot en Ekin largely out of phase 70% recovery

Locomorph Summer School
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‘spring-mass’ mechanism holds for quadrupedal trotting
diagonal limb pairs behave as a ‘biped'

1200

800

400

Mechamical energy (J)

Ep”

T T
0 02 04 0.6 08 1.0 1.2 14
Time (s5)

Epot en Ekin largely in phase during diagonal limb contact
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A Lateral view C Dorsal view
A A
) . |
i Pl
I i __,J
B ol

B Anterior view

ﬁ ‘ also ‘sprawling’-gaits

(= transversal limbs)
behave as spring-mass

0.0004 1 E system
0.0003 Fore-aft kinetic energy

0.0002 A

0.0001 1 Potential energy

Energy (J)

Locomorph Summer School
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gallop is likely a complex mix of
inverted pendulum & mass-spring mechanism

2000

Mechanical energy (1)
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2
kinematical and dynamical classifications do not neccessarily overlap :
DF > 0.5 + ‘spring-mass’ mechanism = ‘groucho running’ (grounded running)

e Na S
gibbon bipedal ‘grounded running’ % % Z} %Kb

\'eﬂ]ical force component

Vertical force component

Vertical force component

80, 094 ms” :;1:; 1.55ms! 1007 2.08 ms~!
g ] g 2 6
g 40 2 601 g
= & s 40
L 9pd I 404 I 20
— EGF =
—— —— —
0+ v 0~ : ] O —
0 20 40 60 80 100 0 20 40 60 BO 100 0 20 40 60D RO 100
0.03 COM oscillations 0,03 COM oscillations 0.03 COM oscillations
E E E
o o © -
2 0 2 g -
5 g 0 g0
] 28 2
a a ] -
-0.03- - -0.03 - - -0.03 , .
0 20 40 60 80O 100 0 20 400 60 BD 100 20 40 60 80 100
Energy fluctuations Energy fluctuations Energy fluctuations
5. KE PE—TE . KE PE—TE 5 KE PE—TE
= ~ = " o~
S — SR S0
- - -
g o B s g s
5 g 0 @ 0
=5+ . . = . -5 . . -5 . - . .
0 20 40 60 g0 100 ] 20 40 60 R0 100 1] 20 40 60 850 100
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problem with the ‘inverted pendulum’ model:
‘instantaneous’ reorientation of the velocity vector

Leg

such ‘collisions’ imply high energy losses

combining both models reduces collisions

right TD

lett TO

left single support

double support

right single support

2
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in humans this accords to the 6 gait determinants for efficient ANIMAL LOCOMOTION  Jd
walking as proposed by Saunders (1953)

Locomorph Summer School
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Transitions between gaits : 1) proximat explanation (answer to ‘how’ ?)

Central programming
approach

tranS|t|on
; ‘ ;Leg increasing speed

Dynamic systems
Approach

(self-organising)

transition

>

collectieve output

v

control variable
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Transitions between gaits : 2) ultimate explanation (answer to ‘why’ ?)

two general hypotheses : a) to minimize costs

(=]
h
h

1.5 -

Peak vertical force (body welghts)

0.5 T T —
157 Horse3
P4
10 4777 %/ > sl
0.5 : . .
(*] 6

2 4
Speed (m s-')

1500 —
pony mens
g 500
a
&
= 400 | Z 1000F
@ ‘1:"”. r g
3 w‘wmwwﬂ =
= 300 _ , _ g
= Walking ~ Trotting  Galloping =
g & Running
g 20 2 500k
& - "
5 Walking
w100 Speed (meters per secand)
1 2 3 4
| Il [T |I I l| | I
0 1 2 3 4 5 6 7 0
Speed (meters per second) 234567873
Speed (miles per hour)
Locomorph Summer School %
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1.59 Horse 1 ANIMAL LOCOMOTION  ‘Jfy
Tret-galiop transitions

b) to minimize stress




