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(W=weight!)| == V=00

Stability of the body against the
gravitational force is maintained by the
bone structure of the skeleton!

Gravitational force W applies at the center of gravity: CG ofithe body!

W Vo U

CGE dependsy enr boedy: mass: distrnbution!) te. maintain
stability: €G must ber located between Ieet, it fEel arer falk apart
[GrCeS N henzeRtalidirection = ave teerconsidered




To maintain stability
the vector sum of all forces
applying at the CG must be
Zero!

f1+f2=VV

Fy, F are the forces the ground applies to the feet

in reality the forces
applied to the leg are
the vector sum of:

force of ground: fl
weight of body: F)
weight of leg: F

in equilibrium: Z;I?’,:O




torque for an average person
of weight W =80 kg-9.81 m/s?
and 7=20cm, 7 =16 N-m




EXAMPLE: FORCES ON THE HIP

(a person standing on one leg only)

F: pet force of the abductor muscles acting at the greater
trochanter at = 70°

R: force at the acetabulum

N: upward force of the ground on the bottom of the foot
(in this case = ‘i’)

”‘-1.3 the weight of the leg, = W/7T

vertical vector components: F,
Y Fy =Fsin(70°) - R, - W/T+W =0
horizontal vector components: F,
Y F, = Fecos{(70°) ~ R, =0
torque acting at the head of femur
Yr==Fsin(70°) - T-W/T-(10-T)4+ W -(18=T7)=0

this yields

11-W=3/7-W~<66:-F=0




FORCE IN THE ABDUCTOR MUSCLE: F =1.6W

equations can be used to determine the force of the acetabulum

R, = Fcos(70°) =1.6-W -0.342 =0.55- W

R, = Fsin(70°)+6/7T-W =16-W -0.94+0.86- W

FORCE ON THE ACETABULUM: R =24W

for an 80 kg person: F =~ 1260 N; R =~ 1880 N; W a~ 800 N




EXAMPLE: FORCES ON THE HIP

a cane is needed to support body in the case of an affected hip
the cane is beneficial if used on the opposite side

assume abductor muscle is severed:

= Yiti=-3/TW + 11.W = 10.6-W

the torque at the head of the femur for an 80 kg person (one leg up):
7 ~ 848 Nm
with cane a percentage x of the body weigth is supported:

= Liti = 10.6:(W - zW) - 30-2W
r~1/4

(@l person standing en ene leg enly)




a weak abductor muscle requires reduced force F':

additional support by cane
simplified assumption: force by ground up onto tip of the cane is

. W= W i
vertical 1 =1/6 force on tip

re =30cm: distance tip-CG

F,

O 70°

),
N f,‘;l&\%

{ x| 3Cem |

equilibrium condition:
N+1/6W-W =0
=> N=5/6-W

vim =30W/6 - 2:5/6W =0

vector diagram for repositioned leg




to reduce force F, leg must be repositioned away from the midline
(CG)
assumption: = r=~6cm
this originates a torque at the head of the femur

r=N-(18-T-2)=5/6W-5cm

the weight of the leg W; ~W /T has to be taken into account
it applies at the center of gravity of the leg
at 10/18 of horizontal distance between trochanter and foot

torque equation: -Fsin(70°).7 = W /7-0.33 +5/6W.5 = 0
F=06 W

cane reduces force on abductor muscle to one-third of normal value
with cane supporting only one-sixth of weight

force of the acetabulum at head of femur:

F.cos(70°) - R =0
R,=0.2-W
F.sin(70°) - R, - W/T45/6-W =0

R, =1.25.W

resultant force: R= /RE+ R =125W

cane reduces force of the acetabulum by one-half of normal value




=XANIPEST FORCEES QN pl= SIFINAE SO

Spinal column supplies the main support for the head and trunk of the
body. The spinal column is S-shaped to increase stability. Its bones, the
vertebrae carry the load.

Vibrous disks between the vertebrae cushion the applied forces.

Posterior view of the second
through fourth lumbar vertebrae.

Wy: weight of the head
Wr: weight of the trunk
P: pressure on disks
P=W/A ~ constant




mass of the Head: My =3 kg, Wy =30 N
area of upper cervical vertebra: A,c ~5 cm?

P ~ 6 N/cm?

pressure on the lower lumbar disk is about the same
taking into account the additional weight of the trunk
W=Wg+Wp =500 N

Ay =W/P =~ 80 cm?®

= cross sectional area of vertebra bones increases towards the
lower sections of the spinal column to compensate for the increase in
weight.

maximum pressure on disk before rupture: P, =~1100 N/cm?
cross sectional area of typical upper thoracic disk: A= 10 cm?

which force is necessary to rupture disk:

Fraz = Porae-A=11,000 N

(corresponds to a ton of weight)







Body. movements, are controlled by muscle forces,
Initiated by contraction or extension ofi the: muscles. Skeletal
muscles control the movements of the body: limbs.

Most ofithe muscle forces involve levers!

for the lever at rest:




lihreerexamples ferlever systems,; Wis the
applied s WeIght, " E IS the ereer SURPEIING  the: pPIVet
PoING Gt the Iever system, ands VIEISE the mUuscles
force;

First Class




EXAMPLE: THE FOREARMAS LEVER SYSTEM

The biceps muscle pulls the arm upwards
Py muscle contraction with: a force M the oppoesing force IS the
weight of the arm H'at its center of gravity (CG)!

-

I+ngg=0

Z':'=le-‘

M -rpH = dem'M - ldem-H = 0

(all forces apply perpendicular to the lever arm)
with H=15N (mass of the lower arm is approximately 3.3 1b)




Biceps can be strengthened by weight W lifting this adds
another ferce which has to be compensated by the muscle force.

27’,‘=F|)(.W?+F2XE+F3XI'V=0

r1*M - ro-H - r3:W = 4em-M - 14em-H -30cm-W = 0

M = (14/4-H + 30/4-W) =525 N +7.5 W

muscle force increases linearly with weight

for W = 100N (221b); M = 802.5 N




The lower ammican be hoeld by the hiceps muscle at different angles .
\What muscle ferces are reguired for the different armi pesitions?

SFR=fxM+fxH+ixW=0

r1-M-sinf - ro-H-stnf - r3-W-sinf = 4cm-M-sinf - 14cm-H-sinf -

30cm-W-sinf = 0
the sine-function cancels out
M = (14/4-H + 30/4W) =525 N +7.5 W

The applied muscle force is independent of the angle between the lower
and upper arm

but muscle force still depends linearly on the weight

for W = 100N (221b); M =802.5 N




EXAMPLE: THE ARMAS LEVER SYSTEM

The delteid muscle pulls the arm upwards, by muscle contraction with a
force T at a fixed angle a with respect to the arm the oppesing ferce Is
the weight of the arm H at its center of gravity (CG) and the (possible)
weight W hoeld in the hand!

YA=fxT+mxH+RmxW=0

ri-T-sina - ro-H - r3:W = 18cm-T-sina - 36cm-H - 72em-W = 0

T = (14cm-H + 30cm-W)/4cm-sina with the mass of the arm & 15 1b,

N~ 68 N and a weight of 45 N (10 Ib)

= T = (36:68 Ncm + 72-45 Nem)/ 18cm-sina = 316 N/sina

muscle force depends on the angle of attachment a ~15°

T ~1220.9 N




Consider arm at an angle & hold by the delteid muscle (o= 15°)

YAR=RAxT+RxH+fxW=0
r1-T-sina - ro-H-5inf - r3-W-sinf = 18cm-T-sina - 36cm-H-sinf -
72cm-W-sinf = 0
T = (1/18cm)-(36cm-H +72cm-W)-(sinf /sina) using the same force
parameters as in the previous example

= T = (1/18cm)-(36-68 Ncm + 72-45 Nem)-(sinf/sina) = 316

N-(sinf /sina)

muscle force depends in this case also on the angle
Assuming an approximately constant angle of attachment o ~15°

T ~1220.9 N-sinf
6=60° — T = 1057 N 6=45° — T = 863 N
#=30° — T = 610 N #=10° — T = 212 N




ANV
e 1987 Sidney Harmis
“It goes from zero to 60 in about
3 seconds.”




' a body ofi mass IS In constant motien no
acceleration or deceleration occurs !

U = dz /dt = const

_—
V= 4

Acceleration - can be caused by leg muscle force

Net Force et Force
\;Fv ij/i o
N N

Deceleration can be caused by friction, muscle force: or
external ferces (by running inte a wall fer example).




Friction occurs between a moving surface and a surface at rest:

N'Is the normal force!

IS coefficient for kinetic friction:
for rubber-concrete: w, =~ 0.8
joints between boenes: w, = 0.003

As smaller the coefficient as less resistance by frictional forces!

Friction force: F = GHON
deceleration;: a= 7!8 m/s?

For a walkeroff Ni= W = 800 N (m=82kQg):

Accelerating muscleferces maintain a constant walking speed!




When the body bumps inte a selid ebject (like a wall) rapid
deceleration a eccurs:

I'he decelerating force F, applied by the wall to the body: (or to
whatever body part which hits first) causes pressure: Py Which causes
deformation:

IS the surface area ofithe body, or hody part expesed to the force.

Force Is only applied over the time period At until complete stop.

AV ~ v:
Therefore: ’

v; is the velocity at impact




Jo calculate the Impact force the time structure of the
deceleration process needs to be known.

treatment ofi force as a sguare pulse actual time
Structure may depend on particular impact

hard impact = no deformation = At is short

soft impact = large deformation = At is long

Increase of At reduces forces and therefore the danger of
deformations causing fractures and other damages




EXAMPLE The unobservant hiker The hiker (m==82

kg) has a walking speed of ~4 km/h. Because he concentrates

on watching birds he fails to see the large pine tree and hits it
full front. He comes to a rapid stop within At ~0.01 s. The

A

=

deceleration is:
a=Av/At=4/0.01 km/h s = 1.11-10* m/s>

The force during the impact is:
F=m-a=82 kg:111 m/s*=9111 N
with an approximate impact area of
A=5000 cm? the pressure is:
P=F/A=1.82 N/cm?=1.82-10* N/m?

If the hiker hits a young pine tree
branches will soften the impact:
At =~0.06 s

the force F' and the pressure P
is reduced by a factor of six:
F=1.52-10* N

'P=3.04-10% N /m?




Falls from great height

The above equation has te be generalized
pPecause of energy. transfer arguments!

The average force acting on the part of the body which hits the ground Is

S— . L .
Fo= m-3q
v;: impact velocity

At: collision time
q=1 inelastic stop, no rebounce,

all impact energy causes
deformation of body or ground
q=2 elastic stop, rebounce,
body bounces back with
same speed as impact
average deceleration a=v> [2Ahc




Body: decelerates with: average: deceleration - from
Impact Velocity: '/ tor zerer While' the center: off mass: of
POdY MOVES OVer a distance during the collision

!

= A= v/&=‘2AhCM/v

for g=1 (no bounce)

—-L,.-

~sB8hcar

with v>=2g-h  h: height of fall

F=m-g- h/Ahcy

As larger Ahc s, as smaller the transmitted force




EXAVIPIEESSHITEdNEGHUMPIonthand \greuna

mass of the person: m=82 kg
maximum compression of the knee joints (tibia): Ahcyr=1cm

F = m-g- h/Ahcy = 82 kg 9.81 m/s*/1 em -h
that yields for a jump from 2m height:
F = 160,884 N

collision time: At=2Ahey [v=2Ahca/v/2gh
At =3.21073% s
stress (pressure) on each knee joint (average area of joint
A~3.3cm?)
P=1/2 F/A = 24,376 N/em® = 2.44-10° N/m?

break point for joints: Pa:15,860 N/cm?

= fracture may occur for stiffed legs jumps from heights of
h>1.5 m!

jumping into water increases Ahgy and At:
Ahcy =2 m = F=800 N; P= 242 N/cm?

At = 0.64 s

but belly flop
Ahey 230 em; A~1000 cm?

= F =5333N; P =533 N/cm?®




Jolerance levels for,whole bedy impact

Threshold for survival: = 20 mi/h = 36 km/h = 8.9 m/s

Effects of Impact can be reduced by Increasing A4t (4dhgy,) or by
distributing force F over large area to reduce compressing Stress.

FARA~
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~
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(dzpz ST0 03
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To survive a fall the impact pressure should be: < 40 Ibs/inz = 27.6 N/cm?

Foran Impact pressure ofi 35 N/cmz = 50:% sunvival chance!




EXANVIPIFESEREE Al e miang eneignts

for a fall from 300 - 3000 m height the final velocity of a free fall

1S

v=/2gh = /20.81m/s’h = 77 - 243 m/s

considerably larger than the typically deadly impact velocity

but free fall is idealized case because of decelerating drag and
buoyancy forces Fp in the atmosphere. (friction by viscous
resistance)

m-a=m¢g-Fp
FD = - av"‘
a=1/2Cp-p-A
Cp is the empirical drag coefficient in material of density p:
C p=0.5 for sperical shaped body of area A

Cp =~1.0 for odd shaped body of area A




Selution of ferce equation yields final velocity V!

v=1 V1 —eNhe

vy free fall speed vy = \/2gh
Uy temlinal velocity v; = v/2gh.
= v}/2g = m/(CppA)




EXpoenRentialiappreachieiispecdiofffaliitowandsithe temminalvelocity!

IerminaliVelecity represents the state Where the fercesrarennrequiiomum!

hh, | efhe L,
1 | 0.37 @ 0.79
2 | 014 0.975
3 | 0.050 0.975
4 | 0,018 0,991




speed of free fall levels out at:
vy 2120 mi/h = 192 km/h = 53.3 m/s

this is only a factor five to six larger than critical survival speed!
if At (Ahcy) can be increased survival is possible!

— meo.—h — v?
F=mg Ahoym — mmhcu

muv2

critical pressure: P, = F/A = TAA hcu

survival possible if Ahoy 2> 05 P

for Aa 0.34 m? (fall on the back) P, =~ 50 lb/in®

Ahcy 2 1 m fall into sand or snow

for P. ~ 28 Ib/in® (survival but shock)

Ahcy 2 2 m  fall into snow, bushes, or water
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