Technology will never surpass the mind, but tomatsamind is in technology - - A. Simonetti

ENGINEERING BIOMECHANICS: STATICS !
Benjamin Cruz, Luis Echevarria, Basilio Miguel antiliam Vallellaneg

1 This review article was prepared on December 83200
Course Instructor: Dr. Megh R. Goyal, Profeseor
Agricultural and Biomedical Engineering, General
Engineering Department, PO Box 5984, Mayagueerte
Rico 00681-5984. For details contact:
m_goyal@ece.uprm.edu or visit at:
http://www.ece.uprm.edu/~m_goyal/home.htm/

2The Authors are in the alphabetical order.

December 2003 Applications of Enginegiechanics in Medicine, GED — University of PogRico



DIMENSIONS AND UNITS

PROBLEM 1

A person on a diet might loose 2.3 kg per weekpréss the mass loss rate in milligrams per secahd,the dieter could sens
the second-by-second loss. [Halliday and Resm¢k32N1]

SOLUTION
Week =7 days
1day=24hr
1 hr=60 min
I min = 60 sec
Then:
(2.3kg)*(1000g¥(1000mg) = 2300000 mg
(lkg) (19)
1 * (1day)*(_lhr )*(1min) = 1

(7days) (24hr) (60mi (60sec) 604800 sec

2300000 mg= 3.8 mg/sec
604800 sec

3.8 mg/sec
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DIMENSIONS AND UNITS

PROBLEM 2

If a person measures 6.0 ft and weights 168 pouiigress the height of this person in meters ardateight in kilograms?
[Chang and College 2002, 31]

SOLUTION

For the height:

(6.0ft)*(0.3048m)= 1.83m
( 1ft )

For the weight:

(168 Ibs ) * (0.4536 kg ) = 76.20 kg
( 1b )

1.83m
76.20 kg
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DIMENSIONS AND UNITS

PROBLEM 3

What is the weight in ounces of a kidney that hasaas of 3565 grams? [Modified from Beer and J@m2003, 149]

SOLUTION
1 0OZ = 28.35¢g
Then:

(3565Q)* (10Z)=125.7 OZnass
(28.359)

125.7 OZmass
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DIMENSIONS AND UNITS

PROBLEM 4

If the mass of the briefcase is 10 pounds, howelasgthe force in Newtons of the briefcase, exgrtin the arm? [Modifie
from Beer and Johnston 2003, 149]

SOLUTION
11x=4.448 N

Then:

(1015) * (4.448 N ) = 44.48 N
1l

44.48 N
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STATICS OF PARTICLES

PROBLEM 1

Using a ruler and a protractor, perform the follogvivector resolutions: (a) the runner pushes dowahvead backward with 3
total force of 200 pounds at an angle of 40 degredéke ground. Resolve this force to obtain thgmitade of the vertical an
horizontal components. [Barthels and Kreighbau®il194]

SOLUTION

Then:
F,=-200 sin (40) f=-200 cos (40)

F,=-128.56 Ip Fo=-153.21lp

F.=-153.21 lp
F,=128.56 I
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STATICS OF PARTICLES

PROBLEM 2

The iliopsoas muscle is applying 350 N of forcamtangle of 40 degrees. How much of the musclefar directed down th
vertebrae and how much of the force is directeggticular to the vertebrae? [Hamill and Knutz@85l, 103]

1%

SOLUTION

Then:
Vertical = ;= -350 sin (40) = -224.98 N

Horizontal = = 350 cos (40) = 268.12 N

F, = -224.98 N

F. = 268.12
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STATICS OF PARTICLES

PROBLEM 3

How much force is exerted by the tendon of a penmatiscle when the tension in the fibers is 100Nemithe angle o
pennation is: [Hall 1999, 161]

a. 40?

b. 60°?

c. 807

SOLUTION

@) F, =100 cos (40)

F=76.6N

(b) F, =100 cos (60)

F,=50.0 N

(c) F. = 100 cos (80)

F,=17.4N

a) 76.6 N; b)50.0 N; c) 17.4 N
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STATICS OF PARTICLES

PROBLEM 4

How much compression acts on the hip during twaiéelgstanding? Assume that the joint supports 259 bbdyweight an
the abductor muscles are producing 600 N of tengibiall 1999, 246]

SOLUTION

W=250N
600 sin (70) =564 N
600 cos (70) =205 N
F,=0=-205+ F cos (75)
F, =792 N
Fy=0=-250-564 - F sin (75)
F,=843N
F = (843 +792)°°
F=1157 N

1157 N
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EQUILIBRIUM OF RIGID BODIES

PROBLEM 1

Misako whishes to measure the force of his bickpsing a force over a ring and the mediator machirtee figure. The ring
has a distance of 28 cm from the point of rotatibthe elbow and the biceps is joined at a poitiased to 5 cm of the rotation
center. If the scale of the machine marks 18 Nnutee makes the maximum force, what is the forcén@fbiceps? [Tiple

1999, 364]

SOLUTION

Then:
+ Ma=0=A(0) +A (0) + G (5) + G (0) - B (0.28)

0=¢(5) + (-18)(28)

G =(18)(0.28)
5

G=1.008 N
1.008 N
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EQUILIBRIUM OF RIGID BODIES

PROBLEM 4.2

D

Consider the following free body diagram. Given thass of the leg and foot is 4.88 kg, the distdirmaa the knee joint to th
center of mass of the leg/foot system is 0.146h@ veight of the barbell is 100 N, and the distafnom the knee joint to th
center of mass of the barbell is 0.447 m. Solsngia static analysis, for the muscle torque thi#itplace this system i
equilibrium. [Hamill and Knutzen 1995, 482]

YY)

SOLUTION

Then:
+Mpa=0=A(0) + A (0) + Ma + B, (0) + (-47.87)(0.146) + (0) + (-1000)(0.447)
Ma = 51.69 N-m
51.69 N-m
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EQUILIBRIUM OF RIGID BODIES
PROBLEM 3

A man holds a 10-kg, 1-m-long board at an angleé®fby pushing with a force against the top of therbpas illustrated in the
figure. Calculate the force the man must exerthenbioard and the reaction force at A. [Shames,1297]

SOLUTION

Then:

+ Ma=0=A (0) + (-98)(0.5) + F sin (60) — F cos (60) F,=0=F cos (60) — A
0 = -49 + F sin (60) — F cos (60) F cos (60) = A
49 = F (sin (60) —cos (60)) 67 N =4
F=134N

F,=0=A —98 —F sin (60)
0 A 98 — F sin (60)
A= 98 + F sin (60)

A=214N

134N
67 N
214 N
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EQUILIBRIUM OF RIGID BODIES

PROBLEM 4

A person lifts a 44.5 N dumbbell. By analyzing figure, what is the magnitude of the force exetbgdthe muscles if the
person maintains the dumbbell at 90 degrees wihee to his body? [Beer and Johnston 2004, 151]

SOLUTION

+ Ma=0=A(0)+A (0) + My + B, (0) - B (0.15) + G (0) - G, (0.45)
0= Ms — 13.35 (0.15) — 44.5 (0.45)

M = 22.03 N-m

11015N
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FORCES IN BEAMS AND CABLES

PROBLEM 1

Two hikers are standing 30 ft apart and are holdiregends of a 35 ft length of rope. The heigbinfithe floor to the hikers i
50 ft. Knowing that the weight per unit lengthtb& rope is 0.05 Ib/ft, determine (a) the sag htlfe magnitude of the forc
exerted on the hand of a hiker. [Beer and Johriziod, 399]

(ORRL

SOLUTION
(a) FBD:
= cos! (15/17.5) tan (31) = h/15
=31 h =15 tan (31)
h=9.01 ft
(b) Mg = 0 = A((0) + Ay(30) + 1.75(15) + R(0) + By(0)

30A, +26.25=0

Ay =-0.857 Ib

F,sin (31) =0.875
F, =0.875/sin (31)

F,=1.699 Ib

9.01ft; 1.699Ib
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FORCES IN BEAMS AND CABLES

PROBLEM 2

Two persons standing 30 m apart are holding a cabighing 3 N/m. The sag of the cable is 6 m. ebatne the maximum an
minimum values of the tension in the cable andehgth of the cable. [Beer and Johnston 2003, 399]

SOLUTION

y = c cosh (x/c)
Xg=15m , y=6+c¢C
(6/c)+1=cosh(15/c)
By trial and error, we get that
c=19.68m

yg = 25.68 m

a) Tmin =(3 N/ m) *(19.68 m)
=59.04 N
59.04 N
Tmax=(3N/m)*(25.68 m)

=77.04N
77.04 N

b) Ye—Sce=C
Ses=ys-¢
= [(25.68)— (19.685]°°
=32.35m

Total length =2 *(32.35) = 64.70 m
64.70 m
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FORCES IN BEAMS AND CABLES

PROBLEM 3

The man picks up the 52-ft chain and holds it jugh enough so it is completely off the ground. Tain has points of
attachment A and B that are 50 ft apart. If theirchas a weight of 3 Ib/ft, and the man weighs IhGletermine the force h
exerts on the ground. Also, how high h must heHhié chain? Hint: The slopes at A and B are Zgfibbeler 1986, 385]

4

SOLUTION
a)
25 + B? = 2¢
625+ B = 676
B = (510°
h = (519°
b)
(521ft)*(31b/ft) =156 Ib
156 Ib + 150 Ib = 306 Ib
306 Ib
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FORCES IN BEAMS AND CABLES

PROBLEM 4

If the person maintains the weight at point 2 ataagle of 37 degrees and the force exerted bydapemuscles is 115 N,
determine the tension in the cable of the weighthime. [Group problem based on a diagram, 61]

SOLUTION
FRD: ¥

F=115N
37

Then:
Fy=0=115-N

N =115

Fx=0=-115sin(37)+ T
T=69.21 N

69.21 N
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DRY FRICTION

PROBLEM 1

In an exhibition of rock music, the show startshagbscured scenery. A noise is suddenly heardant@ accident. The singe
appears sliding over his knees to the frontal phthe scenery. The singer has a mass of 75 kg.fridtional force is 650 N
Atfter sliding 2m, the singer stops. What is thef@ioient of friction between the floor and thegan? [Tipler 1999, 135]

h

SOLUTION
FED: ¥
73515 N
650 N .
Fs=(s)(N)
W =mg
= (75)(9.81)
=735.75 N
Fy=0=N-W
N=W
N=735.75N

Fs = (s)(735.75)

650 = s
735.75

0.88=s
0.88

=
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DRY FRICTION

PROBLEM 2

If the static coefficient of friction of a basketbshoe of a player on a particular playing surfex8.45 and the normal force
750N, what is the horizontal force necessary tsedhe shoe to slide? [Hamill and Knutzen 1999] 41

SOLUTION
FED:
T30 M
¥
u=0.45
E )
s=0.45
N =750 N
Fs= (s)(N)

Fs = (0.45)(750)
Fs=337.50 N

337.50
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DRY FRICTION

PROBLEM 3

Total knee replacement (total knee arthroplastysists of implanting a cobalt-chromium femoral cgeccomponent that slide,
on an ultra-high-molecular weight polyethylene wearface on the tibial plate. The cobalt-chromiusmponent acts like
shaft, and the polyethylene acts like a bearinghéfcoefficient of friction between the metal ahd polyethylene is 0.05, and
the radius of the condyle component is 1 in., deiee the flexion moment required to overcome foiotivhen the knee is loaded
by a force of 200 Ib during single-stance phasdenfualking. [Hibbeler 1986, 433]

SOLUTION
FBD: 200 Ih.
1II
Uk p=0.05
%
s =0.05
r=1in.
F =200 Ibf

Fs = (0.05)(200)
=10 Ib
M = (10)(1)

=10 Ib-in
M > 10 Ib-in
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DRY FRICTION

PROBLEM 4
A 180-Ib man pulls an 80-Ib boy on a sled. Deteentine tension in the rope required for the sledliif the coefficient of
static friction between the sled and the snow4s Reglect the weight of the sled. [Hibbeler 19984]

SOLUTION

FR=0=T-K
T=R
F,=0=(-80) +N
N =80 Ib
F. = (0.4)(80)
Fo=32lb
T=FR=32lb

T=321b
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EQUIVALENT SYSTEM OF FORCES

PROBLEM 1

The masses of two children sitting at ends A araf B seesaw are 38 kg and 29 kg respectively. &ieould a third child sjt
so that the resultant of the weights of the thigllen will pass through C if she has a mass pRfakg, (b) 24 kg? [Beer and
Johnston 2004, 137]

SOLUTION

() 38 Kg (9.81) =372.78 N
29 Kg (9.81) =284.49 N
27 Kg (9.81) =264.87 N
Fy=0=-372.78 — 284.49 — 264.87 + n
0=-922.14 +n
n=922.14 N
M, =0 = A(0) — 4(284.49) — 264.87(x) + (922.14)(2)

0 =-1137.96 — 264.87(x) + 1844.28

0 = -264.87(x) + 706.32
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CONTINUED PROBLEM 1:

-264.87(x) = -706.32

X =-706.32
-264.87

X =2.66 m
(b) 38 Kg (9.81) = 372.78 N
29 Kg (9.81) = 284.49 N
24 Kg (9.81) = 235.44 N
F,=0=-372.78 — 284.49 — 235.44 + n
0=-892.71 +n
n=892.71 N
M. = 0 = A(0) — 4(284.49) — 235.44(x) + (892.71)(2)
0 = -1137.96 — 235.44(x) + 1785.42
0 = -235.44(x) + 647.46

-235.44(x) = -647.46

X =-647.46
-235.44
X=2.75m

(@) 2.66 m (b) 2.75 m
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EQUIVALENT SYSTEM OF FORCES

PROBLEM 2

If a force of 110 N is exerted at a distance &f 1. from the elbow (axis of rotation), what is tfesultant moment of forcef:
[Hamill and Knutzen 1995, 453]

SOLUTION

M = F(d)
M =110 N (0.3 m)
M =33 N-m

33 N-m
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EQUIVALENT SYSTEM OF FORCES

PROBLEM 3

A plumber exerts a vertical 60-Ib force on a pipgeneh inclined at 30to the horizontal. What force and couple momenthean
pipe are equivalent to the plumber’s action? [Stm@D97, 100]

SOLUTION

M,=F (d)
M, = 9(60)
M, = 540 Ib-inch

540 Ib-inch
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EQUIVALENT SYSTEM OF FORCES

PROBLEM 4

Johnston 2004, 166]

A weight machine has a pulley system applying adaf 120 N. A person lifts the weight until hig$ereach a height of 50 ¢
from the floor. If the person maintains the weigltthis height, what is the torque at the persém'se muscles? [Beer ar

o >

SOLUTION

M, = F(d)
M, =120 N (0.5 m)

M, =60 N-m

60 N-m
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ANALYSIS OF STRUCTURES

PROBLEM 1

The three muscles primarily involved in producitigosv flexion are biceps, brachii, brachialis. Sage that the elbow joint i
flexed to 1.57 rad and that these muscles are gemgr290, 440, and 95 N of force and pulling ajles of 0.7, 0.2, and 0.3 ra
For simplicity, assume the three muscles sharerarem point of attachment on the radius. Whatésdinection and magnitud
of the resultant muscle force? [Enoka 1988, 61]

SOLUTION

1.57 rad

1.57(180/) = 89.95

P (0.7) (180/) = 40.11
Q (0.2) (180/) = 11.46

R (0.3) (180/) = 17.49
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CONTINUED PROBLEM 1:

Vector Fx Fy
P 290 cos(40.11) = 221.79 290 sin(40.11) = 186.84
Q 440 cos(11.46) = 431.23 440 sin(11.46) = 87.42
R 95 cos(17.19) = 90.76 95 sin(17.19) = 28.08
=743.78 =302.34

R = ((743.78) + (302.345)°° = tan' (302.34/743.78)

R = (553208.69 + 91409.4%) =22.12

R =802.88 N =0.39 rad

0.39rad 802.88 N
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ANALYSIS OF STRUCTURES

PROBLEM 2

The medial (M) and lateral (L) heads of gastrocnenfiioth exert a force of 350 N that is directedd0&l to the left and right g
a vertical midline, respectively. Determine thegmigude and direction of the resultant force. [Emn&988, 60]

)

SOLUTION

Fy. = Fm = 350 sin(75.68) = 339 N

If M and L are equal then M+L = 2(339) =678 N
L=0i + 339 + &k

M =0i + 339 + Ok

M+L=0i+67§ + 0k

IM+ L/ = (C°+ 678 + 7)°°

/M + L/ =678

0i +679 + 0k, N; 678N
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ANALYSIS OF STRUCTURES

PROBLEM 3

A man having a weight of 175 Ib attempts to liftnsielf using one of the two methods shown. Detegrttie total force he mus
exert on bar AB in each case and the normalticratie exerts on the platform at C. Neglect théghteof the platform.
[Hibbeler 1986, 267]

SOLUTION

FBD:

E=D A=B F.=0
F,=0=2D+-175

2D =175

D=8751Ib
F,=0=2A+-875

2A =875

A=43.751b
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CONTINUED PROBLEM 3:

F, = 2A +-175
A=8751b

In the first diagram 43.75 |b and in the secondydien 87.5 Ib
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ANALYSIS OF STRUCTURES

PROBLEM 4

During knee extension the patella moves in the yrdoetween the medial and lateral condyles of #meuf. An imbalance
between the four muscles that pull on the pateltaresult in the patella’s not tracking correctlyhis can occur, for example,
the knee has been immobilized in a cast for a gesfdime and the vastus medials and lateralis feagtave not atrophied at the
same rate. Given the following magnitudes andctlva for the four muscle force vectors, determihe resultant vector

[Enoka 1988, 61]

=

Rectus femoris 130N, 0.25 rad to the left@rtical
Vastus lateralis 180N, 0.50 rad to the leftefical
Vastus intermedius 165N, 0.15 rad to thedéftertical
Vastus medialis 210N, 0.62 rad to the rightetical

SOLUTION
Vector Fx Fy
F=210 210 cos(54.48) = 122.01 210 sin(54.48) = 170.92
F=165 165 sin(8.59) = 24.64 165 c0s(8.59) = 163.15
F=130 130 sin(14.32) = 32.15 130 cos(14.32) = 125.96
F =180 180 sin(28.65) = 86.30 180 c0s(28.65) = 157.96
265.1 618

Vector = 265.1+ 61§

R = ((265.15 + (6187)°°
(66.78)(/180) = 1.17 rad

R = (70278.01+38192%5

R =6.72.46
Ug = 265.1 + 619
672.46

Ur=0.39 + 0.93
= tan* (618/265.1)

=66.78

0.39+093; 1.17rad
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CENTROID AND CENTER OF GRAVITY

PROBLEM 1

A horizontal table used to determine the centegrakity is place over a fulcrum in one end and @esin the other end.
student is laid over the table with the head okerfulcrum. The scale is 2 m from the fulcrum.e®tudent has a mass of 70
and when he is over the table, the scale markd\25§Where is the center of gravity of the studdtipler 1999, 366]

~ >

SOLUTION

X=_My =MhXg + MhXp
m m+m

686(1) + 250(2F 1.27 m
686 + 250

1.27m
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CENTROID AND CENTER OF GRAVITY

PROBLEM 2

Calculate the center of mass of the following 3Apsiystem with masses of 2 kg, 3.5 kg, and 1.2b&ated respectively at th

coordinates (1, 2), (2.2, 3.5), and (4,3), respebti [Hamill and Knutzen 1995, 454]

[}

SOLUTION

my =2 kg (1,2)
m, = 3.5 kg (2.2,3.5)
ms = 1.25 kg (4,3)

x=m,=14.7=2.18 y =g 20=2.96
m 6.75 m, 6.75

m, = 2(1) + 3.5(2.2) + 1.25(4) = 14.7
my = 2(2) + 3.5(3.5) + 1.25(3) = 20
m=2+35+1.25=6.75

x=2.18
y=2.96
m, =14.7
m, =20
m, =6.75
CENTROID AND CENTER OF GRAVITY
December 2003 Applications of Enginegiechanics in Medicine, GED — University of PogRico 34



PROBLEM 3

Determine the center of gravity of the human boldg@d horizontally in a gravitational field, as sfmoin the figure at the right
The sagittal plane of the body is a plane pass$immugh the middle, separating the right side fromleft side. The weight of th
body can be considered to be symmetrically distetuabout the plane. The weight of the various bselyments and the

location from the origin are as follows: [Soutdagtie 1999, 156]

Fegs= 0.12 body weight  r= 20i + 20j (inches)

4%

=

Rinighs = 0.16 B.W. r=12i + 12
Fips= 0.23 B.W. r= 5i +5
Fihes= 0.32 B.W. r= 6.5i — 11
Farms= 0.10 B.W. r= 20i — 30j
Fheac= 0.07 B.W. r=17i — 24j
F.=1.00 B.W.
SOLUTION

xiF; = 20(0.12) + 12(0.16) + 5(0.23) + 6.5(0.32) + 20() + 17(0.07)
yiFi = 20(0.12) + 12(0.16) + 5(0.23) - 11(0.32) — 30().— 24(0.07)

¥q. =_Cy = _—Xi_Ei =10.74 in

R F
y_g :Q(_ = _—YiEi =-2.731in
R F
Xcg.=10.74 in
Yeg=-2.73in

CENTROID AND CENTER OF GRAVITY
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PROBLEM 4

A man is 1.8 m tall and weights 1000 N. He liftS@ N weight to the top of his head. If the CoBthe man plus weight is
now 1.3 m above the ground, how high is the C.Ghefman alone? [Group problem based by the book]

SOLUTION

X=[(1.3m)* (1500 N) — (1.8 m) * (500 N) ] /(DO N ) =1.05m
1.05m

MOMENTS OF INERTIA
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PROBLEM 1

If a foot of a person has 2 mass units and a sadifugyration of 0.5 foot, what is the rotationakitia? [Barthels an
Kreighbaum 1981, 332]

!

SOLUTION

I =k*M = (0.5 )(2) = .5 ft-mass units

| = .5 fé-mass units

MOMENTS OF INERTIA
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PROBLEM 2

What is the moment of inertia of a gymnastic atmlangitudinal axis through the center of mass witength of 1.60 m, a mas
of 23.50 kg, and a radius of gyration/body lendt0.802? [Hamill and Knutzen 1995, 454]

SOLUTION

=k M = (0.302 * 1.6§ * 23.5 = 5.49 kg-rh

| = 5.49 kg-M

MOMENTS OF INERTIA
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PROBLEM 3

How many mass units of resistance to changes iadrgal motion will a body of a person have if itighs 95 pounds7Group
problem based by the book]

SOLUTION
F=mg
95 pounds =m * 32
m = 2.97 slugs

m = 2.97 slugs

MOMENTS OF INERTIA
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PROBLEM 4

A 60 kg diver is positioned so that his radius pfagion is 0.5m as he leaves the board with anlangelocity of 4 rad/s. Wh
is the diver's angular velocity when he assumesch position, altering his radius of gyration t@®m? [Hall 1999, 487]

SOLUTION

Position 1: H = IW
H = Aw
= (60 kg) (Ov5? (4 rad/s)
= 60 kot

k=0.25m
Position 2: H=IW
H = fv

60 kg2ts = (60 kg) (0.25 M)w
w = 16 rad/s

H = 60 kg-nils

w =16 rad/s
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