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7.2 Force amplification devices:
Levers, wedges, toggles, gears, and
pulleys

Simple objects can be connected in various arrangements for various pur-
poses. Here we describe 5 machine fragments that can be used to amplify
force. Most machines use these ideas in combination. It might help intu-
itive understanding of machines to recognize one of these methods in use,
although precise categorization of every machine part as one or another
of these devices is not possible.

A lever

One of the simplest machines, long understood, and even longer used by
humans, is a lever (e.g, , fig. 7.26 and the top of fig. 7.27). Although now
we think of statics as a special case of dynamics, statics is, and was, a well-
founded subject, independent of dynamics. The statics of a lever was well
understood 50 generations before Newton discovered modern dynamics.

An ideal lever is a rigid body held in place with a frictionless hinge
and with two other applied loads.

The free-body diagram fig. 7.27 is the same whether the hinge is at point
A,Bor CO,

Lots of things can be viewed as levers including, for example, a wheel-
barrow, a hammer extracting a nail, a boat oar, one half of a pair of tweez-
ers, a brake lever, a gear, and, most generally, any three-force body. Using
the equilibrium relations on the free-body diagram in fig. 7.27 you get that

Fy, Fp F¢

a b c

from which you could find the relation between any pair of the forces.
In practice it is easier to use moment balance about an appropriate point
than to memorize and recall this formula.

An ideal wedge

Wedges are a kind of machine. You see them used in exactly their wedge
configuration, to split and separate things (see fig. 7.28). But screws are
also, effectively wedges, with torque replacing the downwards force. For
an ideal wedge, one neglects friction, effectively replacing sliding contact
with rolling contact (see fig. 7.29ab). Although this approximation may
not be accurate, it is helpful for building intuition. Because the key idea
depends on force balance and not moment balance, for the free-body dia-
grams of fig. 7.29¢, we have not specified the exact location of the contact
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Figure 7.26: One half of a pair of pliers
is one of many classic lever examples.
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Figure 7.27: A lever can have the pivot
in various places. The free-body dia-

gram looks the same whether the pivot
is at the left, middle, or right.

®People studied levers before me-
chanics was a quantitative subject. So
they have a specialized antiquated vo-
cabulary, classifying them according
to which of A, B, or C is the pivot point
and which of the other two forces you
think of as input and which as the out-
put: A ‘class one’ lever has the pivot
in between; a ‘class two’ lever has the
pivot at one end and the input force
at the other; and a ‘class three’ lever
has the pivot at one end and the input
force in the middle.
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Figure 7.28: A hatchet splitting wood
is a classic wedge. In this case it is
used dynamically, with the force com-
ing from the deceleration of mass. But
other more complex wood splitting de-
vices push the wedge in slowly.

Figure 7.29: a) A wedge, b) treated as
frictionless in the ideal case, c) free-
body diagrams (assuming no friction)
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forces . Neglecting gravity,

ForblockA,{ZE‘=6 Jjo=> —F,+Fsin6 =0

ForblockB,{ZEz() -1 = —Fg+Fcos@ =0
1

—F,.

tan0 4

Using the small-angle approximation that tan 6 ~ 6, we have that

eliminating ¥ = Fp=

The force amplification of a wedge is roughly the reciprocal of the
wedge angle (in radians).

To multiply the force F, by 10 takes a wedge with a taper of 6 =
tan ' 0.1 ~ 6 . With this taper, an ideal wedge could also be viewed as
a device to attenuate the force Fy by a factor of 10, although wedges are
never used for force attenuation in practice, because friction often causes
them to bind. A wedge with friction is considered in 7.12 on page 413.

A toggle

The classic toggle mechanism for amplifying force tends to have a ‘snap-
through’ or bi-stable aspect which is used in the design of some electrical
switches. Hence, perhaps, the two dictionary meanings of the word tog-
gle: 1) a force amplifying mechanism, 2) a switch between two states (see
fig. 7.32). The simplest version of the toggle mechanism is shown in
fig. 7.30. The force amplification is N/F = 1/tan6.

Usually the toggle concept is not used with a wall but with a pair of
bars (fig. 7.31) Simple truss analysis shows the bar compressions are —T =
N/2sin6 and N = F/2tan 8. The toggle-like force amplification occurs
for tension as well as compression. But, because of the oft-desirable snap-
through and because the amplification increases as the applied force F
moves down, the toggle is most often used in compression.

A toggle as lever and wedge. The distinction between toggles and
wedges and levers is not precise. On the one hand the toggle is a lever
where the lever arm of F is ¢ cos © and the lever arm of N is ¢ sin©. On
the other hand the toggle is sort of a rotary wedge with wedge angle 6.

Pulleys and Gears

Here we discuss a few more common machine components which are
used to transmit and amplify or attenuate a force or moment.

Introduction to Mechanics for Engineers « © 2026 Andy Ruina & Rudra Pratap



Introduction to Mechanics for Engineers — Ruina & Pratap Ch7 Section7.2

Gears

One type of transmission is based on gears (fig. 7.34a). If we think of the
input and output as the moments on the two gears, we find from the free-
body diagram in fig. 7.34b that

ForgearA,{ZMi/Azﬁ}-k >
ForgearB,{ZMi/Bza}-k >

—R,F+M, =0
—RyF+ My =0

R4

Ry ®
depending on which you want to think of input and which as output. The
force amplification or attenuation ratio is just the radius ratio, just like for
alever.

Because the spacing of gear teeth for both of a meshed pair of gears
is the same, a gear’s circumference, and hence its radius is proportional
to the number of teeth. And formulas involving radius ratios can just as
well be expressed in terms of ratios of numbers of teeth. The tooth ratio
is not just used as an approximation to the radius ratio. Averaged over
the passage of several teeth, it is exactly the reciprocal ratio of the turning
rates of the meshed gears.

Two gears pulled out of a bigger transmission are shown in fig. 7.34c.
Gear A has an inner part with radius R, welded to an outer part with
radius R, . Gear B also has an inner part welded to an outer part.

Moment balance about A in the first free- -body diagram in fig. 7.34d
gives that R , F, =R, F. You can think of the one gear as a lever (see

eliminatingF = Mpy=—M, or M, =

fig. 7.33). Moment balance about B in the second free-body diagram
gives that R, F = R F. Combining, we get
R, Ry R, R,
F — F F,=——
BT R, R o TATR R,

depending on which force you want to find in terms of the other. The
transmission attenuates the force if you think of F, as the input and am-
plifies the force if you think of F; as the input. If the inner gears have one
tenth the radius of the outer gears then the multiplication or attenuation
is a factor of 100.

Trains of gears can build up large net gear ratios. The ratio of the
fastest to slowest gear in a common clock or mechanical watch is on the
order of 10,000.

In some gear trains, like the example above, large torque amplification
comes from a large ratio of concentrically welded gears. A large ampli-
fication can also come from differences rather than ratios. The designs
based primarily on differences rather than ratios are called ‘differentials’,
‘harmonic drives’, or ‘planetary gears’.

Example: Planetary gear with a large ratio
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Figure 7.30: A simple toggle mecha-
nism. Moment balance about point A
gives that N = F/ tan 0 so if @ is small
N is large.

Figure 7.31:
mechanism.
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Figure 7.32: Cutaway drawing of a tog-
gle switch and a simplified schematic
of the idea. The lever, spring and
plunger rotate about C. The spring
is pre-stressed so that the plunger
presses hard against the rocker. The
plunger slides on the rocker (input
line) which is pressed against the con-
tact at outputs A or B. The relevant
idea here is that the force of the
plunger on the rocker can be much
bigger than the input force on the lever
(cutaway from NKK Switches online
catalogue).



Figure 7.33: One gear may be thought
of as a lever.

Figure 7.34: a) Two gear pairs pulled
out of a transmission with forces on
the teeth, b) Free-body diagrams, c)
The same gear pair, but loaded with
tooth-forces from unseen gears, d) the
consequent free-body diagrams.
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fig. 7.36 shows a gear design where the ratio of the input torque on the drive
gear, to the output torque, on the spider can be huge. In particular, for the design
shown, the torque ratio is approximately:

M,

out 2
~

M,, " Rp/Rg—1

where R, is the ratio of the outer drive-gear to inner drive-gear radius and Ry, is
the ratio of the outer ring-gear to inner ring gear radius. Thus if the inner and
outer drive gears have 49 and 50 teeth, respectively, and the inside and outside
of the ring gear have 50 and 51 teeth, then the torque multiplication is nearly
5000. (See homework 7.2.17).

Pulleys

We have already studied a pulley as a single object (see page 261). Now
we show, as you probably have learned a few times before in school, how
to use pulleys to amplify or attenuate force. We assume pulleys are round,
massless, and have frictionless bearings.

The key fact for statics analysis is

For an ideal round pulley with negligible mass (or negligible angular
acceleration) the tension on the cable is the same on both sides of the
pulley:

The classic problem is shown in fig. 7.35a where you would like to use a
pulley to make the task easier. Figures 7.35b-d show three possible uses
of pulleys. If, at a glance, you can’t see that these three designs are quite
different in their effects you should puzzle them out slowly now.

Because the two tensions in the rope that wraps around the pulley are
the same on both sides, the central rope has twice the tension. Design (b)
gives no mechanical advantage but does allow one to pull down in order
to lift the weight. Design (c) halves the required pulling force. Design (d),
which might look superficially similar to (c) doubles the required pulling
force, requiring 4 times the force of (c).

By using pulleys in combination, one can get various force attenua-
tions and gains. The 10-pulley design in fig. 7.37 multiplies the force by
about 1000.
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Figure 7.35: Simple pulley arrangements. a) Lifting a weight with no pulley, b) a
pulley lets you pull down instead of up, ¢) a pulley halves the needed pull, d) a pulley

doubles the needed pull.

10 pulleys

W

512T
512T

1024T

Figure 7.37: Archimedes pulley. A pulley arrangement sometimes commonly at-
tributed to Archimedes. With 10 pulleys, he could lift a weight of W with a pull of about
T = 271%W ~ W /1000. With 20 pulleys the force amplification is by more than a million.
With 67 pulleys he, assuming he was as strong as the average person, could hoist a rock

the size of the moon.

General force amplification concepts

If a mechanism generates a large force ratio (output/input), this usually
corresponds to a large ratio in some geometric quantities. For a lever we
have the ratio of two lever arms. For a wedge, the small wedge angle, and

for a toggle also a small angle.
More precisely
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Spider (output)

Connection gear

Outer drive gear

Ring gear (welded to inner)

Figure 7.36: A high-gain planetary
gear system, so named because the
‘planet’ gears go around the ‘sun’ gear.
Often planetary gears depend on the
sun or the spider or the ring not ro-
tating. In this design, all three rotate.
A CCW torque is applied to the in-
ner drive gear which is welded to the
outer drive gear (they are concentric
and have nearly the same radius). The
outer drive gear turns the ring gear
CW. The inner drive gear turns the
connection gear CW which turns the
sun gear CCW. The three planet gears
spin between the inside of the ring
gear and the outside of the sun gear.
If the inside of the ring gear moves a
little faster down than the outside of
the sun gear moves up, then the spider
turns CW with the center of the planet
gears. As drawn, this motion would
be much slower than the motion of the
drive gears.
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For a frictionless transmission, the ratio of the input force to the out-
put force is the reciprocal of the ratio of input motion to output mo-
tion.

For a high-gain lever, the handle moves much further than the load. For
a narrow wedge, the slip distance is much bigger than the spreading dis-
tance. For a toggle the motion of the compressed end is much smaller
than that of the applied load. That the force amplification is identical to
the motion attenuation follows from energy conservation: the work into
the mechanism equals the work out.

So, when Archimedes pulls in a kilometer of rope while lifting a rock,
the moon, with 67 pulleys, that huge rock moves 2757 km or about one
hundred millionth of a nanometer. A big force, and a small motion. This
is as it must be, because Archimedes only supplies so much work. If
the transmission greatly amplifies force it must greatly attenuate motion.
Similarly with levers. When Archimedes famously said:

Give me a lever long enough and a fulcrum on which to place it,

and I shall move the world,
he was careful not to say how far he would move it. People might have
been less impressed if they knew that the distance of movement was far
below the resolving power of all past, present and future microscopes.
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SAMPLE 7.6 A wheeled suitcase of length 60cm, height 30cm and
‘weighing’ 20 kg on the airport check-in counter, has a telescopic handle
of length 40 cm. The suitcase is dragged at an angle 6 = 30°. Assuming
good wheels (negligible friction), find the force applied on the handle in
order to wheel the suitcase steadily. (Take g ~ 10 m/s?).

Solution The free-body diagram of the suitcase is shown in fig. 7.39. The reaction force
at the wheel is almost vertical because of negligible friction. So, we can also assume the
force F applied at the handle to be almost vertical. We assume that the center of mass G
is located at the geometric center of the rectangular suitcase. Now the moment-balance
equation about point A, >, M, = 0, gives

Foyp X (—mgj) + Ty s XFj=0.
Substituting 7, = %i + gfl, Fy/s = (¢, + €,)4, and noting that 2 X j = cos 6k and
i X j = —sin 0k, we have
—%mg(f1 cos@ — hsin@)k + F(¢, + ¢,) cos 6k = 0

6 h
¢, +t, €, +°¢,
Substituting ¢, = 60cm, ¢, = 40cm, h = 30cm, 8 = 30° and mg = 200 N, we get
1 [ 60cm 30cm

> F=

mg

% tan 6].

F=75-200N|100em ~ T00cm

> tan 30°] =42.7N.

F =427N

SAMPLE 7.7 The figure shows a basic toggle mechanism. (a) If the ap-
plied force is P = 20N and the mechanism is in equilibrium at 6 = 5°,
find the force applied by the spring. (b) If doubling the load P (to P =
40 N) causes a decrease of 6 by 1° (to 6 = 4°), does the spring force at C
double too?

Solution The free-body diagrams of the pin connecting the two rods and the rod BC are
shown in fig. 7.41. From the static equilibrium of the pin B, we have

ZFX=0 => T,cos6 —T,cos6=0 = T,=T,
p
F, =0 > —(T, +T,)sin6—-P=0 = T,=———.

>, @+ Tysin =
which follows from setting T, + T, = 2T, since T, = T,. Now, we consider the free-body
diagram of rod BC. The force-balance equation in the x-direction (3 F, = 0) gives
Pcosf
2sin6’
Since 6 is small, we have sinf ~ 6 and cos6 ~ 1. Thus F = P/26 where 0 is in radians.
Substituting P = 20N and 6 = 57/180, we get

20N

F=-—"—"" =11I5N
27/36

—T,co0s0—F=0 = F=-T,cos6=

which is almost 6 times P.

(b) If P is doubled, we might expect F to double because F ~ P/26. But if 0 also
decreases to 6 = 4°, repeating the calculation above with P = 40N, and 6 = 4° we get
F = 286 N which is 2.5 times the previous spring force.

For P =20N,6 =5°,F = 115N;and for P = 40N, = 4°,F = 286 N
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Figure 7.39: Free-body diagram of the
suitcase. Unit vectors A and A are

along the length and height of the suit-
case, respectively. Thus, 4 = cos6i +

sinfjand in = —sin6i + cos6j.
P
B C
0
A

Figure 7.40: Toggle mechanism.

P y
0 B ~J0
T, T, X
T,
) B
A\C .
N

Figure 7.41: Free-body diagrams.
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SAMPLE 7.8 A gear train: In the compound gear train shown in the
ﬁ@mﬁ%vmbmg%nmﬁm&RA=HnmJ%=4mch=8mumd
R, = 5cm. The input load F; = 50 N. Assuming the gears to be in static
equilibrium find the machine load F,.

Figure 7.42

Solution You may be tempted to think that a free-body diagram of the entire gear train

will do since we only need to find F,. However, it is not so because there are unknown

reactions at the axle of each gear and, therefore, there are too many unknowns. On the

y other hand, we can find the load F, easily if we go gear by gear from the left to the right.
The free-body diagram of gear A is shown in Fig. 7.43. Let F; be the force at the

J
i A contact tooth of gear A that meshes with gear B. From the moment balance about the
j axle-center O, ), M, = 0, we have
iy xE+F XF =
M 0 N x —FR,k+FR,k

= F g
F
F| 1 Similarly, from the free-body diagram of gear B and C (together) we can write the moment
balance equation about the axle-center P as

A~

1
T Ol O

Figure 7.43 FRgk+F,R.k = 0
RB
=> FZ = ITCFI
R
= ZIF.
RC

Finally, from the free-body diagram of the last gear D and the moment equilibrium about
its center R, we get

X

-F,R,k+FR )k = 0

= F, = F,

R
) = Lp
Figure 7.44 R

= M SN =25N.

8cm

F,=25N
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SAMPLE 7.9 Find the force F to hold the 100 kg box shown in the figure
in equilibrium. Assume g ~ 10m/s2.

Solution The free-body diagrams of the two pulleys are shown in fig. 7.46 where the
tension in the rope running over the two pulleys has been assumed as T. For the lower
pulley D, the force balance in the y-direction, Y, F , =0, requires

- ms

The free-body diagram of the upper pulley C contains an unknown reaction force R at the Figure 7.45

attachment point C. However, if we write moment balance about point C, ), M = 0, this
@
L=

unknown force contributes nothing. Let the radius of pulley C be r. Thus, the moment- T
balance equation about C gives
X

1
Tr — Fr

mg
= F = T=TzSOON. l y

Il
=}

F ~ 500N msg

Figure 7.46: Free-body diagram of the
two pulleys. We use C and D to desig-
nate both the pulleys and their respec-

SAMPLE 7.10 A container box weighing 1kN is dragged slowly and  tive centers.

steadily along the floor with force F as shown in the figure. The coef-

ficient of friction between the box and the floor is 0.6. Find the force re- Y l_
quired to pull the box and the force amplification obtained by the pulley x

F A
arrangement.
: D
Solution Itis clear from the figure that the same rope passes over the two pulleys used in

the arrangement to pull the box. Let the tension in the rope be T. A partial free-body dia-

Figure 7.47
gram (that includes forces acting only in the x-direction) of the box along with the pulley g
attached to it is shown in fig. 7.48. The same figure also shows the free-body diagram of
pulley A at the force end. From the force-balance equation for the box in the x-direction, [
T S
we get G ©-
[ _ umg r
f=3r=0 = T=z=°2202, y —
3 3 f=umg
Now, from the force balance of pulley A in the x-direction, we get x F A
—)T
2T-F = 0 =@
2umg
> F = 2T= = Figure 7.48
2-(0.6) - (1kN
- 200U _ 0y

3

Since the force of friction on the box while sliding is f = umg = 0.6(1kN) = 600 N and
the force applied at A to overcome this friction is 400 N, the force amplification is 1.5.
That is, the pulley arrangement amplifies the input force (400N) 1.5 times at the output
end.

F = 400N, Force amplification = 1.5
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Figure 7.49

@

b

Figure 7.50

SAMPLE 7.11 A differential hoist is used to lift a crate of mass 500 kg.
The hoist pulley uses two discs of radius 30 cm and 25 cm. Find the force
F required to lift the crate steadily. Take g ~ 10m/s.

Solution The free-body diagrams of the upper pulley and the lower pulley are shown in

fig. 7.50. Since the lower pulley is slightly smaller than the upper pulley, the chain pass-

ing over the two pulleys is not exactly vertical but makes a small angle with the vertical.

Thus the tension forces shown in the free-body diagrams are slightly off from the vertical

direction. However, since the angle is very small, we can treat T to be essentially vertical.
For the lower pulley, the force balance in the y direction gives

2T-mg = 0

- "
> T = >
Now the moment balance about point C, }; M, = 0, for the upper pulley gives

Fro+Tr,—Tr,

> F =

2
_ 25 cm) 5000 N
30cm 2

1] Il
N ——~  —~ O

— —
|

oY |

S—

3

o0

Thus the force amplification in this case is about 12 (5000 N/417 N). From the analysis
above, it is also clear that the ratio of the radii of the two disks used in the upper pulley
decides this force amplification. One can get a big force amplification, at least theoreti-
cally, by making r; ~ r,. In this problem, for example, if r; = 29 cm rather than the given
25cm, we getr,/r, = 0.97 giving F ~ 83 N which corresponds to a force amplification of
60.

F =417N
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SAMPLE 7.12 A wedge with friction. Consider the wedge described in
the text (page 403), but now with friction u between the blocks.

Consideration of friction qualitatively changes the behavior of the ma-
chine. For simplicity still take the wall and floor interactions to be fric-
tionless.

1. What is the relation between F, and Fp when block A is sliding
down?

2. What is the relation between F , and F when block A is sliding up?

3. Under what conditions is it impossible for F to slide block A up,
even when F , is vanishingly small? Such a case is called ‘non-back-
driveable’ or ‘self-locking’.

How do your answers simplify for small wedge angle 6 and small friction
angle ¢ (with tan ¢ = ).

Solution Figure 7.52 shows free-body diagrams of wedge blocks. We draw separate free-
body diagrams for the case when (a) block A is sliding down and block B to the right, and
(b) block A is sliding up and block B to the left. In both cases the friction resists relative
slip and obeys the sliding friction relation

F,= tan¢ N,
N——
u

where fig. 7.52 shows the resultant contact force (normal component plus frictional com-
ponent) and its angle ¢ to the surface normal.

1. Block A sliding down: Assuming block A is sliding down we get from free-body
diagram 7.52a that

For block A,{> E =0} - j > —-F,+Fsin@+¢) =0
For block B,{>" E = 0} - 1 => —Fp+Fcos(0+¢) =0.
Eliminating F we get,
! (7.13)

Fp=————F,.
B tan(@+¢) 4

1
When Aslidesdown = Fz=——"——F,.
B tan(@+¢) 4
If we take a taper of 6" and a friction coefficient of u = .3 (= ¢ ~ 17°) we get
that Fy/F, =~ 2.5 instead of 10 as we got when neglecting friction. The wedge
still serves as a way to multiply force, but substantially less so than the frictionless
idealization led us to believe.

2. Block A sliding up: Now let’s consider the case when force F, pushes block B
to the left, pinching block A, and forcing it up. The only change in the calcula-
tion is the change in the direction of the friction interaction force. From free-body
diagram 7.52b

For block A,{" E = 0} - j > —F,+Fsin(6—¢) =0
For block B,{>" F = 0} - i > —Fy+Fcos(6—¢) =0

Eliminating F we get,
F, =tan(0 — ¢)F;. (7.14)

When Aslidesup =  Fp =F,/tan(6 — ¢).
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Figure 7.51: A wedge with friction u
between the blocks. Treat the walls as
frictionless.

a) l Fa
y
F
qu}&/ B <—FB

b) lFA TNB

Na
-~
¢ F
¢_F§ P

B
TNB
Figure 7.52: Free-body diagrams of a

wedge a) assuming A slides down, b)
assuming A slides up
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®Standard car transmissions are
backdriven when they are push-
started and when a driver downshifts
to slow the car instead of using the
brakes. On the other hand, most
electric hand-mixers cannot be back-
driven; you can’t turn the motor
by forcing the beater blade (Unplug
before trying.)

Introduction to Mechanics for Engineers «

Again using = 6" and ¢ = 17° we see that if F; = 1001bf then F,, = tan(~11") -
100 Ibf ~ —201bf. That is, the 100 pounds doesn’t push block A up at all, but even
with no gravity, you need to pull up with a 20 pound force to get it to move.

If we insist that the downwards force F, is positive or zero, that the pushing force
F is positive, and that block A is sliding up then there is no solution to the equi-
librium equations whenever ¢ > 6. (Actually we didn’t need to do this second
calculation at all. Eqn 7.13 shows the same paradox when 6 + ¢ > 90°. Trying to
squeeze block B to the right for large 6 is exactly like trying to squeeze block A up
for small 6.)

Self-locking: This self-locking situation is intuitive. In fact it’s hard to picture the
contrary, that pushing a block like B would lift block A. If you view this wedge
mechanism as a transmission, it is said to be non-back-drivable whenever ¢ > 6.
Even though pushing down on A can ‘drive’ block B to the right, pushing to the
left on block B cannot ‘back-drive’ block A up. Non-backdrivability is a feature or
a defect depending on context\='.

The borderline case of backdrivability is when 6 = ¢ and F; = F,/ tan 26. Assum-
ing 6 is a fairly small angle we get

Fy, Fy 1F,

F, = N — = —
B™ tan20 ~ 20 ~ 2tan6

Q

1 .
3 (the value of F,; had there been no friction).

Thus the design guideline:

Non-back-driveable transmissions are generally 50% or less efficient, they
transmit 50% or less of the force they would transmit if they were frictionless.

To use a wedge in this backwards way requires very low friction. A rare case where
a narrow wedge is back drivable is this: a fresh wet watermelon seed squeezed
between two pinched fingers.

© 2026 Andy Ruina & Rudra Pratap
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Ch7 Section7.2

7.2 Levers, Wedges,
Toggles, Gears and
Pulleys

7.2.1 A suitcase with bad wheels has
length £ = 0.5m and thickness (height)
of ¢ = 0.25m is pulled along steadily
with a force F = 100N as shown in the
figure.

a) Find the weight W of the suitcase.

b) Find the ground force on the
wheel (both magnitude and direc-
tion).

¢) What is force amplification if you
consider F as the input and W as
the output.

i

/ ! /\ F
\ )(
30°

Problem 7.2.1

7.2.2 A wheelbarrow containing 100 kg
of this-n-that is wheeled steadily with a
force F as shown in the figure. For the
given geometry and g ~ 10m/s?, find
the required force F.

Problem 7.2.2

7.2.3 A bottle-opener ABC contains a
cut-out AB of approximate diameter 2 cm
that clamps on the bottle cap. The arm

Introduction to Mechanics for Engineers «

BC is approximately 15cm long. If the
cap is opened by applying a vertical force
F = 10N at C, find the force on the cap

at B.
A+

C

15cm
[N

[ 2cm |
\ \

A B
Problem 7.2.3

7.2.4 A cut-out view of a garlic press is
shown in the figure. For an input force
F; = 101bf, find the output force F, at
the site of the press. What is the force

amplification?
Vi

"

4.5

1.25"
[ |

Problem 7.2.4

7.2.5 Assuming all frictionless contacts,
find the force F on the wedge required
to lift the sphere weighing 500N if the
wedge angle 6 = 10°.

Problem 7.2.5

7.2.6 A cutter, shown in the figure, usesa
toggle mechanism BCD to get a big force
amplification at the cutting edge. A par-
tial free-body diagram of one of the arms
of the cutter is shown in the figure. As-
suming an input force of F; = 20N at A,
find the intermediate output force F, at
C when

a) 6 =30°,
b) 6 = 10°.
© 2026 Andy Ruina & Rudra Pratap 1

Problem 7.2.6

7.2.7 A toggle-like mechanism is used
in a folding chair shown in the pictures
here. The metallic link DB gets almost
parallel to the seating plank AC when
the chair is open. Given the dimensions
d; = 30cm,d, = 10cm,§ = 2cm and
the force at A, F; = 500N, find the force
in the link DB. Why is this force so big or
small? In practice why would you never
see such a large force? *

A B C
+ C --8] D)
D d d

Problem 7.2.7

7.2.8 A gear of radius 250 mm is meshed
in with a rack that carries a horizontal
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load F = 50N. Find the torque M on the
gear that is required for equilibrium.

r =250 mm

F=50N
=)
Problem 7.2.8

7.2.9 The input gear A of radius r, =
10 cm drives gear B that is one and a half
times bigger than gear A. Gear B, in turn,
drives a rack. If the input torque on gear
A is M; = 30N-m, find the load F on the
rack.

Problem 7.2.9

7.2.10 In the gear arrangement shown,
gears G, and G, are welded together. The
output gear G, is one third the size of gear
-
a) Is this gear train for torque ampli-
fication or for torque reduction?

b) If the input torque M;, on gear G,
is 300 N-m, find the output torque
MOth'

aMyy,

"

Front view
Problem 7.2.10

7.2.11 Attheinputto a gear box, a 100 Ibf
force is applied to gear A. At the out-
put, the machinery (not shown) applies

Introduction to Mechanics for Engineers «

a force of Fy to the output gear. Assume
the system of gears is at rest. What is Fz?
no slip

Fp=1001b
Problem 7.2.11

7.2.12 A 1001bf force is applied to one
rack. At the output, the machinery (not
shown) applies a force of Fj to the other
rack. Assume the gear-train is at rest.
What is Fg?

massless
rack -

no slip no slip

massless
rack

’100 1b
Problem 7.2.12

7.2.13 The gear train and spindle shown
in the figure are used for hoisting heavy
loads. For the dimensions given, if the
load F = 2kN, find the torque M that
the motor A must apply for equilibrium.

motor

spindle
r =300 mm

Problem 7.2.13

7.2.14 The figure shows a brush gear
(also called a crown wheel) where wheel
€ of radius r,, rolls on the surface of
wheel D without slipping. In addition,
the position r of wheel € from the center
of wheel D can be varied. Let the input
torque on wheel D be M;.

© 2026 Andy Ruina & Rudra Pratap

a) Find the output torque M, on
wheel C as a function of r.

b) Find the output torque M, when
r =r,and whenr =r,/4.

¢) Ifthe output torque were not to ex-
ceed 100 times the input torque,
where will you put safety latches
on the axle of wheel €?

Side View

Set screw

bearing -

Problem 7.2.14

7.2.15 For the gear train shown in
the figure, find the torque amplification
Mout/ M; in*

”G5 = 3VG2
3VG3 = 5rG6

Problem 7.2.15

7.2.16 A torque amplifying planetary
gear is shown in the figure where the
sun-gear is free to rotate but the ring-gear
is fixed. The sun-gear drives five planet-
gears that drive the spider-gear through
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their axles housed in bearings in the spi-
der. The radius of the planet-gears r, =
50mm and the radius of the sun-gear
is twice as big. If the input torque on
the sun-gear is 2000 N-m, find the output
torque on the spider.

Fsun = 27p

Spider (output)

Fixed Ring
Problem 7.2.16

7.2.17 Consider the high gear ratio plan-
etary gear discussed on page 406 of the
text. Let rp, and rp, be the inner and
outer radii, respectively, of the drive gear,
and rp, and rp, be the inner and outer
radii, respectively, of the ring-gear. Let
r; and r), denote the radii of the sun and
the planet-gear respectively. Show that
the ratio of the output torque M, on the
spider-gear to the input torque M;, on the
drive gear is approximately given by

MoutN 2
M,, R _

1

where Ry, = rp, /rp, and Ry = 1y, /g .
Spider (output)

Connection gear

Outer drive gear

Ring gear (welded to inner)

Problem 7.2.17

7.2.18 A force F = 100N acts at A. The
pulleys are frictionless. Find the force on
the box applied by the pulley. *

S

Problem 7.2.18

Introduction to Mechanics for Engineers

7.2.19 A force F is applied as shown
in the pulley arrangements shown in (a)
and (b). Which arrangement gives a big-
ger force amplification on the box?

(@) F

Ag Sy
| m|ae——1

(b)
A B F
—@—l

Q 5

massless

Problem 7.2.19

7.2.20 A weight W is held in place with a
force F = 100 N applied through a mass-
less pulley as shown in the figure. The
pulley is attached to a rod AB which, in
turn, is held horizontal with the help of a
string CB. Find the tension (or compres-
sion) in rod AB.
C

6

A 4

Problem 7.2.20

7.2.21 Given W and the frictionless pul-
leys shown find the tension T needed to
lift the weight in the situations shown.

« © 2026 Andy Ruina & Rudra Pratap

Problem 7.2.21

7.2.22 In the two cases shown in (a) and
(b), find the maximum force F that can
be applied before the box starts skidding
on the ground. Take m = 50kg and
g ~ 10m/s®>. Which arrangement re-
quires smaller force and why?

(@) A F
D) m—
" («
(®) u=0.5
o // B F

Problem 7.2.22

7.2.23 The pulley arrangement shown in
the figure uses a spring EG of stiffness
k = 200N/cm. If the spring is stretched
by 1.5cm under the application of force
F for equilibrium, find F.
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Problem 7.2.23

7.2.24 Find the force on the mass at A in
terms of F and thus find the force ampli-
fication provided by the pulley arrange-
ment used.

B F

Problem 7.2.24

7.2.25 1In the figure shown, there is no
friction between block A and the verti-
cal wall but there is friction (u = 0.3)
between block B and the floor. If my =
30kg, find the mass of block A for equi-
librium.

30 kg

Problem 7.2.25

7.2.26 Find the ratio of the masses m;
and m, so that the system is at rest.

Problem 7.2.26

7.2.27 1If the mass and pulley system
shown in the figure is in equilibrium
when the spring is stretched by 3 cm, find
m, given k = 500N/m and g ~ 10 m/s

Introduction to Mechanics for Engineers «

A =+ 9 »
m 4? O 2 = Problem 7.2.27

© 2026 Andy Ruina & Rudra Pratap
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7.2.1 A suitcase with bad wheels has the output.
length ¢ = 0.5m and thickness (height)
of ¢ = 0.25m is pulled along steadily
with a force F = 100N as shown in the
figure.

a) Find the weight W of the suitcase.

b) Find the ground force on the
wheel (both magnitude and direc-
tion).

¢) What is force amplification if you

consider F as the input and W as Problem 7.1

6.92,1
Frnd o) WE’-th o‘(: Auitcase
L) ground Porce
<) *-ovce omp\“g'- cation.
«) weiqht o,( Ssuitcase :
FMomeal balance ahoul o, 2M,=0

L ‘: 3 .
2 Lot d] i)+ ) Lo g

F(&s(e+@“;+s\"(e.@® =0 <

§=>§-m He ’\//)/‘5,,:?,

A
= k . A )
2 T FLCrOSnlad ks - £2 Sinbla(0+d)k Toz L

I Sy

g 0 + FL Sin(@+d) -6) = o /.

(A0

= ? Guven Bl Fogo
W = 2F S ng Sin15°

= 200N —

b) A?ﬁnjle govte bO\\Q\’\(C, = \_: =Q

|
g

g:’ R +N(-j§+ \:ccx(ew\f*‘?&n(sm)fzg

%” R o= — Fea (sm\“i + Cw-l—‘sml%@i

r=> R = _loon Cen 4S5 § +i5q:\—‘n_\oo\\%‘-“‘*5“i\ j

| R = 701N} —104aun] BRI *_, s
| Maﬂn;}ugg, |R) - J("|7321—0:+ (—\o.m«?’ N =g

Z{R1z 955N
Divection g -10.94 .

C) tor\i\zé\m\xr\ﬁ = os 1ﬁ">ut and W oo Ou\'puk, Z

Co‘“e o““?\. L( e ’ —:

t
i
1
|
H

Disclaimer: We have lost track of the many people who wrote these solutions.

They are not official and have not been reviewed by the authors for correctness. 1
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7.2.3 A bottle-opener ABC contains a ‘ i

cut-out AB of approximate diameter 2 cm [N

that clamps on the bottle cap. The arm C
BC is approximately 15cm long. If the A B

cap is opened by applying a vertical force

F = 10N at C, find the force on the cap

at B.

Problem 7.3

A e

5 Iy > N F
623 ZMA =0 ; éﬁf;a).k é—:m-—-«— /,f\

> FO- R(O-0 ") w7 C
= JoN (17em) = Fel( 2600
5> oNon = 2F om pu—E) ST

I’_—vr-jr———-——j

2 l é:é@ - \IL’ -

Fy fa

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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7.2.5 Assuming all frictionless contacts,
find the force F on the wedge required
to lift the sphere weighing 500N if the
wedge angle 6 = 10°.

Problem 7.5

626 o bo wolge, ZF-0
EF-8).0 > I"Negno=0 — |

7 F=Negno
(ZF"*@J‘ > N-Newp =0 :
= N=Newso ) e e Ny
- o1
wafw&,hrt, ZF=0T 'N‘LW
B

(zf-"-é).'d‘ < Newno ~Nyz0 = Ni=Negno ()
(£F:8).7 > Nawo -w-0 - W =Ngaso ()
Wod 0 we bown. Uiy Qod @ | F = bonp 5 F-wino
w  F =5toN bt
|7 F=88163N |

- AN A

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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Problem 7.2.7

7.2.7 A toggle-like mechanism is used
in a folding chair shown in the pictures
here. The metallic link DB gets almost
parallel to the seating plank AC when
the chair is open. Given the dimensions
d, = 30cm,d, = 10cm,§ = 2cm and

the force at A, F; = 500N, find the force 8

in the link DB. Why is this force so big or
small? In practice why would you never
see such a large force?

A B C
2 e
"D d, L4

Problem 7.7

Answer:

The force is so big because of the toggle
mechanism: because DB is nearly par-
allel to AC, to balance moments about
C the force in DB has to be huge. Look
at the leg whose top is at D. That leg
could only have a big force on it at D if
the bottom of the leg was restrained. So
the big force would only occur if there
was, say, a cable connecting the bot-
toms of the two legs.

6.2.%
Find the (\mtg in the ink DB

G
Gven Hhek, = 2cm, A= 300m, &,z 100

' 8 ¢
and  F= soon, [ e ——
‘ e
| Comider the FRD of the ULk Ac » e
b 2

| A A
| % i < d
| e R 4
| App\yt e
| TPRYINg moment ‘oolance obow ¢, M, = @ 1=
|

T AR x FC) 4y ivx (oncas’ CTased) - o

- i“dvﬂlh\% ST S0 ko)

D

%\\f = Tos =" £ (4,+4,) Stnb= S;_x
4, Sin0 JE
— T . 500N (40ew —
T T «:Tm(;wl— = | Toa=-30,066.6 N

From tha qiven Simentionn, |- 5.8

As the cmc)& Relyeen AC and DB ‘s Very amall, the
fovce n DR has fo ! be \nugs in ovder o balance the
moments  aboul the point C.

The bottom of the leq commected o B is nol condiained.
So, the 'oiq fovee woddd only oceur ¥ the bolloms of the

two \Eﬂk oxe  Connected.

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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Problem 7.2.9

© 2026 Andy Ruina & Rudra Pratap

7.2.9 The input gear A of radiusr, =
10 cm drives gear B that is one and a half
times bigger than gear A. Gear B, in turn,
drives a rack. If the input torque on gear
Ais M; = 30 N-m, find the load F on the
rack.

Problem 7.9

6-2.10

Fend Y fovee F qiven

YA—=

‘ Connidex ﬁ\e 2D o& Jeox B

M. = 30 Nm

10 cen

\‘3:1.5 YA

N F

Yo
‘ g
M"

Let m and o be the unit vectora Prom B to Contact point of vock on geox B
oand B To A vespectively.

"_Otmr\q

4
&
|
13
o>

. L.

)=v>

moment  holance aboul ?o\nt 2,

=M, .o
'/‘5 =

B> Ygm X F o4 o¥on

AL TR

[

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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Problem 7.2.13

7.2.13 The gear train and spindle shown
in the figure are used for hoisting heavy
loads. For the dimensions given, if the
load F = 2kN, find the torque M that
the motor A must apply for equilibrium.

Fird

s
r =250 mm

spindle
r =300 mm

Problem 7.13

6. 2.4

the tovqlue M tal the molon A m™ust o(?p\li fo

cquitibvium,

: Cow;'.c]e‘ the FRD °‘§ B.

Lt M fpul fovce acting ok
e point E be B ot R diveckion,

Py

ng Moment Yalance abot ‘O’

S M o

'/o: -
Wi FED - §x B0

~,00™m (‘{D
250 ™M (17)

@ i
—_

*\‘- (2kN)
= ™M Yi¥s o
Yo
A2,
= M = 200mm 156 mm
== = « LRN - 9,230 mm kN
7,5?5%
M= 360 Nwm

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.



Chapter 7. 2. LeVel'S,. .. Introduction to Mechanics for Engineers « © 2026 Andy Ruina & Rudra Pratap Problem 7.2.18

7.2.18 A force F = 100N acts at A. The =
pulleys are frictionless. Find the force on
the box applied by the pulley.

Problem 7.18

Answer:
200N

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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Problem 7.2.21

7.2.21 Given W and the frictionless pul- e)
leys shown find the tension T needed to
lift the weight in the situations shown.
w
|
f)

o |

Problem 7.21

~

—_—
~ 1

etz

v)
T I
g\”

4) ; gﬁ.g”

[0 2ATi=v;
T '
> AT=w [T s
‘f) ,///r/// 12 st sy w
| v
s T w T
1 O% @‘% YA
T A J ¥ d
097 "9 Op oy
1 T et
AT=T; 2075 AG- 5325w (Lew)

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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C
7.2.23 The pulley arrangement shown
in the figure uses a spring EG of stiffness
k = 200 N/cm. If the spring is stretched
by 1.5cm under the application of force
F for equilibrium, find F.
o Problem 7.23
6.2.24
Fnd )d'\e ,(bv(e F Ythal Caunea Yhe s’\')v"nc) EG 1o Alvelen
‘Dts 1-Sem.
Given Thal X = 200 Nown

AS 'ﬁ'\t 5?*1'.\’\3 /s)ue\chel\ \)L) AScm,
Yhe teorton in Yhe sy i, T= K

FRDs of pulleyn C and D
| we ndle thal Tthe leomon in The String
L s T

Appying force hdance of e Blocx A,

2f =8

= T- 200 N+ 1S em

= T-= 200N
Conasdey ﬁ-\e FRD c;( 'ﬁ-\e_ Block A ‘Tnc\uc\mﬁ C and G
From The

T c
Tl
T —_—
T = G

ny

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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