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@ Area of a Region between Two Curves
© Areas of Compound Regions

© Regions Defined with Respect to y
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Learning Objectives

Objective 1

Determine the area of a region between two curves by integrating with
respect to x.

Objective 2

Find the area of a compound region.

Objective 3

Determine the area of a region between two curves by integrating with
respect to y.
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Introduction

Introduction to Integration

In Introduction to Integration, we developed the concept of the definite
integral to calculate the area below a curve on a given interval.

Expanding the Idea

In this section, we expand that idea to calculate the area of more complex
regions.
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Area of a Region between Two Curves
©00000

Area of a Region between Two Curves

Let f(x) and g(x) be continuous functions over an interval [a, b] such that
f(x) > g(x) on [a, b]. We want to find the area between the graphs of the
functions.

Yi
f(x)

g(x)
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Area of a Region between Two Curves
000000

Finding the Area between Two Curves

Let f(x) and g(x) be continuous functions such that f(x) > g(x) over an
interval [a, b]. Let R denote the region bounded above by the graph of
f(x), below by the graph of g(x), and on the left and right by the lines

x = a and x = b, respectively. Then, the area of R is given by:

b

A= [ 176 - ()] o

a
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Area of a Region between Two Curves
00@000

Finding the Area of a Region between Two Curves 1
Example: If R is the region bounded above by the graph of the function
f(x) = x 4+ 4 and below by the graph of the function g(x) =3 — 5 over
the interval [1, 4], find the area of region R.

Solution

- [l 9-6-1e

§
BT fy=x+4
/[+1]dX 7
S e 2
57 .
= ~— units? 2
4 tom=3-%
*1710123456\7\89"
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Area of a Region between Two Curves
000000

Area of Region Bounded by Two Curves

Example: If R is the region bounded by the graphs of the functions
f(x) = % 45 and g(x) = x + 3 over the interval [1,5], find the area of
region R.
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Area of a Region between Two Curves
000000

Area of Region Bounded by Two Curves

Example: If R is the region bounded by the graphs of the functions
f(x) = % 45 and g(x) = x + 3 over the interval [1,5], find the area of
region R.

Region between f(x) =%+ 5 and g(x) = x +}
7 /
3

— =545

— ao=x+}

Solution:

A:/15<<)2<+5)—<x+;>> dx:/15<)2<+5—x—;) dx

5/ 1 9 1,.9]7°
:/1 <—2x+2> dx = [—4x2—|—2x]1 = 12 units®
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Area of a Region between Two Curves
000000

Finding the Area of a Region between Two Curves 2

Example: If R is the region bounded above by the graph of the function

f(x)=9— (%)2 and below by the graph of the function g(x) =6 — x,
find the area of region R.

[x\2
fx) =9~ (3]

-10
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Area of a Region between Two Curves
000000

Finding the Area of a Region between Two Curves 2

Example: If R is the region bounded above by the graph of the function

f(x)=9— (%)2 and below by the graph of the function g(x) =6 — x
find the area of region R.

Solution (Find the domain?)

/[9— X\ (6 — x)] dx

/ [3—— + x| dx 96
1x\2
fix) =9 - (3]
:w_*+f”
1o 5 10%
2
= — units
3 —5_
-10
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Area of a Region between Two Curves
00000@

Areas of Compound Regions

Example: Consider the region bounded by the graphs of the functions
f(x) = x? and g(x) = 2 — x over the interval [0,2]. Find the area of
region R.

Region between f{x) = x* and g(x)=2 = x

40T — fim=x
5l ow=2-x

Solution

1 2
A—/(Xz—(Z—x))dx—i—/((2—x)—x2)dx
0 1
—E—i-l—?unitsz
32 6
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Areas of Compound Regions
900000

Finding the Area of a Region between Intersecting Curves

So far, we have required f(x) > g(x)
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Areas of Compound Regions
900000

Finding the Area of a Region between Intersecting Curves

So far, we have required f(x) > g(x)

Let f(x) and g(x) be continuous functions over an interval [a, b]. Let R
denote the region between the graphs of f(x) and g(x), and be bounded
on the left and right by the lines x = a and x = b, respectively. Then, the

area of R is given by
/ |f(x) — g(x)| dx. J
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Areas of Compound Regions
000000

Example

If R is the region between the graphs of the functions f(x) = sin(x) and
g(x) = cos(x) over the interval [0, 7], find the area of region R.
Solution Part 1: A= [ |f(x) — g(x)| dx

The graphs of the functions intersect at x = Z. For x € [0, 7], cos(x) > sin(x),
so

|f(x) — g(x)| = [sin(x) — cos(x)| = ( ) = sin(x).
On the other hand, for x € [F, 7], sin(x) > cos(x), so 7
|f(x) — g(x)| = [sin(x) — cos(x )|:S|n(x)—cos( )- 1
r f(x) = sin x
—2m - X
71 L
g(x) = cos x
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Areas of Compound Regions
000000

Solution Part 2

Then,
A= /0 17(x) — g(x)] dx
= /0 (cos(x) — sin(x)) dx —l—/er (sin(x) — cos(x)) dx

= [sin(x) + cos(x)] | + [—cos(x) — sin(x)]

0
=(V2-1)+ (14 V2)
=2V2.

The area of the region is 21/2 square units.
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Areas of Compound Regions
000000
EXample

To find the area of region R between the graphs of f(x) = sin(x) and

g(x) = cos(x) over the interval [,2 ] we can split the interval at the
point where the curves intersect, x = 2.
For x € [3,2F], sin(x) > cos(x), so |f(x) — g(x)| = sin(x) — cos(x). On
the other hand, for x € [2F, 27|, cos(x) > sin(x), so

|f(x) — g(x)| = cos(x) — sin(x).
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Areas of Compound Regions
000000

Solution Part 2

Then, we integrate each part separately and add the results

/ (sin(x) — cos(x)) dx + /27r(cos(x) — sin(x)) dx

4
5w
= 2w

+ [sin(x) + cos(x)]

= [~ cos(x) — sin(x)]

ol

(\[+\[)+1+1—(—\2@—\2@)

=2(1+V2).
Therefore, the area of region R is 1 + /2 square units

2024 15 /20
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Areas of Compound Regions
000000

Example

It

Consider the region depicted in the following figure. Find the area

of R.
Answer: % units 2

Hint: The two curves intersect at
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Regions Defined with Respect to y
©000

Finding the Area between Two Curves, Integrating along
the y-axis

Let u(y) and v(y) be continuous functions such that u(y) > v(y) for all
y € [c,d]. Let R denote the region bounded on the right by the graph of
u(y), on the left by the graph of v(y), and above and below by the lines
y = d and y = c, respectively. Then, the area of R is given by

d
A= [ 1) = vi) dy. J
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Regions Defined with Respect to y

[e] Jele]

Integrating with Respect to y

Let's revisit the example with the region shown in Figure 6, only this time
let's integrate with respect to y. Let R be the region depicted below. Find

the area of R by integrating with respect to y.
Yi
1]

g\“ f(x) = x?

R

T NG o
_l__

gx)=2—x
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Regions Defined with Respect to y
0000

Solution

Solution: We must first express the graphs as functions of y. As we saw
at the beginning of this section, the curve on the left can be represented
by the function x = v(y) = /y, and the curve on the right can be
represented by the function x = u(y) =2 —y.

Now we have to determine the limits of integration. The region is bounded
below by the x-axis, so the lower limit of integration is y = 0. The upper
limit of integration is determined by the point where the two graphs
intersect, which is the point (1, 1), so the upper limit of integration is

y = 1. Thus, we have [c,d] = [0, 1].

Calculating the area of the region, we get

5

d 1 5 1
AZ/C [u(y)—v(¥)] dy:/o [(2—y)—\/y] dy = 2y_y2_§y3/2] 026'

The area of the region is % square units.
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Regions Defined with Respect to y
000e

Example

Let's revisit the exercise associated with Figure 7, only this time, let's
integrate with respect to y. Let be the region depicted in the following
figure. Find the area of R by integrating with respect to y.

Yi
a1

Consider the region depicted in the following figure. Find the area

of R.

Answer: % units?
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Outline

Volume and the Slicing Method
o g

© Solids of Revolution

© The Disk Method

@ The Washer Method
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Learning Objectives

Determine the volume of a solid by integrating an area of a cross-section
(the slicing method). J

Find the volume of a solid of revolution using the disk method. )

Find the volume of a solid of revolution with a cavity using the washer
method. J
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Volume and the Slicing Method
©0000000

Introduction to Volume Calculation

Just as area is the numerical measure of a two-dimensional region, volume
is the numerical measure of a three-dimensional solid. Most of us have
computed volumes of solids by using basic geometric formulas. For
instance, the volume V of a rectangular solid, where /, w, and h represent
its length, width, and height respectively, is given by:

V = Iwh

Similarly, formulas for the volumes of other common solids like the sphere
(V = 37r3), cone (V = 1nr?h), and pyramid (V = SAh) have been
introduced. Although some of these formulas were derived using geometry
alone, all of them can be obtained by using integration.
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Volume and the Slicing Method
00000000

Volume of a cylinder

A cylinder is defined as any solid that can be generated by translating a
plane region along a line perpendicular to the region, called the axis of the
cylinder. To calculate the volume of a cylinder, we simply multiply the
area of the cross-section A by the height h:

V = Ah

For a right circular cylinder (like a soup can), where r represents the radius
of the circular base, this becomes:

V = nr?h
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If a solid does not have a constant cross-section ?

We may not have a formula for its volume. In this case, we can use a

definite integral to calculate the volume of the solid.
y y

We divide S into slices perpendicular to the x-axis. Now let P = {xo, x1,...,Xn}
be a regular partition of [a, b], and for i =1,2,...,n, let S; represent the slice of
the solid S stretching from x;_; to x;. Then the volume of slice S; can be
estimated by V/(S;) &~ A(x*)Ax. Then we have

b

V(S) = lim D A Ax = / A(x) dx
i=1

a
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Volume and the Slicing Method
000@0000

Problem-Solving Strategy: Finding Volumes by the Slicing
Method

© Examine the solid and determine the shape of a cross-section of
the solid. It is often helpful to draw a picture if one is not provided.

@ Determine a formula for the area of the cross-section.

© Integrate the area expression over the appropriate interval to
get the volume.

Math 1700 (University of Manitoba) 2.2 Determining Volumes by Slicing 2024 7/36



Volume and the Slicing Method
0000@000

Deriving the Formula for the Volume of a Pyramid

We know from geometry that the formula for the volume of a pyramid is
V = %Ah. If the pyramid has a square base, this becomes V = %azh,
where a denotes the length of one side of the base. We are going to use
the slicing method to derive this formula.

Solution

@ Step 1: We first want to determine the shape of a cross-section of

the pyramid. Since the base is a square, the cross-sections are squares
as well.
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Deriving the Formula for the Volume of a Pyramid

@ Step 2: Now we want to determine a formula for the area of one of
these cross-sectional squares. Looking at Figure 4 (b), and using a
proportion, since these are similar triangles, we have

s X ax
Pl ors= s
Therefore, the area of one of the cross-sectional squares is

A(x) = §? = (%)2 )

@ Step 3: Then we find the volume of the pyramid by integrating from

0 to h:
2 rh

h h 2
ax a
V_/Ax dx_/ — ] dx=—= x2 dx
1
= ~a%h.

SHEIE
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Volume and the Slicing Method
00000000

Using the Slicing Method to Derive the Volume of a
Circular Cone

Problem: Use the slicing method to derive the formula V = %71’[’2/7 for

the volume of a circular cone. Hint: Use similar triangles, as in the
example above.
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Volume and the Slicing Method
00000000

Using the Slicing Method to Derive the Volume of a
Circular Cone

Problem: Use the slicing method to derive the formula V = %Wr2h for
the volume of a circular cone. Hint: Use similar triangles, as in the
example above.

Solution:

@ Step 1: Consider a circular cone with height h and radius r. We want to
determine the shape of a cross-section of the cone. Since the cross-sections
are circles with radius varying from 0 to r as we move from the tip to the
base, we have circular cross-sections.

@ Step 2: Now, let's determine a formula for the area of one of these circular
cross-sections. Using similar triangles, we can establish that the radius R of
a cross-section at height x from the tip of the cone is given by the
proportion § = %. Solving for R, we get R = %*. Therefore, the area A(x)
of a cross-section at height x is given by

A) = 7R? = 7 (rx>2 _ mrex?

h h?
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Volume and the Slicing Method
00000000

Using the Slicing Method to Derive the Volume of a
Circular Cone part 2

e Step 3: To find the volume of the cone, we integrate the area
function A(x) over the interval [0, h], which represents the height of

the cone:
h h 2.2
vz/ A(x)dx:/ T ax
0 o h
7rr2 h 2 7rr2 X3 h
= — d = — | —
2 /0 TR Mo
_wR (RN
R\ 3 3

Thus, we have derived the formula for the volume of a circular cone:
V = 1rr’h.
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Solids of Revolution

[ Je]ele)

Using the Slicing Method to Find the Volume of a Solid of

Revolution

Problem: Use the slicing method to find the volume of the solid of
revolution bounded by the graphs of f(x) = x> — 4x +5, x = 1, and

x = 4, and rotated about the x-axis.

Step 1: Sketch the graph of the quadratic function f(x) = x? — 4x + 5 over the
interval [1,4]. This region is used to produce a solid of revolution.

Step 2: Rotate the region around the x-axis to form the solid of revolution. Two
views of the solid of revolution produced by revolving the region about the x-axis.

f(x) =x2—4x + 5

Math 1700 (University of Manitoba)
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Find the Volume of a Solid of Revolution part 2

Step 3: Determine the shape of a cross-section of the solid of revolution.

@ Since the solid was formed by revolving the region around the x-axis,
the cross-sections are circles.

@ The area of the cross-section is the area of a circle, and the radius of
the circle is given by f(x).
Step 4: Write the formula for the area of the cross-section.

A(x) = m[f(X)]? = 7[(x* — 4x + 5)?]

Step 5: Integrate the area function A(x) over the interval [1, 4] to find the
volume.

4 4
V= / A(x) dx = / 7[(x® — 4x +5)%] dx
1 1
Step 6: Evaluate the integral to find the volume.

5 2 3 4
V+=m X——2x4+£—20x2+25x ) :Eﬂ'.
5 3 1 5
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Using the Method of Slicing to Find Volume

Problem: Use the method of slicing to find the volume of the solid of
revolution formed by revolving the region between the graph of the
function f(x) = 1 and the x-axis over the interval [1,2] around the x-axis.
Solution:

Step 1: Sketch the region to be rotated and identify the shape of the
cross-sections.
@ The region is between the graph of f(x) = % and the x-axis over the
interval [1,2].

@ The cross-sections formed by revolving this region around the x-axis
are disks.
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Youmsgpa e e eied Sl ofNereion e Butigied  Tundietol
Method of Slicing to Find Volume Part 2

Step 2: Determine the formula for the area of a cross-section at height x.
o The radius of each disk is the function value f(x) = 1.
@ So, the area of a cross-section at height x is given by
A() = 7lf P =7 (1) = &,

Step 3: Integrate the area function A(x) over the interval [1, 2] to find
the volume.

Therefore, the volume of the solid of revolution is g
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The Disk Method

When we use the slicing method with solids of revolution, it is often called
the disk method because, for solids of revolution, the slices used to
over-approximate the volume of the solid are disks.

7= -1 1 v (17 + 1
|8 f N |
a / \ /
/ Athin rectangle x{ / produces a disk
/ under a curve. when revolved
2 / 2 about the x-axis
1 1N
3210 1 2 3 a 5% 3210 1 23 a 5%
1 1
-2 -2
3 -3
-a -4
5 5
(a) ()
y4 0= (-1 1 yhof00= (-1
g H
\ \
\ / \ /
\4 /- The area under 4 produces a solid
\ [ thecurve. | of revolution when
} revolved about the
N \ x-axis.
s 2-10 1 2 3 a4 5% -5 -2 4 5%
-1
-2
a 3
4 4
5 5
© [C)
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The Disk Method
0®0000000

The Disk Method

Let f(x) be continuous and nonnegative. Define R as the region bounded

above by the graph of f(x), below by the x-axis, on the left by the line
x = a, and on the right by the line x = b. Then, the volume of the solid of

revolution formed by revolving R around the x-axis is given by

b

V= / 7[f(x)]? dx.

a

This formula represents the volume using the disk method.
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Example: Volume Calculation using the Disk Method

The volume of the solid we have been studying is given by
b
% :/ 7[f(x)]? dx
a3
= / m[(x — 1)? +1]> dx

1
:ﬂ/s[(x—1)4+2(x—1)2+1]2dx

3
1 2
32 16 32 16
= — + — e e |
(5r5+3)-(5-51)]
4127 . 5
= units~.
15
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Using the Disk Method to Find Volume of a Solid of
Revolution

Problem: Use the disk method to find the volume of the solid of
revolution generated by rotating the region between the graph of
f(x) = /x and the x-axis over the interval [1,4] around the x-axis.
Solution:
@ The graphs of the function and the solid of revolution are shown in
the following figure.

/

1

219 12 3 4 5 6% S 19 12 3 45 6%
-1 -1
2 2
-3 -3
4 4
@
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Using the Disk Method to Find Volume of a Solid of
Revolution

Problem: Use the disk method to find the volume of the solid of
revolution generated by rotating the region between the graph of
f(x) = /x and the x-axis over the interval [1,4] around the x-axis.
Solution:
@ The graphs of the function and the solid of revolution are shown in
the following figure.

T

12 3 4 5 6%

@ (b)

V:/147r[f(x)]2dx:/14W[\/;]2dx:w/l4xdx: T 4
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The Disk Method
0000@0000

Using the Disk Method to Find Volume of a Solid of
Revolution

Problem: Use the disk method to find the volume of the solid of
revolution generated by rotating the region between the graph of

f(x) = V4 — x and the x-axis over the interval [0, 4] around the x-axis.
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Using the Disk Method to Find Volume of a Solid of
Revolution

Problem: Use the disk method to find the volume of the solid of
revolution generated by rotating the region between the graph of

f(x) = V4 — x and the x-axis over the interval [0, 4] around the x-axis.
Solution:

Q@ We have
4 4 4
V:/ 77[f(x)]2dx:/ 7T[\/4—X2dX:7T/ (4 — x) dx
0 0 0
e |4
X .3
:7T|:4X—2:| = 7 (16 — 8) = 8x units”.
0
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The Disk Method for Solids of Revolution around the
y-axis

Let g(y) be continuous and nonnegative. Define Q as the region bounded
on the right by the graph of g(y), on the left by the y-axis, below by the
line y = ¢, and above by the line y = d. Then, the volume of the solid of
revolution formed by revolving Q around the y-axis is given by
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Using the Disk Method to Find Volume of a Solid of
Revolution 2

Problem: Let R be the region bounded by the graph of g(y) = v4—y
and the y-axis over the y-axis interval [0, 4]. Use the disk method to find
the volume of the solid of revolution generated by rotating R around the
y-axis.

Solution: This figure shows a thin rectangle between the curve of the
function g(y) = /4 — y and the y-axis and the rectangle forms a
representative disk after revolution around the y-axis

-4 -3 -2 -1

Lo
S L
Lo

S L

(@)

C
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Solution Part 2

@ The region to be revolved and the full solid of revolution are depicted
in this Figure.

\
—4—3—271°1i34" -4 -3 2 A 3 4
ll

(a) ()

@ To find the volume, we integrate with respect to y. We obtain

V= /047r[g(y)]2 dy—/(fﬂ[\/‘ﬁ]2 dy—ﬂ/04(4—y) dy
e
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Using the Disk Method to Find Volume of a Solid of
Revolution

Problem: Use the disk method to find the volume of the solid of
revolution generated by rotating the region between the graph of g(y) =y
and the y-axis over the interval [1, 4] around the y-axis.

Solution:

© To find the volume, we integrate with respect to y. We obtain

V:/147T[g(y)]2dy=/14”[y]2dy:”/14y2dyzﬂEyﬂ 4

= 217units>.

Math 1700 (University of Manitoba) 2.2 Determining Volumes by Slicing 2024 24 /36



The Washer Mathod

When the solid of revolution has a cavity in the middle, the slices used to
approximate the volume are not disks, but washers (disks with holes in the
center). For example, consider f(x) = v/x and g(x) = 1 over the interval [1,4].

Athin rectangle in the y ...produces a washer when
4 region between two curves. 41 revolved around the x-axis.
3 ) = /X 3
2 2
., 9 =1 .
-1 9 1 2 3 4 5 6% -1 0 1 2 4 /4 5 6%
-1 -1
-2 -2
-3 -3
4 -4
(@) (b)
When the region between ...it produces a solid of
y, Mocurvesis revolved y revolution with a cavity.
4 about the x-axis... 4
3 3
2 2
-1 0 1 2 3 4 5 6% -1 0 5 6%
-1 —i
-2 -2
-3 -3
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The Washer Method

The cross-sectional area, then, is the area of the outer circle minus the
area of the inner circle. In this case,

A(x) = 7[(Vx)* = (1)%]
=7(x —1).

Then the volume of the solid is

9 4
= —7munits”.
2

Generalizing this process gives the washer method.
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The Washer Method

Suppose f(x) and g(x) are continuous, nonnegative functions such that
f(x) > g(x) over [a, b]. Let R denote the region bounded above by the
graph of f(x), below by the graph of g(x), on the left by the line x = a,
and on the right by the line x = b. Then, the volume of the solid of
revolution formed by revolving R around the x-axis is given by

b
V= / T[(F())? — (g(x))?] dix.
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Using the Washer Method

Problem: Find the volume of a solid of revolution formed by revolving the
region bounded above by the graph of f(x) = x and below by the graph of

g(x) = L over the interval [1,4] around the x-axis.

i ) =x i fx) = x
il i
2 2
1 gx) = = 1 g(x) f

-1 9 -1 2 3 47576" -1 0 - Eax
-1 -1
2 -2 /
3 -3
b il

) ®) Solution:

© The volume is given by

V:/abw[(f(x))2 (g( ]dx—ﬂ'/ b — ()] o

¢ 1 5 1] 81
:W/[x2—2]dx:7r[x+] 87T
1 X 3 x )

4
Math 1700 (University of Manitoba) 2.2 Determining Volumes by Slicing 2024 28 /36




Using the Washer Method

Problem: Find the volume of a solid of revolution formed by revolving the
region bounded by the graphs of f(x) = /x and g(x) = 1

= ;. over the
interval [1, 3] around the x-axis.
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Using the Washer Method

Problem: Find the volume of a solid of revolution formed by revolving the
region bounded by the graphs of f(x) = v/x and g(x) = 1 over the
interval [1, 3] around the x-axis.
Solution:

@ Determine which function forms the upper bound and which forms
the lower bound by graphing them.

@ Once you have identified the bounds, use the Washer Method to find
the volume:

b
V= / T[(F())? — (g(x)?] dx

© Calculate the integral over the interval [1, 3].

v_/137r[(f) ]dxw/[x—]dxw{xz+ﬂ3 107

= units®.

5+
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Rule: The Washer Method for Solids of Revolution around
the y-axis

Suppose u(y) and v(y) are continuous, nonnegative functions such that
v(y) < u(y) for y € [c,d]. Let Q denote the region bounded on the right
by the graph of u(y), on the left by the graph of v(y), below by the line
y = ¢, and above by the line y = d. Then, the volume of the solid of
revolution formed by revolving @ around the y-axis is given by

d
V= / 7 [(u(y))? — (v(y))?] dy.
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The Washer Method
000000800000

The Washer Method with a Different Axis of Revolution

Find the volume of a solid of revolution formed by revolving the region
bounded above by f(x) = 4 — x and below by the x-axis over the interval

[0, 4] around the line y = —2.
Solution: The graph of the region and the solid of revolution are shown in

the following figure.

(a) (b)
There is a solid formed by rotating the shaded region from the first graph around the line y = —2. There is a hollow cylinder
inside of the solid represented by the lines y = —2 and y = —4,
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The Washer Method
000000080000

Solution part 2

We can’t apply the volume formula to this problem directly because the
axis of revolution is not one of the coordinate axes. However, we still know
that the area of the cross-section is the area of the outer circle less the
area of the inner circle. Looking at the graph of the function, we see the
radius of the outer circle is given by f(x) + 2, which simplifies to

f(x)+2=(4—x)+2=6—x.

The radius of the inner circle is g(x) = 2. Therefore, we have

¢ 2 2 t o2 1607 . 3
V=[] 7[(6—-x)"—(2)dx=m [ (x*—12x+32)dx = —3 - units”.
0 0
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The Washer Method
000000008000

Volume of a Solid of Revolution

Find the volume of a solid of revolution formed by revolving the region bounded
above by the graph of f(x) = x + 2 and below by the x-axis over the interval
[0, 3] around the line y = —1.

Solution:Let us use the method of washers.

@ Step 1: The radius of the outer circle (R) is the distance from the axis of
revolution (y = —1) to the outer function (f(x) = x + 2). So,
R=f(x)+1=(x+2)+1=x+3.

The radius of the inner circle (r) is the distance from the axis of revolution
to the x-axis, which is simply the constant 1.

@ Step 2: The region of revolution is bounded by x = 0 and x = 3.
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The Washer Method
000000000800
Solution part 2

Step 3: Now, we can set up the integral to compute the volume using the
washer method:

3
V:7T/ (R? — r?) dx.
0

Substituting R = x + 3 and r = 1, we have:

3
=T X 2 X.
V= /0(( +3)°—-1)d

Step 4: Evaluate the integral:

3 3 3
V:W/ (X2—|—6x—|—8)dx:7r[);—|—3x2+8x]
0

0

27
V:ﬂ(3+27+24> = 7 (9+ 27 +24) = 7 x 60 = 607 units®.
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The Washer Method
000000000000

Key Concepts

@ Definite integrals can be used to find the volumes of solids. Using the
slicing method, we can find a volume by integrating the
cross-sectional area.

@ For solids of revolution, the volume slices are often disks and the
cross-sections are circles. The method of disks involves applying the
method of slicing in the particular case in which the cross-sections are
circles, and using the formula for the area of a circle.

@ If a solid of revolution has a cavity in the center, the volume slices are
washers. With the method of washers, the area of the inner circle is
subtracted from the area of the outer circle before integrating.
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The Washer Method
00000000000e
Key Equations

Disk Method along the x-axis:

b
%4 :/ m[f(x)]? dx

Disk Method along the y-axis:

d
V= / ~lg ()P dy

Washer Method:

b
V= / T[(F())? — (g(x))?] dx
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Outline

@ The Method of Cylindrical Shells
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Learning Objectives

Objective 1

Calculate the volume of a solid of revolution by using the method of
cylindrical shells.

Objective 2

Compare the different methods for calculating the volume of a solid of
revolution.
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The Method of Cylindrical Shells

Again, we are working with a solid of revolution. As before, we define a region R,

bounded above by the graph of a function y=f(x), below by the x-axis, and on the
left and right by the lines x=a and x=b.

Figure 2/image.png

IZ

v v
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To calculate the volume of this shell, consider the figure
below.

T Vahet = f(x7")(mx, ,2—1)
N = 7Tf(X,*)( 1)
* The volume of the f(x,*)(x, + xi_ )(x, — Xj—1)

. *
cross-sectional area and the 27f(x;

shell is the product of the
9
height. Cross-sections are annuli

Xj + Xj—
21> (X,' — X,'_1).

with outer radius x; and inner Note that x; — x;_1 = AXx, so we have
radius x;_ 1 giving an area of
2 The height i o [(Xi X
X ﬂ-X f(x,-*).e eight is Vel = 27 (x]") % L) Ax.

XjtXi_1 . . . . .
Furthermore, 'f'l is both the midpoint of the interval [x;_1, X;] and the average radius of the shell, and we can
approximate this by x,-*, We then have

Vihell = 27rf(></»* )xl»*Ax
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The Method of Cylindrical Shells
000000000000 00000000000

Another approach

Another way to think of this is to think of making a vertical cut in the
shell and then opening it up to form a flat plate.

\27777 ’ 7”7//\;’7" = 2mx; o

Cutline

@ (b)

Then

Vel = 27f (x7)x7 Ax.
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The Method of Cylindrical Shells
000e0000000000000000000

The Method of Cylindrical Shells

Let f(x) be continuous and nonnegative. Define R as the region bounded
above by the graph of f(x), below by the x-axis, on the left by the line

x = a, and on the right by the line x = b. Then the volume of the solid of
revolution formed by revolving R around the y-axis is given by

General formula

b
V:/a (2mxf(x)) dx.

This formula represents the method of cylindrical shells, which is used to
find the volume of a solid of revolution. It involves integrating the product
of the circumference of a cylindrical shell (given by 27x) and the height of
the shell (given by f(x)) over the interval [a, b] along the x-axis.
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The Method of Cylindrical Shells
0000e000000000000000000

The Method of Cylindrical Shells 1

Define R as the region bounded above by the graph of f(x) = % and
below by the x-axis over the interval [1, 3]. Find the volume of the solid of
revolution formed by revolving R around the y-axis.
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The Method of Cylindrical Shells
0000080000000 0000000000

Solution

Solution: First we must graph the region R and the associated solid of

revolution, as shown in the following figure.

4 P
15 15

1 1
05 05+
1O 1 2 3 4% 4 3210
-05 ~05
-1 -1

@

(b)

Then the volume of the solid is given by

%4

“’%v

3

(2mxf(x)) 1f3 (2mx (1)) dx

3
= f27r dx = 27rx‘1 = 47 units3.
1
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Volume of a Solid of Revolution

Problem Statement:

Define R as the region bounded above by the graph of f(x) = x? and
below by the x-axis over the interval [1,2]. Find the volume of the solid of
revolution formed by revolving R around the y-axis.

Solution: The volume of the solid of revolution is given by

b
v :/ 2mxf(x) dx.
Substituting f(x) = x?> and a=1,b = 2, we have
2
% :/ 2mx(x?) dx.
1

This integrates to

or 1% 2 1
V= |4 = 1(24 —1% = or units>.
e 2
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Volume of a Solid of Revolution

Problem Statement:

Define R as the region bounded above by the graph of f(x) = 2x — x? and
below by the x-axis over the interval [0,2]. Find the volume of the solid of
revolution formed by revolving R around the y-axis.

b #!
o [

NRCEESE

g
usﬂ\ 051
/ :

3 -2 -1
o

N Y S L
og f\ § \
[ \ [ \
i \ | \

(@ ()

Solution: The volume of the solid of revolution is given by

b
% :/ 27xf(x) dx.
a

Substituting f(x) = x? and a=0,b = 2, we have

2 42
2
V= / 2nx(2x — x?) dx = 27 | =x3 — x| _8m units>.
0 35 T 4,3
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The Method of Cylindrical Shells
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The Method of Cylindrical Shells for Solids of Revolution
around the x-axis

Let g(y) be continuous and nonnegative. Define Q as the region bounded
on the right by the graph of g(y), on the left by the y-axis, below by the
line y = ¢, and above by the line y = d. Then, the volume of the solid of
revolution formed by revolving @ around the x-axis is given by
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The Method of Cylindrical Shells
000000000 e0000000000000

he Method of Cylindrical Shells for a Solid Revolved
around the x-axis

Define Q as the region bounded on the right by the graph of g(y) =2,/y and on

the left by the y-axis for y € [0,4]. Find the volume of the solid of revolution
formed by revolving @ around the x-axis.
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The Method of Cylindrical Shells
000000000 e0000000000000

he Method of Cylindrical Shells for a Solid Revolved
around the x-axis

Define Q as the region bounded on the right by the graph of g(y) =2,/y and on
the left by the y-axis for y € [0,4]. Find the volume of the solid of revolution
formed by revolving @ around the x-axis.

/ fl 9 {

Label the shaded region Q. Then the volume of the solid is given by

d 4 4
V= / (2nyg(y)) dy = / (2ny(2v/7)) dy = 4 / V22 dy

4
47 [2y5/2 -‘
5 5
Math 1700 (University of Manitoba) 2.3 Volumes of Revolution: Cylindrical Shells
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The Method of Cylindrical Shells
000000000 0e000000000000
Solution

Problem Statement

Define Q as the region bounded on the right by the graph of g(y) = 3

y
and on the left by the y-axis for y € [1,3]. Find the volume of the solid of
revolution formed by revolving Q around the x-axis.

Math 1700 (University of Manitoba) 2.3 Volumes of Revolution: Cylindrical Shells

2024 14 /26



The Method of Cylindrical Shells
000000000 0e000000000000

Solution

Problem Statement

Define Q as the region bounded on the right by the graph of g(y) = %
and on the left by the y-axis for y € [1,3]. Find the volume of the solid of
revolution formed by revolving Q around the x-axis.

To find the volume of the solid of revolution, we use the method of
cylindrical shells. The volume V is given by the integral

d
V= / (2nye(y)) dy.

Here, c=1and d =3, and g(y) = )% Thus,
3 3 3
v—/ (27ry-y)dy—67r/ dy =67 - (3 — 1) = 127 units.
1 1

Therefore, the volume of the solid of revolution is .
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Graph of a function around a line other than x=0 and y=0
We look at a solid of revolution for which the graph of a function is revolved

around a line other than one of the two coordinate axes. Suppose, for example,
that we rotate the region around the line x=-k, where k is some positive constant.

The formula for the volume of the shell is

Formula when x = —k

b
V= / (2r(x + K)F(x)) dx.

We could also rotate the region around other horizontal or vertical lines, such as a
vertical line in the right half plane. In each case, the volume formula must be
adjusted accordingly. Specifically, the x-term in the integral must be replaced
with an expression representing the radius of a shell.
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The Method of Cylindrical Shells
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A Region of Revolution Revolved around a Line

Define R as the region bounded above by the graph of f(x) = x and
below by the x-axis over the interval [1,2]. Find the volume of the solid of
revolution formed by revolving R around the line x = —1.
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The Method of Cylindrical Shells
000000000000 e0000000000

A Region of Revolution Revolved around a Line

Define R as the region bounded above by the graph of f(x) = x and
below by the x-axis over the interval [1,2]. Find the volume of the solid of
revolution formed by revolving R around the line x = —1.

Solution The Figure is

In that case, the radius of a shell is given by x + 1. Then,

2 2 3 2
V= / (2m(x 4+ 1)x) dx = 271'/ (x> 4+ x) dx = 27 X0 = =l units®,
1 1 3 2 ) 3
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Solid of Revolution around a Line
Define R as the region bounded above by the graph of f(x) = x? and

below by the x-axis over the interval [0, 1]. Find the volume of the solid of
revolution formed by revolving R around the line x = —2.
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Solid of Revolution around a Line

Define R as the region bounded above by the graph of f(x) = x? and
below by the x-axis over the interval [0, 1]. Find the volume of the solid of

revolution formed by revolving R around the line x = —2.

Solution To find the volume of the solid of revolution, we use the method
of cylindrical shells. Note that the radius of a shell is given by x + 2. Then
the volume V is given by the integral

1
V:/0 (2m(x +2)f(x)) dx.

1 1
vz/ (27r(x+2)x2)dx:27r/ (x® + 2x?) dx
0 0
1
[x‘* 2X3H 1r
= ? units”.
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A Region of Revolution Bounded by Two Functions

Problem Statement

Define R as the region bounded above by the graph of the function

f(x) = v/x and below by the graph of the function g(x) = L over the
interval [1,4]. Find the volume of the solid of revolution generated by
revolving R around the y-axis.

Solution:To find the volume of the solid of revolution, we use the method
of cylindrical shells. Note that the axis of revolution is the y-axis, so the

radius of a shell is simply x.

d
A I

|
I
GE b M kgl e e s s

@

]
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The Method of Cylindrical Shells
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Solution part 2

However, the height of a shell is given by f(x) — g(x), so we need to adjust
the f(x) term of the integrand. Then the volume V is given by the integral

4
V= /1 (2mx(f(x) — g(x))) dx.

4
2X5/2
=27 — X
5
1
= —— units”.
5
) .. |9%7r . 3
Therefore, the volume of the solid of revolution is 5 units” |.
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Region Bounded by Two Functions

Define R as the region bounded above by the graph of f(x) = x and

below by the graph of g(x) = x? over the interval [0,1]. Find the volume
of the solid of revolution formed by revolving R around the y-axis.
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Region Bounded by Two Functions

Define R as the region bounded above by the graph of f(x) = x and
below by the graph of g(x) = x? over the interval [0,1]. Find the volume
of the solid of revolution formed by revolving R around the y-axis.
Solution: Note that the axis of revolution is the y-axis, so the radius of a
shell is simply x. However, the height of a shell is given by f(x) — g(x), so

we need to adjust the f(x) term of the integrand. Then the volume V is
given by the integral

1
V= /O (2mx(F(x) — g(x))) dx.

1 1
= X X—X2 X = ZLT0 X2—X3 X
V= [ (e (x—x) de=2 [ (2= x)d

3 4

1
o [g . XJ ‘ T unis
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The Method of Cyli | Shells
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Which Method Should We Use?

Comparing the Methods for Finding the Volume of a Solid Revolution around the x-axis

Compare Disk Method Washer Method Shell Method
Volume formula v f: OO dx . J- 07 — g0 ox Ve Lc‘ 2y giy) dy
Solid No cavity in the center Cavity in the center With or without a cavity

in the center
Interval to partition [a, b] on x-axis [a, b] on x-axis [c, d] on y-axis
Rectangle Vertical Vertical Horizontal
y y y

fx)
\/ 1)

Typical region

d
Lo . \g(y)
a b X a b X \ X
y y y
1),
f(x)
Typical element
1g() ;\g(y)
ab X ab X \ x

Math 1700
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The Method of Cylindrical Shells
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Select the best Method

For each of the following problems, select the best method to find the

volume of a solid of revolution generated by revolving the given region

around the x-axis, and set up the integral to find the volume (do not

evaluate the integral).

(a) The region bounded by the graphs of y = x, y =2 — x, and the
X-axis.

(b) The region bounded by the graphs of y = 4x — x? and the x-axis.
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The Method of Cylindrical Shells
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Solution Problem (a)

S

First, sketch the region and the solid of the revolution as shown

®

If we want to integrate concerning x, we would have to break the integral into
two pieces because we have different functions bounding the region over [0, 1] and
[1,2]. In this case, using the disk method, we would have

1 2

V = f(71'x2) dx + f(7r(2 - X)2) dx
0 1

If we used the shell method instead,

v = j‘(zw (2~ y) — yl)dy = Ofl(zwy 2 - 2y))d.

Neither of these integrals is particularly onerous, but since the shell method requires only one integral, and the integrand
requires less simplification, we should probably go with the shell method in this case.
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Solution Problem (b)

First, sketch the region and the solid of revolution as shown.

Looking at the region, it would be problematic to define a horizontal
rectangle; the region is bounded on the left and right by the same
function. Therefore, we can dismiss the method of shells. The solid has no
cavity in the middle, so we can use the method of disks. Then

4
V = /7r4x—x dx.
0

Math 1700 (University of Manitoba) 2.3 Volumes of Revolution: Cylindrical Shells 2024 24 /26



Selecting the Best Method

For the region bounded by the graphs of y =2 — x? and y = x? around
the x-axis.
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Selecting the Best Method

For the region bounded by the graphs of y =2 — x? and y = x? around

the x-axis. Sketch the region and use the table below to decide which
method works best.

Shape of Region Best Method

No cavity in the center Washer method
Cavity in the center Disk method
With or without cavity in the center | Shell method
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Selecting the Best Method

For the region bounded by the graphs of y =2 — x? and y = x? around

the x-axis. Sketch the region and use the table below to decide which
method works best.

Shape of Region Best Method

No cavity in the center Washer method
Cavity in the center Disk method
With or without cavity in the center | Shell method

Solution The best method is the washer method.

V= /1 72— X2 — ()] dx

1
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The Method of Cylindrical Shells
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Key Equations
Method of Cylindrical Shells

The method of cylindrical shells is another method for using a definite
integral to calculate the volume of a solid of revolution. This method is
sometimes preferable to either the method of disks or the method of
washers because we integrate with respect to the other variable. In some
cases, one integral is substantially more complicated than the other. The
geometry of the functions and the difficulty of the integration are the main
factors in deciding which integration method to use.
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The Method of Cylindrical Shells
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Key Equations
Method of Cylindrical Shells

The method of cylindrical shells is another method for using a definite
integral to calculate the volume of a solid of revolution. This method is
sometimes preferable to either the method of disks or the method of
washers because we integrate with respect to the other variable. In some
cases, one integral is substantially more complicated than the other. The
geometry of the functions and the difficulty of the integration are the main
factors in deciding which integration method to use.

Method of Cylindrical Shells

b
% :/ (2mxf(x)) dx
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Outline

© Arc Length of the Curve y=f(x)
© Arc Length of the Curve x = g(y)

© Area of a Surface of Revolution

Math 1700 (University of Manitoba) 2.4 Arc Length of a Curve and Surface Area September 25, 2025 2/25



Learning Objectives

@ Determine the length of a curve with equation y = f(x) between the
two given points.

@ Determine the length of a curve with equation x = g(y) between the
two given points.

o Find the surface area of a surface of revolution.
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Motivation

In this section, we use definite integrals to find the arc length of curves,
which has various real-world applications such as determining the distance
traveled by a rocket along a parabolic path or the driving distance along a
road represented by a curve on a map.

We start by calculating arc length for curves defined as functions of x,
then similarly for curves defined as functions of y.

Finally, we extend these techniques to find the surface area of a surface of
revolution.
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Arc Length of the Curve y=f(x)
00000

Length of a Curve Approximation

Let f(x) be a smooth function defined over [a, b]. We want to calculate
the length of the curve from the point (a, f(a)) to the point (b, f(b)). We
start by using line segments to approximate the length of the curve. For
i=0,1,2,...,n, let P={x;} be a regular partition of [a, b].
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Arc Length of the Curve y=f(x)
0e0000

Arc Length for y = f(x)

Let f(x) be a smooth function over the interval [a, b]. Then the arc length
of the portion of the graph of f(x) from the point (a, f(a)) to the point
(b, f(b)) is given by

b

Arc Length = / 1+ [F(x)] dx.

a
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Arc Length of the Curve y=f(x)
[o]e] lele]e]

Calculating the Arc Length of a Function of x

Let f(x) = 2x%/2. Calculate the arc length of the graph of f(x) over the interval
[0, 1].

Solution: We have f'(x) = 3x/2, so [f'(x)]> = 9x. Then, the arc length is

1
Arc Length = / /14 [F()] dx.
0

Substitute v = 1 4+ 9x. Then, du = 9dx. When x = 0, then u =1, and when
x =1, then u = 10. Thus,

1
Arc Length = / V14 9x dx
0

:5/ \/1—|—9x-9dx:§/ Vudu
0 1

1 23/210_2 .
—9~3u ‘1 =5 [10@—1} units.

Math 1700 (University of Manitoba) 2.4 Arc Length of a Curve and Surface Area September 25, 2025 7/25



Arc Length of the Curve y=f(x)
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Calculating the Arc Length of a Function of x

Let f(x) = 3 x3/2 Calculate the arc length of the graph of f(x) over the
interval [0, 1]

Solution: We have f/(x) = 2x%/2, so [f'(x)]* = 4x. Then, the arc length

is
1
Arc Length = / 14 [F(x)]? dx.
0

Substitute u =1 + 4x. Then, du = 4dx. When x =0, then vt =1, and
when x = 1, then u = 5. Thus,

1 1 1 1 5
Arc Length:/ \/1+4xdx:/ \/1+4x-4dx:4/ Vudu
1

12
=4 3= 5ev5 -y
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Arc Length of the Curve y=f(x)
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Setting Up the Integral for the Arc Length of a Function of
X

Let f(x) = x2. Set up the integral for the arc length of the graph of f(x)

over the interval [1, 3].
Solution: We have f/(x) = 2x, so [f'(x)]? = 4x2. Then the arc length is

given by
b 3
Arc Length :/ \/ 1+ [F/(x)]? dx :/ V1 + 4x2 dx.
a 1
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Arc Length of the Curve y=f(x)
00000e

Setting Up the Integral for the Arc Length of a Function

Let f(x) = In(x). Set up the integral for the arc length of the graph of f(x) over
the interval [1, e].

Solution: We have f/(x) = 1, so [F(x)]? = L. Then the arc length is given by

e 1 2 e 1
Arc Length :/ 14 {] dx :/ \/1+ —dx
1 X 1 X
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Arc Length of the Curve y=f(x)
00000e

Setting Up the Integral for the Arc Length of a Function

Let f(x) = In(x). Set up the integral for the arc length of the graph of f(x) over
the interval [1, e].

Solution: We have f/(x) = 1, so [F(x)]? = L. Then the arc length is given by

e 1 2 e 1
Arc Length :/ 14 {] dx = / \/1+ —dx
1 X 1 X

Substituting u = %, we have du = —%dx. When x =1, then u =1, and when
x = e, then u = s Thus,

1
e 1
Arc Length :/ V1+u?(——)du
1 u
1 1
e 1 e 1 2
[ ViTe e [PYOE,,
1 1

u2

This integral might not have a straightforward antiderivative, but setting up the
integral is the first step in finding the arc length.
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Arc Length of the Curve x = g(y)

We have just seen how to approximate the length of a curve with line
segments. If we want to find the arc length of the graph of a function of

y, we can repeat the same process, except we partition the y-axis instead

of the x-axis.
y

9W)
yif-

o
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Arc Length of the Curve x = g(y)
0000

Arc Length for x = g(y)

Let g(y) be a smooth function over an interval [c, d]. Then, the arc
length of the graph of g(y) from the point (c, g(c)) to the point (d, g(d))
is given by

d
Arc Length = / 1+ [g'(y))? dy.
c
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Arc Length of the Curve x = g(y)
0000

Setting Up the Integral for Arc Length

Let g(y) = 3y3. Set up the integral for the arc length of the graph of
g(y) over the interval [1,2].

Solution: We have g’(y) = 9y?, so [g(y)]? = 81y*. Then the arc length
is given by

2 2
Arc Length = / /314 [g'(y))?dy = / v 1+8ly*dy.
1 1

This integral may not have a straightforward antiderivative, but we can set
up the integral as follows.

2
Arc Length = / v 1+ 8ly*dy.
1

We can then proceed with numerical methods or other techniques to
approximate the value of this integral.
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Arc Length of the Curve x = g(y)
000@

Setting Up the Integral for Arc Length

Let g(y) = % Set up the integral for the arc length of the graph of g(y)
over the interval [1,4].
Solution: We have g/'(y) = 2, so [g'(y)]? = % Then the arc length is

given by
4 4 1
Arc Length:/ \/1+[g’(y)]2dy:/ 1+ —dy
1 1 y

4
/ 1
Arc Length = / 1+ —dy
1 y
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Area of a Surface of Revolution
©0000000000

Area of a Surface of Revolution

Let f(x) be a nonnegative smooth function over the interval [a, b]. We
wish to find the surface area of the surface of revolution created by
revolving the graph of y = f(x) around the x-axis as shown in the

following figure.
y y
y = f(x) y =)

(@) (b)
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Area of a Surface of Revolution
0@000000000

Surface Area of a Surface of Revolution

@ Let f(x) be a smooth function over the interval [a, b].

e If f(x) > 0 for x € [a, b], then the area of the surface obtained by
revolving the graph of f(x) around the x-axis is given by

b
Surface Area = / 21f(x)\/1 + (F/(x))? dx.

This formula represents the surface area of the solid formed by rotating
the curve y = f(x) about the x-axis.
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Area of a Surface of Revolution
00@00000000

Surface Area of a Surface of Revolution

o Let g(y) be a smooth function over the interval [c, d].

e If g(y) >0 for y € [c,d], then the area of the surface obtained by
revolving the curve x = g(y) around the y-axis is given by

d
Surface Area = / 27rg(y)\/ 1+ (g’(y))2 dy.

This formula represents the surface area of the solid formed by rotating
the curve x = g(y) about the y-axis.
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Calculating the Surface Area of a Surface of Revolution 1

Let f(x) = \/x over the interval [1,4]. Find the surface area of the surface
generated by revolving the graph of f(x) around the x-axis.

Solution: The graph of f(x) and the surface of rotation are shown in the
following figure.

We have f(x) = y/x. Then, f(x) = 5% and (F/(x))* = &. Then,

b 4
1

SurfaceArea:/ 27rf(x)\/1+(f’(x))2dx:/ 2my/x 1+4—dx
1 X

a

A |
:/ 2m4/ x + — dx.
1 4
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Area of a Surface of Revolution
0000@000000

Solution

Let u =x+ %. Then, du = dx. When x =1, u = %, and when x = 4,
u= %. This gives us

1 17
/ 1
/27r x+dx=/427rﬁdu
0 4 s
17

4
=27 gu3/2
3 5

- % [17\/ﬁ —45\/5] .

Therefore, the surface area of the surface of revolution is

Z [17V17 — 5V/5].
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Calculating the Surface Area of a Surface of Revolution

Let f(x) = /1 — x over the interval [0, 3]. Find the surface area of the surface
generated by revolving the graph of f(x) around the x-axis.
Solution: We have f(x) = v/1 — x. Then, f/(x) = —5—-*— and

) 2¢/1—x
(f/(X)) = ﬁ Then,

b 2 1
Surface Area = / 21 f (x)\/ 1+ (F(x))* dx = / 2Wmm dx
a 0 B

:/ZW\/5—4xdx
0

Let u =5 —4x, du = —4dx, for x =0,u =5 and for x =1/2, u=3

3 3
Surface Area:—/ z\ﬁdu:—Z gu%
s 4 4 ;

3
== (5v5 - 3v3)
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Calculating the Surface Area of a Surface of Revolution 2

Let f(x) = y = v/3x. Consider the portion of the curve where 0 < y < 2. Find
the surface area of the surface generated by revolving the graph of f(x) around
the y-axis.

Solution: Notice that we are revolving the curve around the y-axis, and the
interval is in terms of y, so we want to rewrite the function as a function of y.
We get x = g(y) = %y‘?’. The graph of g(y) and the surface of rotation are
shown in the following figure.

We have g(y) = 1y3, so g’(y) = y? and (g'(y))* = y*. Then,

_ ’ 2 _ -3 4
Surface Area—/ 2rg(y)vV 1+ (g'(y)) dy—/0 2 (3y > V14 y*dy

c

2r [?
:? y3\/1+y4dy.
0
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Area of a Surface of Revolution
00000008000

Solution part 2

Let u=y* + 1. Then du = 4y3dy. When y =0, u =1, and when y = 2,
u=17. Then

2 [? o 171
il v3V1+ytdy = il ~Vudu
3 Jo 3 ), 4
5 17
_ Tz 32
_6{3” ]1
™

:g[anw2—q.

Therefore, the surface area of the surface of revolution is § [(17)%/2 — 1].
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Calculating the Surface Area of a Surface of Revolution

Let g(y) = /9 — y? over the interval y € [0,2]. Find the surface area of the
surface generated by revolving the graph of g(y) around the y-axis.

Solution: Notice that we are revolving the curve around the y-axis. We are given
the function g(y) = /9 — ¥2, and we want to find the surface area generated by
revolving this curve around the y-axis.

The surface area of a surface of revolution can be found using the formula:

d
Surface Area = / 2mg(y)v 1+ (g'(y))? dy

c

We have g(y) = v/9 — y2, so g'(y) = _y

SurfaceArea—/ 2m4/9 — y“1+ dy /27r\/9 y,/

= 127.
0

7/ 27 - 3dy:67ry
0

Sl f € . _Mat_ . - 1A
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Area of a Surface of Revolution
00000000080

Key Concepts

@ The arc length of a curve can be calculated using a definite integral.

@ The arc length is first approximated using line segments, which
generates a Riemann sum. Taking a limit then gives us the definite
integral formula. The same process can be applied to functions of y.

@ The concepts used to calculate the arc length can be generalized to
find the surface area of a surface of revolution.

@ The integrals generated by both the arc length and surface area
formulas are often difficult to evaluate.
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Key Equations

Arc Length of a Function of x:

b
Arc Length = / 1+ [’”(X)]2 dx
a
d
Arc Length = / 14 [g’(y)]? dy
c

Surface Area of a Function of x revolved about the x-axis:

b
Surface Area = / 2mf (x)\/1 + [/ (x)]? dx

Ja

Arc Length of a Function of y:

Surface Area of a Function of x revolved about the y-axis:

b
Surface Area = / 27xy/1 + [/ (x)]? dx
a

Surface Area of a Function of y revolved about the y-axis:

d
Surface Area = / 2mg(y)y/1+ g’ (v)]? dy
c

Surface Area of a Function of y revolved about the x-axis:
d
Surface Area = / 2wy /1 + [g/ (y)]? dy
c
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