Generating Solvable Arc Length Problems

Champ Davis

Abstract

We present a structured approach to designing arc length problems in a Calculus II setting.
First, we explore methods for constructing functions f(z) such that

1+ [f'())?

factors as a perfect square, allowing for immediate simplification of the arc length integrand.
We then examine standard substitution techniques for cases where the radicand does not form
a perfect square but remains integrable through trigonometric, hyperbolic, or algebraic meth-
ods. Finally, we compare these approaches, highlighting their computational advantages and
pedagogical value in reinforcing key integration techniques.
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1 Introduction

The arc length of a curve y = f(x) between x = a and z = b is given by

b
L = / V14 [f(z)]? dx.
In many carefully designed problems, instructors choose f(x) such that

1+ [f'(2))?

is a perfect square, causing the square root to vanish and the integrand to reduce to a simple func-
tion. On the other hand, many standard textbook problems yield integrals like v/1 + 22, Va2 — 22,
or Va2 — a? that do not factor as perfect squares but are nonetheless solvable via standard substi-
tutions.

The goal of this article is to present systematic methods for generating both types of problems
and to discuss how each approach reinforces different integration techniques.

2 Background and Preliminaries

The arc length of a curve in two-dimensional Cartesian coordinates is a fundamental concept in
calculus. It allows us to measure the total distance traveled along a function y = f(z) between
two points. This section reviews the mathematical foundation of arc length, the conditions under
which the integral simplifies, and techniques used when direct simplification is not possible.

2.1 The Arc Length Formula

The arc length of a continuously differentiable function y = f(z) over the interval [a, b] is given by:
b
L= / VI @) de.
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This formula arises from the geometric interpretation of arc length as the sum of small line segments
approximating the curve.

To understand this result, consider partitioning the interval [a, b] into small subintervals [z;, z;41].
Over each subinterval, the function f(x) is nearly linear, and the distance between two consecutive
points on the curve can be approximated using the Pythagorean theorem.

If the horizontal distance between two points is Ax, and the vertical change is Ay, then the
length of the corresponding segment is:

(Az)? + (Ay)?.

Since the function is differentiable, the ratio ﬁ—g is approximately f’(x), so we write:

Ay ~ f'(z)Az.
Substituting this into the segment length formula:

V(A2 + (f/(2)Az)? = Azy/1+ [f/(2)].

Summing over all subintervals, the total arc length is approximated by:

> Ar/T+[f (=)

Taking the limit as Az — 0 gives the integral formula:

b
L —/ V14 [f(x))?de.

Thus, the arc length is obtained by integrating the local segment lengths along the curve.

2.2 Simplification via Perfect Squares

Evaluating the integral L = f; 1+ [f'(2)]? dz directly is often challenging. However, in special
cases, the integrand can be rewritten in a form that simplifies the computation. If the function
f(z) is chosen such that

1+ [f(2)]2 = (9(x))

for some function g(x), then the square root simplifies:

V1 [f'(@)]? = g(@).

Substituting this into the integral, we obtain:

v= [ owa

which is typically much easier to evaluate than the original integral.



Example of a Perfect Square Case Consider the function
f(z) =1n|cosz|.
Differentiating, we obtain
f(z) = %ln |cosz| = —tanz.
Computing the expression inside the arc length integral:
1+ [f'(2)]* = 1 + tan? z = sec® z.

2 is a perfect square, the arc length integral simplifies to

L:/\/sec2mdx:/secxdaz.

Since sec

This integral evaluates as
L =In|secz + tanz| + C.

Thus, choosing a function whose derivative results in a form that satisfies a known trigonometric
identity, such as 1 4 tan? z = sec? z, allows us to obtain a directly integrable expression.

2.3 Handling Non-Square Radicands

In many arc length problems, the expression 1+[f’(z)]? does not simplify to a perfect square. When
this occurs, evaluating the arc length integral requires additional integration techniques. The most
effective approaches rely on substitutions that transform the square root into a more manageable
form. The primary methods include:

e Trigonometric Substitution: This method is particularly useful when the radicand in-
volves quadratic expressions, as trigonometric identities can simplify sums and differences of
squares.

— If 1+ [f/(x)]? has the form 1+ 22, the substitution z = tan § transforms the radical into
sec? 0, eliminating the square root.

— If the expression takes the form a®

— 22, setting + = asinf converts the radicand to
a® cos? 0, again removing the square root.

— If the expression is x? — a?, choosing © = asecf simplifies the radical to a?tan?#),

reducing the problem to a standard integral.

e Hyperbolic Substitution: In some cases, hyperbolic functions provide a more natural
simplification. For example, when the radicand is of the form vz2 + 1, setting z = sinht
leads to Va2 +1 = cosht, converting the integral into one involving hyperbolic functions,
which often have straightforward antiderivatives.

e Algebraic Substitution: In certain cases, a direct algebraic transformation can simplify
the integral. For instance, if the integrand contains v/1 + 22, letting v = 1 + 2 allows for a
substitution that reduces the integral to a simpler power function. Similarly, other algebraic
manipulations, such as completing the square or rationalizing the denominator, can sometimes
lead to an elementary integral.



Each of these techniques is designed to transform the arc length integral into a more familiar or
elementary form. The appropriate choice of substitution depends on the structure of the radicand,
and recognizing which method to apply is a key skill in evaluating arc length integrals. In the
following sections, we explore these techniques in greater detail, providing systematic derivations
and worked examples for each case.

3 Perfect Square Methods

In this section, we review several methods that guarantee
/ 2 2
L+ [f'(@)] = (h(z))",
so that the arc length integrand becomes h(x).

3.1 The 6(z) Method

A useful method for constructing arc length problems involves defining the derivative of the function
in terms of a tangent function:

f(x) = tan(@(x)).

This choice is advantageous because the identity
1+ tan? 0(z) = sec? O(z)
immediately simplifies the arc length integrand. Specifically, the arc length expression becomes:
1+ [f'(z)]? = sec(8()).

Thus, if f'(x) is expressed as tan(f(z)), the integral reduces to a form involving sec(f(x)), which
is often easier to evaluate.

Example 3.1. Consider the case where 0(z) = x.
Solution. With 6(x) = z, we substitute into our definition:
f'(z) = tanx.

Integrating both sides gives:
flx) = /tanmdm = —In|cosz|+ C.

Since we set f/(z) = tanz, the arc length integrand simplifies to:
1+ [f"(z)]? = secx.

Thus, the arc length integral takes the form:

L= /sec:cdx =In|secx + tanz| + C.

5



Example 3.2. Let 0(z) = arctan .

Solution. If §(z) = arctan z, then differentiating gives:
f'(z) = tan(arctan z) = x.
Thus, integrating both sides:
f(m):/xdm:x;—l—c.
The arc length integrand simplifies to:
L+ @) = V1+a2

This leads to the well-known integral:
L:/\/l—i—mzdz.

Using the standard hyperbolic substitution z = sinht with dz = cosht dt, the result is:

1
L:g 1+ar2+§1n<x+ 1+x2>+C.

3.2 The A(z) Method

The A(x) method provides a systematic way to construct functions for which the arc length integral
simplifies naturally. The key idea is to choose any differentiable function A(z) # 0 and define the
derivative of f(x) as:
Az) —
fla) = ———2 (1)
This choice leads to a remarkable simplification in the arc length integrand. A straightforward

calculation shows:
A($)2 -2 + ﬁ

/ 2
@) = ——
so that )
Az)? + L5 +2 Az) +
1 + [f/(.%')]g — ( ) A(I)Z — ( ) A(m)
4 2
Thus, defining
A(x) + 1:0
9(a) = —5, (2)

we conclude that
L+ [f'(2)]? = g(=),
which directly simplifies the arc length integral to

L= / o) da.

This method is particularly useful because it guarantees that the arc length function is immediately
integrable, making it a powerful technique for generating solvable arc length problems.

We now explore several choices for A(x), illustrating how different selections lead to different
types of solvable arc length integrals.



Example 3.3. Let A(xz) = ¢€”

Solution. Substituting A(z) = ¢* into (1)), we obtain:

, et —e *
Integrating both sides,
et — e T eL L e T
f(z) = / 5 dx = 5 +C
Since )
T —X
L rEr = (S5 )
it follows that .
TR =
Thus, the arc length integral is
et +e7 " et —e "
/ 5 x 5 +C
Example 3.4. Let A(x) =z (with = # 0).
Solution. Substituting A(z) = z into (1)),
iy =P w 1
fo)=—="=5"5
Integrating term-by-term,

- 2
f(w)=/<2—21$>dw=
Since

z+ 1 ’
1+u%m2=< 2$>,
the arc length integral simplifies to

T —1—% 2?2 1
L—/ 5 dx—z+§ln\x|+0.
Example 3.5. Let A(z) = 1+ 22

Solution. Substituting A(z) = 1 + 22,

Simplifying,




Integrating term-by-term,

) = % (/(1+:c2)d:c—/ljl_mx2>.

3 d
/(1 +2%)dr =z + 3; , / T +$x2 = arctanz,

Since

we obtain
1 3
f(z) = 5 x+ 5 arctanz | + C.
Example 3.6. Let A(x) = secz.

Solution. Substituting A(x) = secz,

Secxr — CoS™

f@) =2

Using known integrals,
/secxdw=ln\secx+tanx|, /cosxda::sina:,

we find
[In|secx + tanz| — sinz] + C.

| =

flz) =
Example 3.7. Let A(x) = \/z with = > 0.

Solution. Substituting A(z) = /x,

212 _ p—1/2

2

f(z) = % (/ 2 dx — /x_l/de) .

/xl/Qd:U = ;JJS/Q, /m_1/2d$ = 2x1/2,

fl(a) =

Integrating term-by-term,

Since

we obtain )
flx) = §x3/2 — 24 C.

3.3 The Rational Parameterization Method

The rational parameterization method provides a systematic approach to constructing functions
f(z) whose arc length integrals simplify naturally. The key idea is to introduce a differentiable
function ¢(x) and define the derivative of f(z) as:
2t(x)
—t

f/(.%‘): 1 (1’)2



This choice leads to a remarkable simplification in the arc length integrand. A straightforward
computation shows:
2
1+ t(x)?
1 ") = —% ) .
L = (e
Thus, the arc length function reduces to:

5 1 + t(x)?

L+ [f'(2)]? = Tt

This ensures that the arc length integral is immediately computable by integrating a rational
function.
Computable Examples

The following examples illustrate different choices for ¢(x), showing how this method systematically
generates solvable arc length problems.

tx) | flx) f'(@) L+ [f/(2)]?
z | —Injl-2?+C 2, L2
2
z 2 4 4
5 | 2?4 C e, 1_%
2 | 3m9—a+C 55 i
3 1=
— 14+e= % 2~ 1+ —2z
e” | —In ‘ == | +C I R
sinz | 2seca + C Zsins Lisin’s
1 212 I+ —L
1 2)2 -1+ C Aetd) —G?
2 | ‘(az +2) | + (z+2)2—1 - o2

Table 1: Arc length simplifications for polynomial, exponential and trigonometric parameter
choices.

The rational parameterization method systematically constructs solvable arc length problems
by selecting an appropriate function ¢(z). The method ensures that the arc length integrand reduces
to a rational expression, leading to computable integrals. As seen in the examples, different choices
of t(x) produce a wide variety of elementary solutions, making this a powerful tool in the study of
arc length computations.

4 Standard Substitutions (Non-Square but Integrable)

Not all arc length problems yield a perfect square under the square root. Many result in expres-
sions that, while not immediately simplifying, can still be evaluated using standard substitution
techniques. In this section, we explore three primary approaches:



1. Trigonometric substitutions, used for expressions containing sums and differences of
squares.

2. Direct algebraic substitutions, used when the integrand can be transformed into a simpler
form.

3. Classical forms, including semicircles and hyperbolic substitutions.

Each technique is illustrated with examples to demonstrate its application.

4.1 Trigonometric Substitutions

Trigonometric substitution is a powerful technique used to evaluate integrals containing square root
expressions of the forms va2 — 22, V22 — a2, and V1 + 22. These expressions often arise in arc
length computations due to the presence of the derivative squared within the integral.

The key idea behind trigonometric substitution is to express x in terms of a trigonometric
function so that the resulting radical simplifies using known trigonometric identities. This method
is particularly useful when the radicand resembles the Pythagorean identities:

1—sin?6 = cos®6, tan?0+1 =sec’f, cosh®t—sinh?¢ = 1.

Below, we systematically explore three cases where trigonometric substitution is beneficial.

4.1.1 Case 1: va? — 22 (Circular Segment)
For expressions of the form va? — 2, we use the substitution:
x=asinf = dr=acosfdf.

Applying this substitution, the square root simplifies as follows:
Va2 — 22 = 1/a2(1 —sin?0) = Va2 cos? ) = acosb.

Example 4.1. Find the arc length of the upper semicircle of radius a, given by f(x) = va
over —a < x < a.

2 _ g2

Solution. Using the arc length formula,

i [ VT @R d,

—T

we first compute the derivative: f'(x) = Nt which gives

x? a?

L+ [f@P =1+ 53— =53

Thus, the integral simplifies to L = ffa \/ﬁ dx. Substituting z = asinf, we get dr = acos df
and va? — 22 = acos 6, reducing the integral to

™

2
L:/ adf.

s
2

Evaluating, we find L = a(5 — (—%)) = am, confirming the expected half-circumference of a circle.
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4.1.2 Case 2: V22 — a2 (Hyperbolic Form)
For expressions of the form vz2 — a2, we use the substitution:
xr=asecld = dr=asecHtanfdb.
Applying this substitution, the square root simplifies as follows:
V22— a? = Va2sec?f — a2 = a?(sec?f — 1) = atanb.
Example 4.2. Evaluate the arc length of the function f(z) = V22 — a2 for z > a.

Solution. Using the arc length formula,

L= [VITF@Pd

we differentiate f(z) to obtain f’(z) S0

Va2—a?’
2 2 _ 2
12 T 227 —a
1+ [f'(z)] _1+x2—a2_ 2 _ a2

This simplifies the integral to L = [ \/ﬁ dz. Using the substitution x = asecf, we compute
dr = asecftanfdf and vx? — a? = atanf, transforming the integral into

L:/asece -asecftanfdo.

atan6

Canceling terms, we obtain L = [ asec® § df, which integrates directly as L = atan §+C. Reverting
N

a

to x, we use tanf = , yielding

L=+v2z2—-a2+C.

Thus, the arc length integral has been reduced to an elementary form, completing the solution.

4.1.3 Case 3: V1 + 22 (Hyperbolic Form)
For expressions of the form v/1 + 22, we use the substitution:
z =sinht = dx = coshtdt.
Applying this substitution, the square root simplifies as follows:
\/1 + 22 = \/1 + sinh?t = cosht.
Example 4.3. Evaluate the arc length of the function:
f(z) =In(v/1+ 22 + ).

Solution: Differentiating;:

B T+ V14 x?
1422+ 2v1+ 22

2
2
L:/ 1+< ztvite )dw.

f'(x)

The arc length integral:

1+ 22+ 2v1 + 22

Using x = sinh ¢, we simplify the integral to an elementary hyperbolic function evaluation.
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4.2 Summary

Trigonometric substitution provides a systematic approach for evaluating integrals involving radical
expressions. The key takeaways include:

e Use z = asin@ for va? — x2, which simplifies to a cos .
e Use x = asec# for vz2 — a2, which simplifies to a tan 6.
e Use x = sinht for v/1 + 22, which simplifies to cosht.

These techniques provide essential tools for solving arc length integrals in a variety of scenarios.

4.3 Direct (Algebraic) Substitutions

In certain cases, an arc length integral can be simplified through a straightforward algebraic substi-
tution, eliminating the need for trigonometric or hyperbolic transformations. These cases typically
arise when the radicand in the integral takes the form of a simple polynomial expression, allowing
for direct substitution techniques that reduce the integral to an elementary form.

_2,3/2

Example 4.4. Evaluate the arc length of the function f(z) = 3

Solution. The arc length formula gives
L= / V14 [f(x))?da.

, so the integral simplifies to

L:/\/l—i—xdaz.

Differentiating, we find f'(z) = z'/2

Using the substitution u = 1 4+ z with du = dx, we rewrite the integral as L = [ /udu. Since
Vu = u'/2, integrating gives

2
L= §U3/2 + C

Substituting back © = 1 + z, we obtain the final result:
2
L= §(1 +z)%? +C.

Example 4.5. Evaluate the arc length of the function f(z) = 52°.

Solution. Using the arc length formula,

L= [VI+ @

we differentiate to get f’(z) = =, so the integral simplifies to L = [v/1+ z?dz. Substituting
u =1+ x? with du = 2z dz, we rewrite the integral as

I— \/ﬂdu.
2x

12



Since x = v/u — 1, this becomes

L—/ ul/? du
) 2Vu—-1

Using partial fraction decomposition and standard integration techniques, we obtain

+C.

L:% [(U_;)M—I—ln(u—kvu—l)

Substituting back u = 1 + 2, we conclude with

3

L:;[Z+ln(1+x2+x)] +C.

Example 4.6. Evaluate the arc length of the function f(x) = %xQ + .

Solution. Using the arc length formula,

L= [VI+F@Pd

we differentiate to get f'(z) = x + 1, so the integral simplifies to
L:/\/1+($—|—1)2d$:/\/$2+2$—|—2d1‘.

Completing the square in the radicand, we rewrite 22 + 2z + 2 = (2 + 1)2 + 1, suggesting the
substitution u = x + 1, which gives du = dz. Rewriting the integral in terms of u, we obtain

L:/\/u2—|—1du.

Using the hyperbolic substitution u = sinh ¢ with du = cosh t dt, we simplify the integral and solve,

yielding
1
L= 5 [u\/uQ—l—l—i—ln(u—i— u2+1>} +C.
Substituting back © = z 4+ 1, we conclude with

L:%{(x+1)\/m+ln<(x+l)+ (9:+1)2+1>] +C.

Example 4.7. Evaluate the arc length of the function f(z) = %

Solution. Using the arc length formula,
L= [VIT @
we differentiate to get f'(x) = 22, so the integral simplifies to

L:/\/1+x4dx.

13



Introducing the substitution u = 1 + 2* with du = 423 dx, we rewrite the integral as

du
L= / Vi
Since 23 = %#, we substitute into the integral:
I— / _ulZdu
4. (uzgl/)f/“ '
Simplifying,

1
L= m /Ul/Q(u — 1)_3/4 du.

Rewriting in exponent notation,

1
= 41/4/u1/2(u— 1) 73/ du.

Using the substitution v = u — 1, so that dv = du, we rewrite u = v + 1 and obtain

/(v + 1)Y273 gy,

L

1
L:m

Expanding using the binomial sum,

L:411/4/<v1/2+v_3/4> dv.

Evaluating each term separately,
/v1/2 dv = gvg/Q, /v_3/4 dv = %01/4.

Substituting back v = u — 1 = z*, we get

_ 1 4\3/2 4\1/4
Simplifying further,
1 |2 4
Thus, the final result is
2 4
L= 25 + z+C
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4.3.1 General Considerations for Direct Substitution

Direct substitutions are particularly effective in arc length problems when the radicand is a linear or
quadratic polynomial. Some general principles for identifying suitable direct substitutions include:

e If the radicand is of the form 1 + =™, consider a substitution v =1 + z".
e If the radicand follows the form x 4+ ¢, a simple shift © = x 4+ ¢ may suffice.

e In cases where polynomial expressions appear in a nested radical, rewriting the expression in
terms of an appropriate power function can often simplify the integral.

e If the radicand contains a perfect square term (e.g., 22 + ¢), consider completing the square
or using a variable shift.

While algebraic substitution does not apply to all arc length problems, recognizing these cases
can lead to significant simplifications and provide a more direct path to evaluation.
4.4 Semicircular and Other Classical Forms

Certain arc length problems naturally lead to integral forms that are well-known and have standard
solutions. These cases often arise from geometric curves such as semicircles and hyperbolic curves,
whose derivatives produce radicands that can be recognized as classical integral types. In this
section, we examine two primary cases:

1. The Semicircular Arc: Functions of the form f(z) = v/r? — 22 lead to radicands that can be
evaluated directly via trigonometric substitution.

2. Hyperbolic Forms: Functions such as f(z) = vx2 — a? arise in certain problems, and their
arc length integrals reduce to standard hyperbolic or logarithmic forms.

4.4.1 Case 1: Arc Length of a Semicircle

Example 4.8. Find the arc length of the upper semicircle of radius r:

f(x):\/m, —r<z<r.

Solution: Compute the derivative:

'

Computing the radicand:

15



Rewriting:
- 2 r2
r2 _ g2 g2

— 22
Thus, the integral simplifies to:

T T2 T r
L:/T\/TQ_dea::/rﬁ_xzdx.

Using the substitution = rsin#, so that dx = r cos @ df), we obtain:

V1?2 — 22 = rcosé.

Substituting into the integral:

This simplifies to:

Evaluating:
— 02, = (Z (=X ) -
L 7”{9],% 1"(2 ( 2) rw
Thus, the arc length of the semicircle is:
L=rm,

which is the expected half-circumference of a circle.

4.4.2 Case 2: Arc Length of a Hyperbolic-Type Curve
Example 4.9. Find the arc length of the function:

flx)=+a?—a? z>a.

Solution: Compute the derivative:

beon x
£2) = g
The arc length integral is:
L / e < - )2 d
= —_— x.
u V72 — a2
Simplifying the radicand:
- e a2 —a?+a? 227 —d?
r2—a?  22—a?2 @ 22—a?’

16



Rewriting:
b 2 b
x x
a z? — a? a V x2 — a?
Using the substitution x = asec#, so that:

dx = asecftanf db,

we compute:
Va?—a?2=+a’sec?0 —a? = \/a®(sec? — 1) = atanf.

Rewriting the integral:

L= / asec@e -asecOtanddb.

atan
Simplifying:
L= /asec20d0.
Since:
/se(:2 0 df = tan0,
we obtain:
L=atanf+ C.
Rewriting in terms of x:
2 2
L:aix —a = :1:2—(12
a

Thus, the arc length from x = a to x = b is:

L:\/b27a2f\/a27a2:\/b27a2.

4.4.3 General Considerations for Classical Forms

The cases examined in this section illustrate the power of recognizing classical integral forms in arc
length problems. Some general observations:

e Semicircle Case: When the function is a semicircle, trigonometric substitution with x = rsin 6
simplifies the integral directly.

e Hyperbolic Case: Functions of the form f(z) = vx? — a? naturally suggest hyperbolic or
logarithmic substitutions.

e General Techniques: If the function involves the square root of a difference of squares, look
for trigonometric substitution; if it involves the square root of a sum of squares, consider
hyperbolic substitution.

Recognizing these classical forms allows for efficient problem-solving and deeper insight into the
geometry of the curves involved.

17



4.5 Summary
e Trigonometric substitutions simplify square roots involving sums and differences of squares.

e Direct algebraic substitutions help in cases where the expression can be rewritten in terms of
a single variable.

e Classical problems like semicircles and hyperbolic functions offer useful alternative techniques.

5 Problem Set: Computing Arc Length Using Perfect Square
Methods

For each of the following functions f(z), compute the arc length over the specified interval. All
functions are constructed using techniques from Part I: Perfect Square Methods, ensuring that the
arc length integral simplifies.

5.1 Problems Using the 0(x) Method
Example 5.1. Compute the arc length of the function

f(z) = —In|cosz|

over the interval z € [0, 7].

Example 5.2. Find the arc length of the function

over the interval z € [0, 1].

Example 5.3. Evaluate the arc length of the function

Fla) = 5 (1 +?)

over the interval z € [0, 2].

5.2 Problems Using the A(x) Method
Example 5.4. Compute the arc length of the function

f(z) = coshz
over the interval z € [0, 1].

Example 5.5. Find the arc length of the function

x2 1
f(:c):z—§ln]a:\

over the interval z € [1, 3].
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Example 5.6. Evaluate the arc length of the function

1 3
f(z) = B (x + % - arctan;r)

over the interval z € [0, 1].
Example 5.7. Compute the arc length of the function
_losn ap
f(z) = 3% x
over the interval z € [1,4].

Example 5.8. Find the arc length of the function

fle) = 5+ 22— (14 2)2

over the interval z € [0, 2].

5.3 Problems Using the Rational Parameterization Method

Example 5.9. Compute the arc length of the function
f(@) = —In[1 - 22

over the interval z € [—3, 3].

Example 5.10. Find the arc length of the function
f(z) = —2In |4 — 22|
over the interval z € [—1,1].
Example 5.11. Evaluate the arc length of the function
f(z) = —31n9 — 27|
over the interval z € [—2,2].

Example 5.12. Compute the arc length of the function

1+e™®
1—e*

f@) = ~1n

over the interval z € [0,1n 2].

Example 5.13. Find the arc length of the function
f(x) =2secx

over the interval z € [0, J].

Example 5.14. Evaluate the arc length of the function
f(@)=In|(z + 2)? — 1|

over the interval z € [0, 2].
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5.4 Challenge Problems

Example 5.15. Let f(z) be a function whose derivative satisfies
2t(x)

1—t(x)?

Determine a choice of #(z) that results in an elementary arc length integral. Compute the corre-
sponding arc length over an appropriate interval.

() =

Example 5.16. Find a function f(x) such that the arc length integral takes the form:

1 2
L:/ T dx.

1— 22
Verify your result by computing the arc length explicitly over x € [—%, %]

Example 5.17. Find a choice of A(z) such that the arc length of the function

results in a rational integral. Compute the corresponding arc length over an interval of your choice.

6 Problem Set: Computing Arc Length Using Substitution Tech-
niques

The techniques discussed in this section—trigonometric substitution, direct algebraic substitution,
and classical forms—arise frequently in arc length computations. Below, we present a collection of
standard problems that illustrate the practical application of these techniques.

Each problem is categorized according to the appropriate substitution strategy required for its
solution.

6.1 Problems Involving Trigonometric Substitutions

1. Compute the arc length of the quarter-circle curve:

flx)=vV4—2%2 0<z<2
(Hint: Use the substitution v = 2sin@).

2. Find the arc length of the function:

fla) = 5%

0<x<1.

(Hint: The integral involves V1 + x2, which suggests the substitution x = sinht).
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6.2

6.3

. Evaluate the arc length of the function:

flx)=+v22-9, x>3.

(Hint: The integral contains v/x? — a?, suggesting the substitution x = 3sec ).

. Compute the arc length of the function:

f(z) =In(coshz), 0<z<1.

(Hint: The derivative simplifies to tanhx, and the integral involves hyperbolic identities).

Problems Involving Direct (Algebraic) Substitutions

. Compute the arc length of the function:

(Hint: The integral contains /1 + x, suggesting the substitution u =1+ x).

. Find the arc length of the function:

0<xr<1.

(Hint: The integral involves \/1 + x4, suggesting the substitution u = 1 + z*).

. Evaluate the arc length of the function:

1
f(x):§x2+:v, 0<z<2.

(Hint: Completing the square in the radicand simplifies the integral, making substitution
easier).

Problems Involving Classical Forms

. Compute the arc length of the upper semicircle of radius r:

fl@)=vr2—22, —r<z<r

(Hint: Trigonometric substitution with x = rsin@ simplifies the integral).

. Compute the arc length of the function:

flx)=Va?—a? z>a.

(Hint: The integral contains vV x? — a2, suggesting the substitution © = asecf).

. Compute the arc length of the catenary curve:

f(z) =coshz, —-1<z<1.

(Hint: The integral simplifies using hyperbolic identities).
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6.4

1.

Generalized Challenge Problems

Find the arc length of a general parabolic curve:
flz)=—, 0<zx<1.

(Hint: Consider different values of n and determine whether algebraic or trigonometric sub-
stitution is appropriate).

. Compute the arc length of the function:

fley=e"—e™, 0<z<In2.

(Hint: This function is the hyperbolic sine function, so use hyperbolic identities).

. Evaluate the arc length of the function:

f(z) = éln(m + Va2 +a?).

(Hint: The derivative simplifies to a hyperbolic form).
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7 Comparison and Pedagogical Implications

7.1 Comparison of Approaches

The methods discussed in this work can be broadly categorized into Perfect Square Problems and
Standard Substitution Problems. KEach approach offers distinct computational advantages and
pedagogical insights, making them complementary in a well-rounded calculus curriculum.

e Perfect Square Problems: These problems are carefully constructed so that the expression
under the square root, 1 + [f’(z)]?, simplifies to a perfect square, reducing the arc length
integral to a direct integral of the form

L= /g(:ﬁ) dz.

This method reinforces algebraic techniques, as the function f(z) must be deliberately chosen
or parameterized to ensure that the radicand is a perfect square. Additionally, the ease of
evaluation makes these problems suitable for early exposure to arc length computations.

e Standard Substitution Problems: When the radicand is not a perfect square but remains
integrable through classical methods (such as trigonometric, hyperbolic, or algebraic substitu-
tion), the arc length integral requires a systematic transformation. For example, expressions
of the form

V1+a22, Va2-—22, or 72 —a?

can be tackled using trigonometric substitutions like z = tanf, x = asinf, or x = asec¥,
respectively. These problems provide a bridge between elementary arc length integrals and
more general integration techniques, reinforcing a student’s ability to recognize and apply
appropriate transformations.

Both approaches serve valuable pedagogical roles. While Perfect Square Problems highlight the
synergy between differentiation and algebraic structure, Standard Substitution Problems strengthen
integration skills and deepen understanding of function transformations.

7.2 Pedagogical Recommendations

A well-designed instructional sequence should incorporate both problem types, ensuring students
develop fluency in recognizing solvable arc length integrals while reinforcing key integration tech-
niques.

1. Use perfect square problems to highlight the interplay between algebra and cal-
culus. In introductory lessons on arc length, perfect square cases provide an ideal starting
point. These problems allow students to focus on the fundamental structure of the arc length
formula before introducing the complexities of substitution techniques. Additionally, they
demonstrate how careful function selection can lead to elegant simplifications.

2. Include standard substitution problems to reinforce fundamental substitution
skills. Once students are comfortable with elementary arc length integrals, introducing
substitution-based problems encourages the recognition of standard integrable forms. Trigono-
metric and hyperbolic substitutions naturally extend from previous integration coursework,
helping students connect arc length problems to broader problem-solving strategies.
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3. A balanced problem set exposes students to both types of integrals. Assigning a
variety of problem types ensures students develop intuition for recognizing solvable arc length
integrals. Some problems should be designed for direct integration (e.g., those using the (x)
or A(z) methods), while others should require a substitution strategy. Additionally, challenge
problems can be constructed where students must determine whether the radicand simplifies
directly or requires transformation.

4. Encourage exploration of function parameterization. Instructors can introduce ex-
ercises where students construct their own functions f(x) that lead to integrable arc length
problems. For example, prompting students to derive functions for which 1 + [f/(z)]? is
a perfect square reinforces algebraic manipulation and strengthens their understanding of

differentiation.

5. Bridge the gap between conceptual understanding and computational fluency. Arc
length problems provide an opportunity to synthesize multiple areas of calculus. By structur-
ing lessons to progressively introduce complexity—from perfect squares to substitution-based
approaches—students gain both a conceptual foundation and a practical skill set. Addition-
ally, presenting problems in geometric and applied contexts (e.g., determining the length of
curves in physics or engineering scenarios) helps students appreciate the real-world relevance
of arc length calculations.

7.3 Conclusion

The study of arc length problems in a Calculus II setting serves multiple pedagogical objectives.
Perfect square techniques provide an accessible introduction, emphasizing algebraic structure and
strategic function selection. Substitution-based techniques reinforce fundamental integration strate-
gies, encouraging students to recognize standard transformation patterns. A well-structured cur-
riculum that includes both approaches ensures that students develop a deep and flexible understand-
ing of arc length computations, preparing them for more advanced applications in mathematics,
physics, and engineering.
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