
COMPREHENSIVE 
SPRING DESIGN

7.1 INTRODUCTION TO SPRING DESIGN

Springs are among the most important and most often used mechanical components. Many
mechanisms and assemblies would be virtually impossible to design and manufacture without
the use of springs in one form or another. There are many different types of springs and spring
materials. We will cover all the most important and common types and forms which are
designed and manufactured today. See Fig. 7.1 for typical springs.

Spring types or forms are summarized as follows.

7.1

FIGURE 7.1 Samples of typical springs.
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1. Compression springs, straight and conical
a. Round wire
b. Square wire
c. Rectangular wire

2. Extension springs, straight
a. Round wire

3. Torsion springs
a. Round wire
b. Square wire

4. Coil springs, spiral
5. Leaf springs

a. Cantilever
b. Both ends supported (beam)

6. Spring washers
a. Curved
b. Wave

7. Hair springs, very light load
8. Torsion bars
9. Belleville washers (disk springs)

Considerations Prior to the Spring Design Process. It is important when designing springs
to adhere to proper procedures and design considerations. Some of the important design con-
siderations in spring work are outlined here.

1. Selection of material for spring construction
a. Space limitations: Do you have adequate space in the mechanism to use economical

materials such as oil-tempered ASTM A229 spring wire? If your space is limited by
design and you need maximum energy and mass, you should consider using materials
such as music wire, ASTM A228 chrome vanadium or chrome silicon steel wire.

b. Economy: Will economical materials such as ASTM A229 wire suffice for the intended
application?

c. Corrosion resistance: If the spring is used in a corrosive environment, you may select mate-
rials such as 17-7 PH stainless steel or the other stainless steels (301, 302, 303, 304, etc.).

d. Electrical conductivity: If you require the spring to carry an electric current, materials
such as beryllium copper and phosphorous bronze are available.

e. Temperature range: Whereas low temperatures induced by weather are seldom a consid-
eration, high-temperature applications will call for materials such as 301 and 302 stain-
less steel, nickel chrome A286, 17-7 PH, Inconel 600, and Inconel X750. Design stresses
should be as low as possible for springs designed for use at high operating temperatures.

f. Shock loads, high endurance limit, and high strength: Materials such as music wire,
chrome vanadium, chrome silicon, 17-7 stainless steel, and beryllium copper are indi-
cated for these applications.

2. General spring design recommendations
a. Try to keep the ends of the spring, where possible, within such standard forms as closed

loops, full loops to center, closed and ground, and open loops.
b. Pitch. Keep the coil pitch constant unless you have a special requirement for a variable-

pitch spring.
c. Keep the spring index [mean coil diameter, in/wire diameter, in (D/d)] between 6.5 and

10 wherever possible. Stress problems occur when the index is too low, and entangle-
ment and waste of material occur when the index is too high.

d. Do not electroplate the spring unless it is required by the design application. The spring
will be subject to hydrogen embrittlement unless it is processed correctly after electro-
plating. Hydrogen embrittlement causes abrupt and unexpected spring failures. Plated
springs must be baked at a specified temperature for a definite time interval immediately
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after electroplating to prevent hydrogen embrittlement. For cosmetic and minimal cor-
rosion protection, zinc electroplating is generally used, although other plating such as
chromium, cadmium, and tin are also used per the application requirements. Die springs
usually come from the die spring manufacturers with colored enamel paint finishes for
identification purposes. Black oxide and blueing are also used for spring finishes.

3. Special processing either during or after manufacture:
a. Shot peening improves surface qualities from the standpoint of reducing stress concen-

tration points on the spring wire material. This process can also improve the endurance
limit and maximum allowable stress on the spring.

b. Subjecting the spring to a certain amount of permanent set during manufacture elimi-
nates the set problem of high energy versus mass on springs that have been designed
with stresses in excess of the recommended values. This practice is not recommended
for springs that are used in critical applications.

4. Stress considerations: Design the spring to stay within the allowable stress limit when the
spring is fully compressed or “bottomed.” This can be done when there is sufficient space
available in the mechanism, and economy is not a consideration. When space is not avail-
able, design the spring so that its maximum working stress at its maximum working deflec-
tion does not exceed 40 to 45 percent of its minimum yield strength for compression and
extension springs and 75 percent for torsion springs. Remember that the minimum tensile
strength allowable is different for differing wire diameters; higher tensile strengths are
indicated for smaller wire diameters. See Table 7.3 in Sec. 7.12.2 indicating the minimum
tensile strengths for different wire sizes and different materials. See also Chap. 4.

Direction of Winding on Helical Springs. Confusion is sometimes caused by different
interpretations of what constitutes a right-hand- or left-hand-wound spring. Standard practice
recognizes that the winding hand of helical springs is the same as standard right-hand screw
thread and left-hand screw thread. A right-hand-wound spring has its coils going in the same
direction as a right-hand screw thread and the opposite for a left-hand spring. On a right-hand
helical spring, the coil helix progresses away from your line of sight in a clockwise direction,
when viewed on end. This seems like a small problem, but it can be quite serious when design-
ing torsion springs, where the direction of wind is critical to proper spring function. In a tor-
sion spring, the coils must “close down” or tighten when the spring is deflected during normal
operation, returning to its initial position when the load is removed. If a torsion spring is oper-
ated in the wrong direction, or “opened” as the load is applied, the working stresses become
much higher and the spring could fail. The torsion spring coils also increase in diameter when
operated in the wrong direction and likewise decrease in diameter when operated in the cor-
rect direction. See equations under torsion springs for calculations which show the final diam-
eter of torsion springs when they are deflected during operation.

Also note that when two helical compression springs are placed one inside the other for a
higher combined rate, the coil helixes must be wound on hands opposite from one another.
This prevents the coils from jambing or tangling during operation. Compression springs
employed in this manner are said to be in parallel, with the final rate equal to the combined
rate of the two springs added together. Springs that are employed one atop the other or in a
straight line are said to be in series, with their final rate equal to 1 divided by the sum of the
reciprocals of the separate spring rates.

Example. Springs in parallel:

Rf = R1 + R2 + R3 + ⋅ ⋅ ⋅ + Rn

Springs in series:

= + + + ⋅ ⋅ ⋅ +

where Rf = final combined rate; R1, 2, 3 = rate of each individual spring.

1
�
Rn

1
�
R3

1
�
R2

1
�
R1

1
�
Rf
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In the following subsections, you will find all the design equations, tables, and charts
required to do the majority of spring design work today. Special springs such as irregular-
shaped flat springs and other nonstandard forms are calculated using the standard beam
equations and column equations found in other sections of the handbook, or they must 
be analyzed using involved stress calculations or prototypes made and tested for proper
function.

7.1.1 Spring Design Procedures

1. Determine what spring rate and deflection or spring travel is required for your particular
application. Also, determine the energy requirements.

2. Determine the space limitations in which the spring is required to work and try to design
the spring accordingly, using a parallel arrangement if required, or allow space in the
mechanism for the spring per its calculated design dimensions.

3. Make a preliminary selection of the spring material that is dictated by the application or
economics.

4. Make preliminary calculations to determine wire size or other stock size, mean diameter,
number of coils, length, and so forth.

5. Perform the working stress calculations with the Wahl stress correction factor applied, to
see if the working stress is below the allowable stress.
a. The working stress is calculated using the appropriate equation with the working load

applied to the spring. The load on the spring is found by multiplying the spring rate
times the deflection length of the spring. Thus, if the spring rate was calculated to be
25 lbf/in and the spring is deflected 0.5 in, the load on the spring is 25 × 0.5 = 12.5 lbf.

b. The maximum allowable stress is found by multiplying the minimum tensile strength
allowable for the particular wire diameter or size used in your spring times the appro-
priate multiplier. (See Table 7.3 in Sec. 7.12.2 for minimum tensile strength allowables
for different wire sizes and materials and the appropriate multipliers.) For example, you
are designing a compression spring using 0.130-in-diameter music wire, ASTM A228.
The allowable maximum stress for this wire size is

0.45 × 258,000 = 116,100 psi (see Table 7.3)

(Note: A more conservatively designed spring would use a multiplier of 40 percent
(0.40), while a spring that is not cycled frequently can use a multiplier of 50 percent
(0.50), with the spring possibly taking a slight set during repeated operations or cycles.
The multiplier for torsion springs is 75 percent (0.75) in all cases and is conservative.

c. If the working stress in the spring is below the maximum allowable stress, the spring is
properly designed relative to its stress level during operation.

d. Remember that the modulus of elasticity of spring materials diminishes as the working
temperature rises. This factor causes a decline in the spring rate. Also, working stresses
should be decreased as the operating temperature rises. Table 7.2 in Sec. 7.12.1 shows
the maximum working temperature limits for different spring and spring wire materials.
Only appropriate tests will determine to what extent these recommended limits may be
altered.

7.2 COMPRESSION AND EXTENSION SPRINGS

This section contains formulas for various kinds of compression and extension springs. Sym-
bols contained in the formulas are explained in Sec. 7.2.5.1.
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Round Wire. Rate:

R, lb/in = � transpose for d, N, or D

Torsional stress:

S, total corrected stress = � transpose for D, P, or d

Wahl curvature-stress correction factor:

Ka = + where C =

Square Wire. Rate:

R = � transpose for t, N, or D

Torsional stress:

S, total corrected stress � transpose for D, P, or t

Wahl curvature-stress correction factor:

Ka1 = 1 + + + where C =

Rectangular Wire. Rate (see Fig. 7.2 for factors K1 and K2 ):

R = K2� transpose for b, t, N, or D

Torsional stress, corrected:

S = β� transpose for P or D

β is obtained from Fig. 7.2

7.2.1 Solid Height of Compression Springs

Round Wire. Refer to Sec. 7.2.3.

Square and Rectangular Wire. Because of distortion of the cross section of square or rect-
angular wire when the spring is formed, the compressed solid height can be determined from

t′ = 0.48 t � + 1�
where t′ = new thickness of inner edge of section in the axial direction, after coiling

t = thickness of section before coiling
D = mean diameter of the spring

o.d.
�

D

PD
�
bt�b�t�

Gbt 3

�
ND3

D
�
t

0.5
�
C 3

0.56
�
C 2

1.2
�
C

2.4Ka1DP
��

t 3

Gt4

�
5.6ND3

D
�
d

0.615
�

C
4C − 1
�
4C − 4

8KaDP
�

πd 3

Gd 4

�
8ND3
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7.2.2 Initial Tension in Close-Wound Extension Springs

First, calculate torsional stress Si due to initial tension P1 in

Si =

where P1 = initial tension, lbs.
Second, for the value of Si calculated and the known spring index D/d, determine on the

graph in Fig. 7.3 whether Si appears in the preferred (shaded) area.
If Si falls in the shaded area, the spring can be produced readily. If Si is above the shaded

area, reduce it by increasing the wire size. If Si is below the shaded area, select a smaller wire
size. In either case, recalculate stress and alter the number of coils, axial space, and initial ten-
sion as necessary.

8DP1�
πd 3

FIGURE 7.2 Design factors for K1, K2, and β.
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7.2.3 Active Coils (Compression Springs)

Style of ends may be selected as follows:

● Open ends, not ground; all coils are active.
● Open ends, ground; one coil inactive; N − 1 coils (where N = the total number of coils in the

spring).
● Closed ends, not ground; two coils inactive; N − 2 coils.
● Closed ends, ground; two coils inactive; N − 2 coils.

7.2.4 Conical Compression Springs

Conical compression springs are calculated as follows (Fig. 7.4):

1. Assuming that the spring is to have equal pitch (distance between coils), find the average
geometric mean diameter from

FIGURE 7.3 Torsional stress due to initial tension in extension springs.
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Dm =

where D1 = mean diameter of the top coil and D2 = mean diameter of the bottom coil.
2. The spring rate may now be found from

R = � transpose for d, N, or Dm

and the stress from

S = � transpose for d, P, or Dm

where Dm = geometric mean diameter. Note that when the spring is deflected until the
working bottom coil is bottomed, the equations are no longer valid because the rate will
change to a higher value.

7.2.5 Spring Energy Content

The potential energy which may be stored in a deflected compression or extension spring is
given as

Pe, in ⋅ lb = by integration

where R = rate of the spring in lb/in, lb/ft, N/m
s = distance spring is compressed or extended, in, ft, m

Pe = ft ⋅ lb, J

Rs2

�
2

8KaDmP
�

πd 3

Gd4

�
8NDm

3

D1 + D2�
2

FIGURE 7.4 (a) Conical spring dimensions; (b) typical conical spring.

(a) (b)

Victory Spring Ltd. - Edmonton Alberta



Example. A compression spring with a rate of 50 lb/in is compressed 4 in. What is the
potential energy contained in the loaded spring?

Pe = = 400 in ⋅ lb or 33.3 ft ⋅ lb

Thus, the spring will perform 33.3 ft ⋅ lb of work energy when released from its loaded posi-
tion. Internal losses are negligible. This procedure is useful to designers who need to know the
work a spring will produce in a mechanism, and the input energy requirement to load the
spring.

7.2.5.1 Symbols for Compression and Extension Springs

R = rate, pounds of load per inch of deflection
P = load, lb
F = deflection, in
D = mean coil diameter, in
d = wire diameter, in
t = side of square wire or thickness of rectangular wire, in

b = width of rectangular wire, in
G = torsional modulus of elasticity, psi
N = number of active coils, determined by the type of ends on a compression spring;

equal to all the coils on an extension spring (see Sec. 7.2.3)
S = torsional stress, psi

o.d. = outside diameter of coils, in
i.d. = inside diameter of coils, in

C = spring index, D/d
L = spring length, in
H = solid height of spring, in

7.2.5.2 Derivation of Spring Energy Equations

The equation for expressing the potential energy that may be stored in a compressed or
extended helical coil spring was previously given as

Pe = or 

From Fig. 7.5, we see that the force F required to deflect a spring is F = Rs, where 
R = spring rate, lb/ft, N/m, and s = distance deflected, ft, m. So

�s

0
F ds = �s

0
Rs ds or Pe = Rs2

taking the antiderivative of Rs, and the work done in deflecting the spring from position s1

to s2 is

∆ Pe = �s2

s1

Rs ds = R (s 2
2 − s 1

2)1
�
2

1
�
2

1
�
2 Rs2

Rs2

�
2

50 (4)2

�
2
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In the case of a torsion or spiral spring

M = Rθ

where M = resisting torque, lb ⋅ ft, N ⋅ m
R = spring rate, lb/rad, N/rad
θ = angle of deflection, rad

Then

Pe = �θ

0
Rθ dθ or Pe = Rθ2 (antiderivative Rθ)

Units of elastic potential energy are the same as those for work and are expressed in foot-
pounds in the U.S. customary system and in joules (J) in the SI system.

In the preceding derivations of spring potential-energy equations, the spring rate is of
course assumed to be linear. In practice, spring rates are slightly nonlinear for standard spring
materials, although constant-rate springs are manufactured from special materials. Calcula-
tions involving spring energy content using the above equations are satisfactory for most stan-
dard engineering problems. A close, average spring rate may be established by checking the
spring force at various deflections under test.

1
�
2

FIGURE 7.5 Representation of work, deflecting a spring.
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7.2.6 Expansion of Compression Springs When Deflected

A compression spring o.d. will expand when the spring is compressed. This may pose a prob-
lem if the spring must work within a tube or cylinder and its o.d. is close to the inside diame-
ter of the containment. The following equation may be used to calculate the amount of
expansion that takes place when the spring is compressed to solid height. For intermediate
values, use the percent of compression multiplied by the total expansion.

Total expansion = o.d., solid � o.d.

Expanded diameter is

o.d., solid = �	D2 + + d

where p = pitch (distance between adjacent coil center lines), in
d = wire diameter, in

D = mean diameter of the spring, in
o.d., solid = expanded diameter when compressed solid, in

7.2.7 Compression Spring Features

Refer to Table 7.1, in which d = wire diameter.

7.3 TORSION SPRINGS

Refer to Fig. 7.6.

p2 − d2

�
π2

TABLE 7.1 Features of Compression Springs

Type of end

Open or plain Squared or
Open or plain (with ends closed Closed and

Feature (not ground) ground) (not ground) ground

Formula

Pitch P

Solid height SH (TC + 1)d TC × d (TC + 1)d TC × d

Number of N = TC N = TC − 1 N = TC − 2 N = TC − 2
active coils or or − 1 or or 

N

Total coils TC + 2 + 2

Free length
FL (p × TC) + d p × TC (p × N) + 3d (p × N) + 2d

Note: d = wire diameter.

FL − 2d
�

p
FL − 3d
�

p
FL
�

p
FL − d
�

p

FL − 2d
�

p
FL − 3d
�

p
FL
�

p
FL − d
�

p

FL − 2d
�

N
FL − 3d
�

N
FL
�
TC

FL − d
�

N
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Round Wire. Moment (torque):

M = � transpose for d, T, N, or D

Tensile stress

S = K� transpose for M or d

Square Wire. Moment (torque):

M = � transpose for t, T, N, or D

Tensile stress:

S = K1� transpose for M or t

The stress correction factor for torsion springs with round and square wire is applied
according to spring index.

When the spring index = 6, K = 1.15

= 8, K = 1.11 � round wire

= 10, K = 1.08

When the spring index = 6, K1 = 1.13

= 8, K1 = 1.09 � square wire

= 10, K1 = 1.07

For spring indexes that fall between the values shown, interpolate the new correction factor
values.

6M
�

t 3

Et 4T
�
6.6ND

32 M
�
πd 3

Ed 4T
�
10.8 ND

FIGURE 7.6 Torsion spring.
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Rectangular Wire. Moment (torque):

M = � transpose for b, t, T, N, or D

Tensile stress:

S = � transpose for M or t

7.3.1 Symbols for Torsion Springs

D = mean coil diameter, in
d = diameter of round wire, in
N = number of coils
E = tension modulus of elasticity, psi
T = revolutions through which the spring works (e.g., 90° arc

= 90/360 = .25 revolutions)
S = bending stress, psi

M = moment or torque, lb ⋅ in
b = width of rectangular wire, in (Fig. 7.7), in
t = thickness of rectangular wire (Fig. 7.7), in

K, K1 = stress correction factor for round and square wire

7.3.2 Torsion Spring Reduction of Diameter

IDr =

where IDr = i.d. after deflection (closing)
IDf = i.d. before deflection (free)

N = number of coils
R° = number of degrees rotated in the closing direction

7.4 SPIRAL TORSION SPRINGS

For these coil springs, moment (torque) is

M, lb ⋅ in = � transpose for b, t, or L

Bending stress:

S, psi = � transpose for M, b, or t6M
�
bt 2

πEbt 3θ
�

6L

360N (IDf)
��
360N + R°

6M
�
bt 2

Ebt 3T
�
6.6 ND

FIGURE 7.7 Cross section, rectangular wire.
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Space occupied by the spring:

ODf =

This equation is based on concentric circles with a uniform space between coils and gives
a close approximation of the minimum ODf (see Fig. 7.8).

7.4.1 Spring Energy (Torsion and Coil Springs)

Referring to Fig. 7.8, P1 = initial torque, P2 = final torque, r = radius of action, L = action arc
length, and θ = degrees of deflection.

To calculate the potential energy that may be stored in a torsion or coil spring, proceed as
follows, assuming that the spring rate is linear.

P1 is 0 when the spring is relaxed. Measure or calculate P2 in lb/in of torque when deflected
θ degrees. Translate the torque at P2 to force, in pounds.

= Pf 1, lbf

Now, the arc distance L is calculated from

L =

Then, the apparent rate of the spring would be

R a = , lb per inch of arcPf
�
L

πrθ
�
180°

P2�
r

2L
����
π[(�A�2�+� 1�.2�7� L�t� − A)/2t] − θ

FIGURE 7.8 Spiral coil spring.
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The potential energy can be calculated from

Pe =

Example. A spiral spring develops 85 lb ⋅ in of torque when deflected through a 120° arc.
What is the potential energy stored in the spring if its coil radius is 2 in?

Pf = = = 42.5 lb

and L = = = 4.19 in

and Ra = = = 10.14 lb/in

So Pe = = 10.14 = 89 in ⋅ lb or 7.4 ft ⋅ lb

The value calculated for the energy content is within ±10 percent actual.
In a similar manner, the potential-energy content of leaf and beam springs can be derived

by finding the apparent rate and the distance through which the spring moves. The potential
energy contained in belleville spring washers is covered in Sec. 7.7.

7.4.2 Symbols for Spiral Torsion Springs

E = bending modulus of elasticity, psi
θ = angular deflection, revolutions
L = length of active spring material
M = moment or torque, lb ⋅ in
b = material width, in
t = material thickness, in

A = arbor diameter, in
ODf = outside diameter in the “free” condition

7.5 FLAT SPRINGS

Refer to Figs. 7.9 and 7.10.

Cantilever Spring. Load (refer to Fig. 7.9):

P, lb = � transpose for F, b, t, or L

Stress:

S, psi = = � transpose for F, t, L, b, or P6PL
�
bt 2

3EFt
�
2L2

EFbt 3

�
4L3

(4.19)2

�
2

RaL2

�
2

42.5
�
4.19

Pf
�
L

3.1416 (2) (120)
��

180
πrθ
�
180

85
�
2

P2�
r

Ra L2

�
2

Victory Spring Ltd. - Edmonton Alberta



Simple Beam Spring. Load (refer to Fig. 7.10):

P, lb = � transpose for F, b, t, or L

Stress:

S, psi = = � transpose for F, b, t, or L

Symbols used in the preceding discussion of cantilever and beam springs are summarized here.

P = load, lb
E = tension modulus of elasticity, psi
F = deflection (see figure), in
t = thickness of material, in

b = width of material, in
S = design bending stress, psi
L = active spring length, in

7.6 SPRING WASHERS

Refer to Fig. 7.11a and 7.11b.

3PL
�
2bt 2

6EFt
�

L2

4EFbt 3

�
L3

FIGURE 7.9 Flat spring in cantilever.

FIGURE 7.10 Flat spring as a beam.
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Curved Washers. Load (refer to Fig. 7.11a):

P, lb = � transpose for F or t

Stress.

S, psi = � transpose for P or t

The preceding two equations yield approximate results.

Wave Washers. Load (refer to Fig. 7.11b):

P, lb = � �� transpose for F, b, t, N, or Do.d.
�
i.d.

EFbt 3N 4

�
2.4 D 3

1.5P (o.d.)
��
t 2 (o.d. − i.d.)

4EFt 3 (o.d. − i.d.)
��

(o.d.)3

FIGURE 7.11 (a) Curved spring washer; (b) wave washer.

(a)

(b)
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Stress:

S, psi = � transpose for P, D, b, t, or N

These equations yield approximate results.
For deflections between 0.25 h and 0.75 h, the o.d. increases and the new mean diameter

D1 can be calculated from

D1, in = �D�2�+� 0�.4�5�8� h�2N� 2�

Symbols for curved and wave washers:

P = load, lb

E = tensile modulus of elasticity, psi

f = deflection, in

t = material thickness, in

b = radial width of material, in

h = free height minus t, in

H = free overall height, in

N = number of waves

D = mean diameter, inches = (o.d. + i.d.)/2

S = bending stress, psi

7.7 BELLEVILLE WASHERS (DISK SPRINGS)

Equations for load P, stress at the convex inner edge S, and constants M, C1, and C2 are given as

P, lb = 
�h − �(h − f )t + t 3�
S, psi = 
C1�h − � + C2 t�

M = 
 � (constant M)

C 1 = 
 − 1� (constant C1)

C2 = 
 � (constant C2 )

Refer to Fig. 7.12, which diagrams a belleville spring; Fig. 7.13, which displays a load
deflection chart; and Fig. 7.14, which gives stress constants.

a − 1
�

2
6

�
π ln a

(a − 1)
�

ln a
6

�
π ln a

(a − 1)2

�
a 2

6
�
π ln a

f
�
2

4Ef
��
M(1 − µ2)(o.d.)2

f
�
2

4Ef
��
M(1 − µ2)(o.d.)2

3πPD
�
4bt 2N 2
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Symbols used in these equations are as follows:

a = o.d./i.d.
µ = Poisson’s ratio (see Poisson ratio chart, Sec. 7.12.3)
f = deflection, in
h = inner height of washer, in
E = tensile modulus of elasticity, psi (Young’s modulus)
P = load, lb
S = stress at the convex inner edge, psi
t = thickness of washer, in

M, C1, C2 = constants (see equations)
ln = natural or hyperbolic logarithm (base e)

The preceding equations are presented with permission of the Spring Manufacturers Institute.

7.7.1 Simple Belleville Applications

Parallel Stacking. Refer to Fig. 7.15. Placing belleville washers in this configuration will
double the load for a given deflection.

Series Stacking. Refer to Fig. 7.16. Placing belleville washers in this configuration will equal
the load for a given deflection of one washer.

Belleville washers may be stacked in various series and parallel arrangements to produce
varying results.

A form of belleville washer that is useful is the slotted spring washer made with a radiused
section. Note that the equations for belleville washers apply only to those washers that have
a conical section, as in Fig. 7.12. A washer with a radiused section will exhibit a different rate
value on deflection. On critical applications for these types of spring washers, a load cell may
be used to find the load value for a particular deflection. This also holds true for critical appli-
cations of standard section belleville washers. In any event, the equations will predict load
results to approximately ±20 percent for standard section belleville washers.

A loading of belleville washers is illustrated in Fig. 7.17.
Example. If it requires 200 lb to flatten one belleville washer, flattening both as in the fig-

ure will produce a 200-lb clamping load or tension in the bolt. The reactions at R1 and 
R2 = 200 lb, and the clamp load is thus 200 lb.

FIGURE 7.12 Belleville spring geometry.
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7.8 HAIR SPRINGS

These springs find application in clocks, meters, gauges, and instruments. Moment (torque) is

M = � transpose for b, t, L, or θ

Stress:

S = � transpose for b, t, or M

These equations are for light loads and low stresses.

6M
�
bt 2

πbt 3E θ
�

6L

FIGURE 7.13 Belleville load deflection chart.
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7.9 TORSION BARS

See the chart in Fig. 7.2 for values of K1 and K2 used here.

Round. Moment is

M = � transpose for d, L, or θ

Stress:

S = = � transpose for d, M, L, or θπdG θ
�

L
16M
�
πd 3

π2d 4G θ
�

16L

FIGURE 7.14 Stress constants for belleville spring washers.

FIGURE 7.15 Belleville washers in parallel stack.
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Rectangular. Moment is

M = (K2)� transpose for b, t, L, or θ

Stress:

S = � transpose for b, t, or M*
2M
�
bt 3K2

π2 Gbt 3θ
�

2L

FIGURE 7.17 Belleville washers under load.

FIGURE 7.16 Belleville washers in series stack.

* Note. Use K1 for square wire.
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7.10 ALLOWABLE WORKING STRESSES IN SPRINGS

Maximum design-stress allowables taken as a percentage of the minimum tensile strength
are set.

1. Extension and compression springs.
a. Hard-drawn steel (ASTM A227)
b. Stainless steel (ASTM A313)
Allowable stress (torsional) = 40 percent of the minimum tensile strength for each partic-
ular wire size (see stress-allowable tables)

c. Oil-tempered (ASTM A229)
d. Music wire (ASTM A228)
e. Chrome vanadium (AISI 6150)
f. Chrome silicon (AISI 9254)
g. 17-7 PH stainless (AMS 5673B)
h. Beryllium copper (ASTM B197)
Allowable stress (torsional) = 45 percent of the minimum tensile strength for each partic-
ular wire size (see stress-allowable tables)

2. Torsion and flat springs—all materials
Allowable stress (bending) = 75 percent of the minimum tensile strength for each particu-
lar wire size or gauge (see stress-allowable tables)

The listed values of the stress allowables are for average design applications. For cyclic
loading and high repetition of loading and unloading, lower values (in percent) should ini-
tially be used. Life testing in critical applications is indicated and should be performed.

It should be noted that these values may also be increased in cases where permanent set is
performed during spring manufacture, and where only occasional deflection of the spring is
encountered. Also, higher values of permissible stress are sometimes used on statically loaded
springs.

It should be understood by the designer that allowable stress values for spring materials
cannot be “generalized.” The minimum tensile or torsional strength of each wire size must be
known accurately in order to calculate and design springs accurately. The minimum tensile
strengths for spring materials are presented in Sec. 7.12.2 and should be used for accurate
spring design calculations. Note that smaller wire sizes have higher tensile strength rates than
larger wire sizes. If necessary, accurate torsional and bending stress values may be obtained
directly from the spring wire manufacturers.

In highly stressed spring designs, spring manufacturers may also be consulted and their
recommendations followed.

Whenever possible in mechanism design, space for a moderately stressed spring should be
allowed. This will avoid the problem of marginally designed springs—that is, springs that tend
to be stressed close to or beyond the recommended maximum allowable stress. This, of
course, is not always possible and adequate space for moderately stressed springs is not
always available. Music wire is commonly used when high stress is a factor in design.

7.11 SPRING END TYPES

7.11.1 Preferred Ends

Refer to Fig. 7.18.
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7.11.2 Special Ends

Refer to Fig. 7.19.

7.12 SPRING MATERIALS DATA

7.12.1 Materials and Properties

The chart in Table 7.2 shows physical properties of spring wire and strip that are used for
spring design calculations.

7.12.2 Minimum Yield Strength of Spring Wire

Refer to Table 7.3.

7.12.3 Poisson’s Ratios for Spring Materials

Refer to Table 7.4.

FIGURE 7.18 Preferred ends, extension springs.

FIGURE 7.19 Special ends, extension springs.
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TABLE 7.2 Properties of Spring Materials

Design Max.
Material E, G, stress, Conduc- operating

and 106 106 % min. tivity, Density, temperature,
specification psi psi yield % IACS lb/in3 °F FA* SA*

High-carbon steel wire

Music
ASTM A228 30 11.5 45 7 0.284 250 E H

Hard-drawn
ASTM A227 30 11.5 40 7 0.284 250 P M
ASTM A679 30 11.5 45 7 0.284 250 P M

Oil-tempered
ASTM A229 30 11.5 45 7 0.284 300 P M

Carbon valve 30 11.5
ASTM A230 30 11.5 45 7 0.284 300 E H

Alloy steel wire

Chrome- 30 11.5 45 7 0.284 425 E H
vanadium

ASTM A231

Chrome-silicon 30 11.5 45 5 0.284 475 F H
ASTM A401

Silicon- 30 11.5 45 4.5 0.284 450 F H
manganese

AISI 9260

Stainless steel wire

AISI 302/304 28 10 35 2 0.286 550 G M
ASTM A313

AISI 316 28 10 40 2 0.286 550 G M
ASTM A313

17-7PH 29.5 11 45 2 0.286 650 G H
ASTM
A313(631)

Nonferrous alloy wire

Phosphor- 15 6.25 40 18 0.320 200 G M
bronze

ASTM B159

Beryllium- 18.5 7 45 21 0.297 400 E H
copper

ASTM B197

Monel 400 26 9.5 40 — — 450 F M
AMS 7233

Monel K500 26 9.5 40 — — 550 F M
QQ-N-286
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TABLE 7.2 Properties of Spring Materials (Continued)

Design Max.
Material E, G, stress, Conduct- operating

and 106 106 % min. ivity, Density, temperature,
specification psi psi yield % IACS lb/in3 °F FA* SA*

High-temperature alloy wire

Nickel-chrome 29 10.4 35 2 0.290 510 — L
ASTM A286

Inconel 600 31 11 40 1.5 0.307 700 F L
QQ-W-390

Inconel X750 31 12 40 1 0.298 1100 F L
AMS 5698,

5699

High-carbon steel strip

AISI 1065 30 11.5 75 7 0.284 200 F M

AISI 1075 30 11.5 75 7 0.284 250 G H

AISI 1095 30 11.5 75 7 0.284 250 E H

Stainless steel strip

AISI 301 28 10.5 75 2 0.286 300 G M

AISI 302 28 10.5 75 2 0.286 550 G M

AISI 316 28 10.5 75 2 0.286 550 G M

17-7PH 29 11 75 2 0.286 650 G H
ASTM A693

Nonferrous alloy strip

Phosphor- 15 6.3 75 18 0.320 200 G M
bronze

ASTM B103

Beryllium- 18.5 7 75 21 0.297 400 E H
copper

ASTM B194

Monnel 400 26 — 75 — — 450 — —
AMS 4544

Monel K500 26 — 75 — — 550 — —
QQ-N-286

High-temperature alloy strip

Nickel-chrome 29 10.4 75 2 0.290 510 — L
ASTM A286

Inconel 600 31 11 40 1.5 0.307 700 F L
ASTM B168

Inconel X750 31 12 40 1 0.298 1100 F L
AMS 5542

* Letter designations of the last two columns indicate: FA = fatigue applications; SA = strength applications; E = excel-
lent; G = good; F = fair; L = low; H = high; M = medium; P = poor.
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TABLE 7.3 Minimum Tensile Strength of Spring Wire Materials

Stainless steels

Wire Type Type Wire Type Type Wire Type Type
size, in 302 17-7 PH* size, in 302 17-7 PH* size, in 302 17-7 PH*

0.008 325 345 0.033 276 0.060 256
0.009 325 0.034 275 0.061 255 305
0.010 320 345 0.035 274 0.062 255 297
0.011 318 340 0.036 273 0.063 254
0.012 316 0.037 272 0.065 254
0.013 314 0.038 271 0.066 250
0.014 312 0.039 270 0.071 250 297
0.015 310 340 0.040 270 0.072 250 292
0.016 308 335 0.041 269 320 0.075 250
0.017 306 0.042 268 310 0.076 245
0.018 304 0.043 267 0.080 245 292
0.019 302 0.044 266 0.092 240 279
0.020 300 335 0.045 264 0.105 232 274
0.021 298 330 0.046 263 0.120 272
0.022 296 0.047 262 0.125 272
0.023 294 0.048 262 0.131 260
0.024 292 0.049 261 0.148 210 256
0.025 290 330 0.051 261 310 0.162 205 256
0.026 289 325 0.052 260 305 0.177 195
0.027 267 0.055 260 0.192
0.028 266 0.056 259 0.207 185
0.029 284 0.057 258 0.225 180
0.030 282 325 0.058 258 0.250 175
0.031 280 320 0.059 257 0.375 140
0.032 277

Chrome-silicon/chrome-vanadium steels

Wire size, Chrome- Chrome-
in silicon vanadium

0.020 300
0.032 300 290
0.041 298 280
0.054 292 270
0.062 290 265
0.080 285 255
0.092 280
0.105 245
0.120 275
0.135 270 235
0.162 265 225
0.177 260
0.192 260 220
0.218 255
0.250 250 210
0.312 245 203
0.375 240 200
0.437 195
0.500 190

Copper-base alloys

Wire size range, 1 in Strength

Phosphor-bronze (grade A)

0.007–0.025 145
0.026–0.062 135

0.063 and over 130

Beryllium-copper (alloy 25 pretempered)

0.005–0.040 180
0.041 and over 170

Spring brass (all sizes) 120

Nickel-base alloys

Inconel (spring temper)

Wire size range, 1 in Strength

Up to 0.057 185
0.057–0.114 175
0.114–0.318 170

Inconel X (spring temper)* 190–220
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7.13 SPRING CALCULATIONS AND SAMPLE DESIGNS

7.13.1 Calculation Examples

A compression spring is needed to power a toggle mechanism. The spring must work inside of
a 2-in-diameter bore. Free length cannot exceed 8 in, and a 4-in compression limit is desired.
The spring is to have maximum energy for the limited space, while the stress level is not to
exceed 50 percent of the minimum yield strength of the wire. The spring operates periodically
with long intervals of rest.

TABLE 7.3 Minimum Tensile Strength of Spring Wire Materials (Continued)

Ferrous

Wire Wire Wire
size, Music Hard Oil size, Music Hard Oil Size, Music Hard Oil

in wire drawn temp. in wire drawn temp. in wire drawn temp.

0.006 399 307 315 0.046 309 249 0.094 274
0.009 393 305 313 0.047 309 248 259 0.095 274 219
0.010 387 303 311 0.048 306 247 0.099 274
0.011 382 301 309 0.049 306 246 0.100 271
0.012 377 299 307 0.050 306 245 0.101 271
0.013 373 297 305 0.051 303 244 0.102 270
0.014 369 295 303 0.052 303 244 0.105 270 216 225
0.015 365 293 301 0.053 303 243 0.106 268
0.016 362 291 300 0.054 303 243 253 0.109 268
0.017 362 289 298 0.055 300 242 0.110 267
0.018 356 287 297 0.056 300 241 0.111 267
0.019 356 285 295 0.057 300 240 0.112 266
0.020 350 283 293 0.058 300 240 0.119 266
0.021 350 281 0.059 296 239 0.120 263 210 220
0.022 345 280 0.060 296 238 0.123 263
0.023 345 278 289 0.061 296 237 0.124 261
0.024 341 277 0.062 296 237 247 0.129 261
0.025 341 275 286 0.063 293 236 0.130 258
0.026 337 274 0.064 293 235 0.135 258 206 215
0.027 337 272 0.065 293 235 0.139 258
0.028 333 271 283 0.066 290 0.140 256
0.029 333 267 0.067 290 234 0.144 256
0.030 330 266 0.069 290 233 0.145 254
0.031 330 266 280 0.070 289 0.148 254 203 210
0.032 327 265 0.071 288 0.149 253
0.033 327 264 0.072 287 232 241 0.150 253
0.034 324 262 0.074 287 231 0.151 251
0.035 324 261 274 0.075 287 0.160 251
0.036 321 260 0.076 284 230 0.161 249
0.037 321 258 0.078 284 229 0.162 249 200 205
0.038 318 257 0.079 284 0.177 245 195 200
0.039 318 256 0.080 282 227 235 0.192 241 192 195
0.040 315 255 0.083 282 0.207 238 190 190
0.041 315 255 266 0.084 279 0.225 235 186 188
0.042 313 254 0.085 279 225 0.250 230 182 185
0.043 313 252 0.089 279 0.3125 174 183
0.044 313 251 0.090 276 222 0.375 167 180
0.045 309 250 0.091 276 230 0.4375 165 175

0.092 276 0.500 156 170
0.093 276

Note: Values in table are psi × 103.
* After aging.
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Procedure

1. Look at the space available when the spring is compressed. The space = 4 in if a free
length of 8 in is assumed and the spring is compressed 4 in.

2. Look for maximum wire diameter in music wire and see how many coils the spring can
contain. So, 4 in/0.250 = 16 coils. To keep from jamming the spring, select 15 coils and if
the ends are to be closed and ground, this will become 13 working coils.

3. The bore is 2 in diameter, so the spring o.d. should be about 0.06 in less in diameter to keep
the spring from jamming in the bore when it is compressed. That will give an o.d. of 1.94 in.

4. If we try 0.250-in-diameter wire, the trial mean diameter will be equal to 1.94 − 0.250 =
1.69 in.

5. This will produce a spring index of 1.69/0.25 = 6.76, which is close to the ideal index.
6. Calculate a trial rate from

R =

where G = 11.5 × 106, d = 0.250 in, N = 13, and D = 1.69 in.

R = = 89 lb/in

7. Check the stress when the spring is deflected 4 in.

S = = = 119,695 psi8(1.221)(356)1.69
��

3.1416(0.25)3

8KaDP
�

πd 3

11.5 × 106(0.25)4

��
8(13)(1.69)3

Gd 4

�
8ND 3

TABLE 7.4 Poisson’s Ratios for Spring Materials

Poisson’s
Material and designation ratio, µ

Music wire, ASTM A228 0.30

Hard-drawn, ASTM A 227 0.30

Oil-tempered, ASTM A229 0.30

AISI 1065 carbon steel 0.30

AISI 1075 carbon steel 0.30

AISI 1095 carbon steel 0.30

AISI 6150 vanadium steel 0.30

AISI 5160 chromium steel 0.30

Inconel 600 0.28

Inconel 718 0.28

Inconel X750 0.29

AISI 301/302 stainless steel 0.31

17-7 PH stainless steel 0.34

Carpenter 455 stainless steel 0.30

Phosphor-bronze ASTM B103 and B159 0.20

Beryllium-copper ASTM B194 and B197 0.33
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8. The stress allowable for 0.25 diameter music wire (see Sec. 7.12.2, Table 7.3) is

0.50 × 230,000 = 115,000 psi

This is a little lower than the corrected stress, but since the spring is operated periodically,
it should suffice for this application. Note that the Wahl stress correction factor Ka of
1.221 in the above example was derived from the Wahl equation for compression springs
with round wire.

Ka = +

Also, the load P was derived from 4 in × 89 lb/in = 356 lb.
9. Since the stress on this spring is slightly overextended, the spring manufacturer may need

to set it during manufacture or have it shot-peened. You may reduce the stress by com-
pressing the spring 33⁄4 in instead of 4 in.

10. From the rate, we can calculate the available potential energy Pe that can be stored in the
spring.

Pe = = = 712 in ⋅ lb or 59.3 ft ⋅ lb

11. If the energy of the application is more than the spring can store, you may place another
spring inside of the existing spring. The two will then be in parallel, with their rates added
to produce the total rate. If another spring is added inside the existing spring, it must be
wound opposite-hand to the existing spring, so that the coils do not tangle or jamb. The
added spring is calculated in a similar manner to produce the maximum rate.

The preceding design description was taken from an actual production spring used in
approximately 50,000 mechanisms. It is to be noted that no failures occurred in these springs,
which have been in service for 10 years at temperatures ranging from −20 to 150°F. Maximum
use for this spring was 3000 to 4000 loading and unloading cycles. If hard-drawn ASTM A227
or oil-tempered ASTM A229 steel wire were to be used in this application, instead of music
wire, the springs would fail by taking a permanent set of 1⁄4 to 1⁄ 2 in. This illustrates the impor-
tance of music wire, chrome vanadium, or chrome silicon in high-energy/stress applications.

If the spring were continuously cycled, a stress level of 40 percent of minimum yield
strength or less would be required, and the spring would require a redesign using more coils
and smaller wire diameter, which in turn would reduce the rate R, load P, and stored energy Pe.

Designing springs is thus a tradeoff of one variable with another. Since there is a definite
limit of energy versus mass that a spring can contain, designing a maximum energy spring that
will not fail in service is a rigorous design problem.

It should be noted by designers who are not thoroughly familiar with spring design that
much trial and error is involved in the actual design of springs, due to the high number of vari-
ables that are encountered. This fact leads us to the next section, which deals with spring
design using a programmable calculator.

7.13.2 Spring Design by Programmable Calculator

Due to the high number of calculations that are frequently encountered in initial spring
design, it is advisable for the designer who deals with springs on a regular basis to use a pro-
grammable calculator. There are a number of excellent handheld calculators available, such
as Texas Instruments TI-85, various Hewlett-Packard models, Casio Fx-7000G, and Sharp and
Tandy machines.

You will need to program the calculator in such a way that you will be able to assign the
variables of the spring equations to the different memory positions in the calculator, so that

89 (4)2

�
2

Rs 2

�
2

0.615
�

C
4C − 1
�
4C −4
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different numerical values assigned to the memories can be changed easily as you proceed
from each set of trial values.

The procedure is quite simple when using a calculator such as the TI-85. First, the basic
spring equation is programmed so that unknown variables, such as d, D, R, S, E, G, t, a, and b,
are assigned to different memory positions and are recalled back into the basic equation pro-
grammed for solution. In this manner, you may change the wire diameter, number of coils,
mean diameter, and so forth, while keeping the program running until a satisfactory result is
obtained. This procedure saves a vast amount of time as compared to running the program
using only a basic calculator, where you must run the procedure through all the key strokes
each time you change the variables.

The TI-85 also runs an optional printer so that you can keep a record of the calculations.
On calculators such as these you can program many different equations and run each equa-
tion by striking one key, such as A, B, C, and A′. The TI-85 will allow you to program 10 equa-
tions for instant rerun. In this manner, you may assign program A to a solution for
compression spring rate, program B to a solution for stress of the compression spring, pro-
gram C to a solution for torsion spring rate, and so on.

The other programmable calculators function in a similar manner. With the Casio Fx-7000G,
you can run programs in the fashion described or graph an equation and find the roots of cubic,
quartic, and logarithmic equations. These calculators make the designer’s work not only easier,
but much more accurate. You will note that there are no tables of logarithms or trigonometric
functions in this handbook. The reason is that these once tedious methods are now automati-
cally carried out on modern handheld scientific calculators.

7.14 SPRING RATE CURVES

If in your design work you deal with many springs that are similar, you can easily construct a
set of spring rate curves for standard models of springs. The procedure is to select a particu-
lar mean diameter and set number of coils, then plot a curve on graph paper with wire-size
graduations running horizontally and spring-rate graduations running vertically. Using this
type of curve or graph, you can get a quick idea of the rate versus the wire size for a particu-
lar mean diameter and number of coils.

This procedure is easier to implement and use than a composite spring chart, which can be
confusing and difficult to read. To develop each curve, you will need to solve between 10 and
15 rate equations to describe the curve accurately. When you have a number of these curves
covering mean diameters from 1⁄ 2 in to 2 in, you will have a good reference point to start from
when an initial spring design problem is begun.

Sample curves are shown in Figs. 7.20 and 7.21.

7.15 SPRING DRAWINGS OR FORMS

Refer to Fig. 7.22a to 7.22c.

7.15.1 Simplified Spring Drawings

When a spring drawing is submitted to a spring manufacturer, it should contain all pertinent
information required to manufacture it, including a drawing of the actual spring.

The following data should be indicated for each spring type as shown. Compression springs:

1. Wire diameter
2. Wire material and specification (e.g., music wire, ASTM A228).
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3. Inside or outside diameter
4. Free length
5. Spring rate or load value at a particular deflection
6. Direction of coil wind, right-hand, left-hand, or optional
7. Type of ends
8. Finish, if any
9. Number of active coils and total coils

10. Mean coil diameter

FIGURE 7.20 Typical spring rate curve.
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Extension springs:

1. Wire diameter
2. Length inside of the ends
3. Inside or outside diameter
4. Rate or loads at different deflections
5. Maximum extended length without permanent set
6. Loop positions, angular

FIGURE 7.21 Typical spring rate curve.
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7. Direction of coil wind, right-hand, left-hand, or optional
8. Type of ends
9. Mean coil diameter

10. Number of coils
11. Body length
12. Initial tension, preload
13. Type of material and specification number
14. Finish

Torsion springs:

1. To work over —— in diameter shaft
2. Inside diameter, minimum

FIGURE 7.22 (a) Compression spring drawing form; (b) extension spring drawing form; (c) tor-
sion spring drawing form.

(c)

(b)

(a)
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3. Torque at a specified angular deflection and maximum deflection
4. Body length
5. Length of moment arm
6. Wire diameter
7. Mean coil diameter
8. Number of coils
9. Direction of coil wind, right-hand, left-hand, or optional

10. Type of material and specification number
11. Finish
12. Type of ends

7.15.2 Spring Tolerances

Charts showing tolerances on all spring wire and strip available commercially are shown in
the various handbooks published by the Spring Manufacturers Institute (see Chap. 15, Sec.
15.1). Tolerances on coil diameters, loads, free lengths, squareness, and solid height are also
published by the institute. Tolerances on spring materials are shown in Chap. 13 of the
McGraw-Hill Machining and Metalworking Handbook, Second Edition (1999).

Any specified value, including rate and load, for a particular spring can also be discussed
with the spring manufacturer. Certain dimensions such as a critical outside diameter, free
length, and load at a specified deflection may be held to close limits by the spring manufac-
turer, but such requirements will incur higher cost for the particular spring involved. Unless
you have a critical application, the tolerance variations allowed on wire and strip will not
affect your spring to a significant extent. Also, tolerances on many other spring features sel-
dom have a significant effect on a common usage spring.

If you have a special condition or requirement, however, the allowed tolerances can affect
your design and should be referred to the spring manufacturer. Tolerances that must be main-
tained must be shown on the formal spring drawing that is presented to the spring manufac-
turer. No one is in a better position than the spring manufacturer to know exactly what
tolerances and tolerance limits can be maintained when manufacturing a spring. Assigning
arbitrary tolerances to a spring usually incurs additional costs that are often unwarranted for
the application.

7.15.3 Spring Material Analysis

Designers and manufacturers should be aware that all spring materials can be precisely ana-
lyzed for proper identification of the material used in the spring. There is a possibility of
materials being accidentally substituted during manufacture. If this occurs with a highly
stressed spring, the spring may fail in service. This can happen if hard-drawn or oil-tempered
wire is accidentally used in place of music wire or other high-strength material. If you design
a spring with a high stress level that has been functional but suddenly fails in service, have the
spring analyzed at a materials and engineering laboratory before you attempt to redesign it.

Materials such as the stainless steels, beryllium copper, phosphor bronze, and chrome
vanadium can be quickly identified by chemical analysis. Materials such as music wire (ASTM
A228), hard-drawn steel (ASTM A227), and oil-tempered spring steel (ASTM A229) cannot
be identified chemically because their chemistries overlap because of compositional toler-
ances of their constituent elements. But these materials can be differentiated by microscopic
analysis. Oil-tempered spring steel will show a definite martensitic structure under 100 to
400× magnification, while music wire will show a definite cold-work structure due to cold
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drawing during its manufacture. In this manner, it may be ascertained which type of steel was
used to make the spring being analyzed. The microstructures for these listed steels differ and
can be identified at the test laboratory using the ASTM book of microstructures of steels. Fig-
ure 7.23 shows a photomicrograph of a section of a spring made of oil-tempered spring steel
and shows in detail the martensitic structure of this type of steel.

The laboratory report shown in Fig. 7.24 was made as a consequence to the photomicro-
graph shown in Fig. 7.23. The analyzed spring sample was supposed to have been manufac-
tured from ASTM A228 music wire, but was in fact manufactured accidentally from
oil-tempered ASTM A229 steel wire. The consequence of this mistake in material selection
during spring manufacture caused the rejection of 5000 large compression springs, which
were returned to the spring manufacturer as they were not capable of withstanding the
working stresses without taking a permanent set. The springs, in effect, were unsuitable for
the intended application and did not satisfy the spring specifications shown on the spring
drawing.

7.16 HEAT TREATMENT AND POSTBAKING 
OF ELECTROPLATED SPRINGS

7.16.1 Heat Treatment of Springs

When a helical compression, extension, or torsion spring is formed on the spring-coiling
machine during manufacture, residual stresses induced during the coiling operation must be
relieved soon after the spring is completed. The normal heat-treatment procedures are as
follows:

Music wire (ASTM A228), oil-tempered (ASTM A229), and hard-drawn (ASTM A227
and A679): oven-heated at 500°F for 30 to 40 min
Stainless steels—17-7 PH, types 301, 302, 304 (ASTM A313): oven-heated at 600 to 650°F
for 30 to 40 min
Inconel 600 and X750: oven-heated at 700 to 1200°F for as long as 4 h (Inconel X750)

FIGURE 7.23 Photomicrograph of oil-tempered martensitic struc-
ture at 200×.
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FIGURE 7.24 Laboratory test report of spring material shown in Fig. 7.23.
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7.16.2 Electroplating Springs

Springs may be electroplated with a number of different metals such as cadmium, chromium,
zinc, copper, tin, and nickel. The most common and widely used metal for plating springs is
bright zinc.

The zinc plating Federal Specification is QQ-P-416 and includes

Type 1 bright zinc
Type 2 bright zinc with chromate

Class 1 plating thickness 0.2 mils (0.0002 in)
Class 2 plating thickness 0.3 mils (0.0003 in)
Class 3 plating thickness 0.5 mils (0.0005 in)

7.16.3 Postbaking Electroplated Springs

Immediately after the electroplating process is completed, the plated spring must be post-
baked at a specified temperature for a specific time interval to prevent hydrogen embrittle-
ment, which will invariably occur if the postbake operation is not performed. The postbake
operation usually consists of oven heating the spring at 500°F for 3 h.

7.17 DYNAMICS OF HELICAL COMPRESSION 
AND EXTENSION SPRINGS

When a helical compression spring is rapidly loaded or unloaded, a surge wave is generated
within the spring. This surge wave limits the rate at which the spring can release or absorb
energy by limiting the impact velocity.

The impact velocity is defined by

V ≅ 10.1S �	 (approximate m/sec)

≅ S �	 (approximate in/sec)

where S = maximum stress in the spring, psi, MPa
g = gravity constant, 9.8 m/sec
ρ = density of spring material, g/cm3, lb/in3

G = shear modulus of elasticity, MPa, psi
G = 11,500,000 psi for steel

When a compressed helical compression spring is released instantaneously and the stress
is known, the maximum spring velocity is a function of the maximum stress S and the spring
material. When the impact velocity is known, the maximum stress induced in the spring may
be calculated approximately. High-spring loading velocities limit spring performance and
often cause resonance; for instance, valve springs in high-performance internal-combustion
engines may “float” or bounce due to this effect at high engine speeds.

Dynamic Loading—Resonance (Compression and Extension Springs). A spring will
exhibit resonance when the cyclic loading/unloading rate is near the springs’ natural fre-
quency or multiple of the natural frequency. Resonance can cause spring bounce or floating,

g
�
2ρ G

g
�
2ρ G
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resulting in lower loads than those calculated. The natural frequency should be a minimum of
13 times the operating frequency. If the operating frequency is 100 cycles per second, the
design natural frequency should be 13 × 100 = 1300 cycles (Hz).

For helical compression springs with both ends fixed, the natural frequency is given by

n = �	 (for SI units)

= �	 (for U.S. customary units)

Helical Extension Springs (Resonance). With one end fixed, the natural frequency (Hz) of
a helical extension spring is given by

n �	 (for SI units)

= �	 (for U.S. customary units)

In the preceding equations

n = natural frequency, Hz (cycles per second)
d = wire diameter, mm, in

D = mean diameter, mm, in
G = shear modulus, psi, MPa (11,500,000 psi for steels)
g = acceleration of gravity, 386 in/sec, 9.81 m/sec
ρ = density of spring material, lb/in3, g/cm3

N = number of active coils in the spring (all coils active in an extension spring; N in com-
pression springs determined by type of ends)

(Note: To prevent resonance, energy-damping devices are sometimes used on springs when
the natural frequency cannot be made more than 13 times the operating frequency.)

Bending and Torsional Stresses in Ends of Extension Springs. Bending and torsional
stresses are developed at the bends in the ends of extension springs when the spring is
stretched under load. These stresses should be checked by the spring designer after the spring
has been designed and dimensioned. Alterations to the ends and radii may be required to
bring the stresses into their allowable range (see Fig. 7.25).

The bending stress may be calculated from

Bending stress at point A = Sb = � �
The torsional stress may be calculated from

Torsional stress at point B = St = � �
Check the allowable stresses for each particular wire size of the spring being calculated from
the wire tables in this section. The calculated bending and torsional stresses cannot exceed the
allowable stresses for each particular wire size. As a safety precaution, take 75 percent of the
allowable stress shown in the tables as the minimum allowable when using the preceding
equations.
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Buckling of Unsupported Helical Compression Springs. Unsupported or unguided helical
compression springs become unstable in relation to their slenderness ratio and deflection per-
centage of their free length. Figure 7.26 may be used to determine the unstable condition of
any particular helical compression spring under a particular deflection load or percent of free
length.

7.18 SPRING RATES FOR SPRING COMBINATIONS

The combined spring rates for springs in series and parallel are calculated the same as capac-
itances in series and parallel; that is, the final rate in parallel

Rt = R1 + R2 + R3 + ⋅ ⋅ ⋅ + Rn

FIGURE 7.25 Bending and torsional stresses at ends on extension springs.

FIGURE 7.26 Buckling of unsupported helical compression springs.
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To find the final rate in series

= + + ⋅ ⋅ ⋅ +

where R1, R2, Rn = rates of the individual springs and Rt = final combined rate.

7.19 FINAL NOTES ON SPRING DESIGN

Spring Drawings. Engineering drawings for springs should contain all the pertinent engi-
neering information needed by the spring manufacturer in order to produce the spring. Figure
7.27 is a typical AutoCad drawing of a helical compression spring. The information contained
on the drawing follows the guidelines shown in Sec. 7.15.1 concerning spring drawings.

Manufacturing Defects on Springs. Springs that are manufactured containing abnormal
processing marks may fail in service. This is due to the abnormally high stress concentration
that generates from the point of defect. Figure 7.28 shows a torsion spring with the defect
mark located at the arrow. This mark caused this particular spring to fail in service after 1000
cycles of operation at its design load. The mark was caused by the bending mandrel used by
the spring manufacturer to make the bend in the leg of the spring. This was not a manufac-
turing error, but an engineering error caused by specifying a bend radius that was too small
for the wire diameter.

1
�
Rn

1
�
R2

1
�
R1

1
�
Rt

FIGURE 7.27 Typical AutoCad spring drawing.
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To correct this problem, the engineering drawing was changed to increase the bend radius
as shown in Fig. 7.29. Figure 7.29 (1) is the spring with the small radius; (2) shows the radius
as increased in order to eliminate the stress marks caused by the mandrel being too small for
the wire diameter. After the radius was enlarged, the spring performed satisfactorily, with no
sign of fatigue after thousands of cycles of operation.

Nicks, cuts, indents, and other abrasions and defects on the surface of a spring will eventu-
ally cause problems if the spring wire is highly stressed in service. This is especially true if
bend radii are not selected with care. Check with the spring manufacturer if in doubt about
any particular radius on the spring wire at a bend junction on the spring. This problem is most
prevalent on extension and torsion springs.

Improper heat treatment can also cause a spring to fail in service. Another cause of spring
failure is improper postbaking of the spring immediately after the spring has been electro-
plated. Improper or no postbaking after electroplating will lead to hydrogen embrittlement
with subsequent spring failure. Hydrogen embrittlement will occur on springs even though
they are not under load. Springs have been known to break and fall apart in their shipping
boxes as a result of hydrogen embrittlement caused by improper processing.

Spring Design Programs for the Personal Computer. Spring design programs are available
for use on the personal computer (PC), either as specialized programs or general mathemat-
ics programs such as MathCAD. Figure 7.30 is a laser printout of a spring problem as solved
by MathCAD 7, which the author uses for extended spring problems involving many calcula-
tions. Using such a program, the spring calculations may be printed as they appear on the
computer screen and kept for record purposes. A record of spring calculations is almost
mandatory today because of the liability problems associated with equipment failures. Exten-
sive testing of a critical spring component on dangerous equipment is absolutely necessary
and must be performed to prove the adequacy of the design. Failure of a spring such as shown
in Fig. 7.28 could cause a dangerous high-power electrical fault to occur on the device in which
this spring is used.

FIGURE 7.28 Photograph of manufacturing defect mark
on torsion spring.
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7.20 SPRING TERMINOLOGY FOR DESIGN 
AND MANUFACTURING

The following list of spring terms and meanings will be useful to spring designers and those
support personnel who handle and order springs for the engineering department. It is impor-
tant to know these specialized meanings for spring terms when communicating with the
spring manufacturers. This terminology is standard throughout the industry, and the appro-
priate term should be applied so that there is no misunderstanding of terms between the engi-
neering departments and spring manufacturers.

Be specific and accurate about spring materials, terms, dimensions, loads, rates, and any
other parameters shown in this section of the handbook concerning the different types of
springs. Springs are such critical mechanical components in many mechanisms that their
design and manufacture must be carefully controlled and executed.

Active coils na Those coils which are free to deflect under load.
Angular relationship of ends The relative position of the plane of the hooks or loops of
extension springs to each other.
Baking Heating of electroplated springs to relieve hydrogen embrittlement.
Buckling Bowing or lateral deflection of compression springs when compressed, related to
the slenderness ratio L/D.

Closed ends Ends of compression springs where pitch of the end coils is reduced so that the
end coils touch.
Closed and ground ends As with closed ends, except that the end is ground to provide a flat
plane.
Closed length See Solid height.

Close-wound Coiled with adjacent coils touching.

FIGURE 7.29 Small radius at (1); increased radius at (2).
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Coils per inch See Pitch.

Deflection F Motion of spring ends or arms under the application or removal of an external
load P.

Elastic limit Maximum stress to which a material may be subjected without permanent set.
Endurance limit Maximum stress at which any given material will operate indefinitely with-
out failure for a given minimum stress.
Free angle Angle between the arms of a torsion spring when the spring is not loaded.
Free length L The overall length of a spring in the unloaded position.
Frequency (natural) The lowest inherent rate of free vibration of a spring itself (usually in
cycles per second) with ends restrained.
Gradient See Rate R.

Heat setting Fixturing a spring at elevated temperature to minimize loss of load at operat-
ing temperature.
Helix The spiral form (open or closed) of compression, extension, and torsion springs.

FIGURE 7.30 Laser printout of MathCAD solution for compression spring design.
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Hooke’s law Load is proportional to displacement.
Hooks Open loops or ends of extension springs.
Hot pressing See Heat setting.

Hydrogen embrittlement Hydrogen absorbed in electroplating or pickling of carbon steels,
tending to make the spring material brittle and susceptible to cracking and failure, particu-
larly under sustained loads.
Hysteresis The mechanical energy loss that always occurs under cyclic loading and unload-
ing of a spring, proportional to the area between the loading and unloading load-deflection
curves within the elastic range of a spring.
Initial tension Pi The force that tends to keep the coils of an extension spring closed and
which must be overcome before the coils start to open.
Load P The force applied to a spring that causes a deflection F.

Loops Coil-like wire shapes at the ends of extension springs that provide for attachment
and force application.
Mean coil diameter D Outside spring diameter (o.d.) minus one wire diameter d.

Modulus in shear or torsion G Coefficient of stiffness for extension and compression springs.
Modulus in tension or bending E Coefficient of stiffness used for torsion and flat springs
(Young’s modulus).
Moment M See Torque.

Open ends, not ground End of a compression spring with a constant pitch for each coil.
Open ends ground Open ends, not ground followed by an end-grinding operation.
Passivating Acid treatment of stainless steel to remove contaminants and improve corro-
sion resistance.
Permanent set A material that is deflected so far that its elastic properties have been
exceeded and it does not return to its original condition on release of load is said to have
taken a “permanent set.”
Pitch p The distance from center to center of the wire in adjacent active coils (recom-
mended practice is to specify number of active coils rather than pitch).
Poisson’s ratio The ratio of the strain in the transverse direction to the strain in the longitu-
dinal direction.
Preset See Remove set.

Rate R Change in load per unit deflection, generally given in pounds per inch (N/mm).
Remove set The process of closing to solid height a compression spring which has been
coiled longer than the desired finished length, so as to increase the apparent elastic limit.
Residual stress Stresses induced by set removal, shot peening, cold working, forming, or
other means. These stresses may or may not be beneficial, depending on the application.
Set Permanent distortion which occurs when a spring is stressed beyond the elastic limit of
the material.
Shot peening A cold-working process in which the material surface is peened to induce
compressive stresses and thereby improve fatigue life.
Slenderness ratio Ratio of spring length L to mean coil diameter D.

Solid height H Length of a compression spring when under sufficient load to bring all coils
into contact with adjacent coils.
Spring index Ratio of mean coil diameter D to wire diameter d.

Squared and ground ends See Closed and ground ends.

Squared ends See Closed ends.
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Squareness of ends Angular deviation between the axis of a compression spring and a nor-
mal to the plane of the ends.
Squareness under load As in Squareness of ends, except with the spring under load.
Stress range The difference in operating stresses at minimum and maximum loads.
Stress-relieve To subject springs to low-temperature heat treatment so as to relieve residual
stresses.
Torque M A twisting action in torsion springs which tends to produce rotation, equal to the
load multiplied by the distance (or moment arm) from the load to the axis of the spring body.
Usually expressed in oz ⋅ in, lb ⋅ in, lb ⋅ ft, or in N ⋅ mm.
Total number of coils Nt Number of active coils na plus the coils forming the ends.
Wahl factor A factor to correct stress in helical springs—the effects of curvature and direct
shear.

7.21 ELASTOMER SPRINGS

Elastomer springs have proven to be the safest, most efficient
and reliable compression material for punching, stamping and
drawing dies, blank holding, and stripper plates. These springs
feature no maintenance and very long life coupled with higher
loads and increased durability. Other stock sizes are available
than those shown in Tables 7.5 and 7.6; see Fig. 7.31 for dimen-
sions D, d, and L. Elastomer springs are used where metallic
springs cannot be used, i.e., where chemical resistance, nonmag-
netic properties, long life, and other properties are required.

FIGURE 7.31 Elastomer spring reference
dimensions.

TABLE 7.5 Elastomer Springs—Standard

D, in d, in L, in R* Deflection† T‡

0.630 0.25 0.625 353 0.22 77
0.630 0.25 1.000 236 0.34 83
0.787 0.33 0.625 610 0.22 133
0.787 0.33 1.000 381 0.35 133
1.000 0.41 1.000 598 0.35 209
1.000 0.41 1.250 524 0.44 229
1.250 0.53 1.250 1030 0.44 451
1.250 0.53 2.500 517 0.87 452
1.560 0.53 1.250 1790 0.44 783
1.560 0.53 2.500 930 0.87 815
2.000 0.66 2.500 1480 0.87 1297
2.500 0.66 2.500 2286 0.87 2000
3.150 0.83 2.500 4572 0.87 4000

* R = Spring rate, lb/in � 20 percent
† Maximum deflection = 35 percent of L
‡ T = approximate total load at maximum deflection �20 percent
Source: Reid Tool Supply Company, Muskegon, Michigan 49444-2684.
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FURTHER READING

American Society for Metals, 1972: Metals Handbook, 8th ed. Atlas of Microstructures, Vol. 7.
Oberg, E., F. Jones, and H. Horton, 1990: Machinery’s Handbook, 23d ed. New York: Industrial Press.
Shigley, J., and C. R. Mischke, 1986: Standard Handbook of Machine Design. New York: McGraw-Hill.
Spring Manufacturers Institute, 1991: Handbook of Spring Design, Wheeling, Ill.

TABLE 7.6 Urethane Springs—95 Durometer, Shore A Scale

D, in d, in L, in Load at 1⁄8-in deflection, lb

0.875 0.250 1.000 425
0.875 0.250 1.250 325
0.875 0.250 1.750 250
1.000 0.375 1.000 525
1.500 0.375 1.500
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