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ABSTRACT

This paper discusses an approach for the design of compression closely
c¢oild helical springs subjected to axial load. With the presented proposed
method, one can specify the significant characteristics of the spring that
contajns the least possible volume of material while still providing suff-
icient strength and stiffness. To do so, the classic design equations are
developed so that they can be graphically represented in a (weight-diame-
ter)-plane from which the global optimum design point can be determined.
Also, a computation flow chart is given, as an alternative way to the

" graphical method. Based on the computation flow chart, a digital computer
program can be written for the optimum design problem.

INTRODUCTION

The priamary purpose of a spring is to satisfy certain functional require-
ments of the mechanism. These functional requirements are determined before
designing the spring; from either a static or a dynamic force analysis of
the entire mechanism, and usually are expressed by the specification of
load versus defl@ction characteristics,

A typical compression spring is shown in Fig. (1). For a given material,
its significant characteristics are uniquely defined by the wire diameter
(d), the mean coil diameter (D), the free (unloaded) height (hf), and the
active number of coils (Na).

The design of helical springs by the classical deterministic approach can
be found in many references [1 - 3] . Conventional methods for determining
the spring dimensions, that use the least possible amount of material,
reauire a cumbersome itrative calculations before a satisfactory solution
is obtained.

When load, deflection, mean coil diameter and stress are prespecified, the
following is a new proposed method that determines the significant charac-
teristics of spring (4 ,h_,and Na) that contains the least possible volume
of material while still providing sufficient strength and stiffness. This
method is based on the graphically representation of the relation between
the weight of the spring and its wire diameter. This representation must
be done for each step in the spring design, i.e for static loading and/or
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for fluctuating loads, then for buckling and practical proportions. These
graphical representations may be named (weight-diameter)-plane. The opti-
mization problem can then be initially formulated. Alternatively, a compu=-
ter algorithm can be written to solve the design problem instead of using
the (weight-diameter)-plane.

BASIC BACKGROUND

To design a spring by the suggested method, one has to start by reviewing
some basic design information which are pertinent to the discussion given
below,

- Design for Static Loading

The load gradient (K) for a compression helical spring is given by

4
G . d (1)

8 . D , N
a

K

Where : (G) is the modulus of rigidity for the material, (d) is the wire
diameter, (D) is the mean coil diameter and (N_)is the active number of
coils. “

The working strength in shear () caused by the working load (Pw) at

solid height is given by
8 D.P

T< e (2)
7 .a
Where : (Kt) is the Wahl correction factor that can be given by :
D/d) - .
Kt 4 (D/d) 1 + 0,615 (3)
4 (b/4d) - 4 | (D/4d)

Equation 3, can further be simplified [4] to give

K _ 1.6 (4)
t 0.
(n/a) 0-14
This equation is valid for design of springs having a spring index
(c = D/d) within the range (4 gcgls).
If the ends of the spring are squared and ground, the total number of
coils (Nt) is

Nt = Na+2 (5)

The so0lid height (hs) is given by

h = N_.d

=
.
o
=
1]

(Na + 2) d (6)

If a 20 percent clash allowance is selected, the solid height with a 20
percent overload will be reached. Thus, solid deflection ( 8 ) will be
1.2 4 P, °

8:5 - (7)

K

The free height is given by
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h = b + (8)
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- Bending and Buckling

For a compression helical spring, it is important that the working height
(h ) be not so great that buckling or column action will occur., An excell-
ent approach to this problem is derived earlier [3] for springs having
both ends are well seated, and syuared and ground. To avoid buckling, the
following equation must be satistied [3] ,

(<) ."n‘z « E ., quu
P, X 7 : : (9)
w ' cr
In equation 9 , (E) is the elastic modulus, (Ie ) is the equivalent
moment of inertia of the spring coil, (N ) is %Hé factor of safty and (c)

is a constant that depends on the end cogéition of the spring (Fig. 2).
The equivalent moment of inertia of the spring is taken as
hw . d

equ
64.Na.D.(l+

<

where (V) is the Poisson's ratio,

Ky
l |
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(,‘..'—..I
(d)
720

Figure (2) : value of the constant C for various end conditions
a) Fixed-free ends b) Pinned-pinned ends

c) Clamped-clamped ends with lateral restraint

d) Clamped-clamped ends without lateral restraint.
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- Practical Proportions

For a compression spring, with the condition when the initial load (P,)
exists, the initial height (h,) can be expressed by an equation that éased
on the practical proportions for helical springs[51. That is ,

hi :2; hmin4==(Na + 2) d # Sa (11
Where (Sa) is the sum of m;nimug spaces between individual working coils.
(S_) may be written as (1 + x.d" . Na). The value of (x) depends on the

spfing index [57.
(WEIGHT-DIAMETER) -PLANE

There are many practical objectives for optimum design of helical compre-
ssion springs depending on the particular problem as related to the requ-
irements of the total mechanical device in which the spring is to function;
for instance, minimization of outside diameter, maximization of lowest
natural frequency for the internal longitudinal vibrations and minmigation
of spring weight. This paper, however, only concerned with the minimization
of the spring weight. The weight of active coils for a helical spring can
be very closely approximated an the basis of Pappu's second theorem, from

elementry calculus, as follows ;
2
mad
) (12)
4

where () is the weight density of the material,Equation (12) can be
rewritten as

W= P'nDNa(

W = N . d (13)
P %p

: w
where (W) is the weight factor that is equal to = where ¢ W r——

Equation (13) obviously shows that the weight factor is a function of both
the wire diameter and the active number of coils. Since it is required to
make (W) as a function of wire diameter only, it is necessary to find a
relation between (N ) and (d). Consequently, the relation between (W) and
(d) in the design of the spring (on strength, buckling, and practical
proportions) can be found in the following formulae, based on the above

equation (1 through 11)
6

Gd (h - 2 4)
W = (14)
s 0.75 7 T (D -d)2'14 d2'28 +<3<f15 -8 P. (D -d)3
o 1 o
o 712 E d6
wb= ; (15)
64 (Do—d)(l+5) P, o N . h,
(hi -1) 4 - 2 a
W = (16)

P (1 + X d)
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where (W, W, and W ) are the weight factors when designing on strength,
buckling, and practicag proportion, respectively.

Figures (3, 4, and 5) are the graphical representation for equations (14,
¥5, and 16), respectively. It is found that all the springs that lie on
each curve and also in its feasible solution are valid. Next, all these
curves are plotted in one graph shown in Fig. (6) that called (weight-Diam-
eter)- plane. It can be seen that an area is enveloped by the three curves.
Any spring found within this area satisfies all the design requirements.

It is important to realize that point A(in Fig, 6) represents a unique
spring that has the least weight. Furthermore, point A is the solution of
equations (14 and 15). This unique spring may or may not have a standard
diameter. In case if it not a standard diameter, the next standard one
should be selected. This standard diameter, and its equivalent weight
factor (W_), will then be substituted in equation (13) to find the least
active number of coils. The other significant characteristics of the spring
can be obtained by applying in equations (1, 5, 6, 7, and 8) .

The design of the spring, that mentioned above, is based ¢gn static load,.
The spring must then be checked for buckling and practical proportions,
regardless of the type of the applied load, When designing on dynamic
loading, however, the curves (W and W ) must be changed to represent

that dynamic loading . This means that the practicdl proportion will not be
changed with changing the type of the load.

Feasible desiya

space N
Wp
N\
_\ Feasible )
design \ FFeasible
spdce design space
. e rascoondge
Wire diameter Wire diameter Wire  diameter
Figure (3) Figure (4) Figure (5)

Graphical representation for equations (14, 15, and 16)



sueTd- (1933weTp-3ybIaM)

W [P IM0WERIp UM

9

(9) @1nbrd

3} o}
Q 1 )
4 -t
ol o]
-]
3]
fz .
zZ <
] @
o o
—
3} >
y B
= =
<
p—)
= ™
0 1
2 o
- (g}
<9
o
n
O
g

ot

1

/]

owep

o

2w wnwindo

My

A

Jjoaep yRom wnwido

Ayl

00l

00¢

00t

oov

00s

009

wyam

[ ;P EN| 101¢)



TE FIRST A.M.E. CONFERENCE
LMD-* 6 60 ’ - o
e 29-31 May 1984, Cairo

COMPUTATION FLOW CHART FOR THE OPTIMIZATION PROBLEM

Application the weight diameter plane will determine the global optimum
design point (i.e., the best possible solution point in the feasible de51gn
space) . Execution of the procedural steps in the weight-diameter plane is
time consuming. Theorefore, a computation flow chart is an alternative
solution for this drawback.

Figure 7 shows the computation flow chart which has been constructed
according to the understanding of the weight diameter plane (Figure 6).
The best design for minimization of the weight factor (for a specific
combination of N and d values for a certain material) can be explicity
determined. This®determination is made by simple calculations and compar-
isons based on the functions and boundaries of the weight-diameter plane.
Based on the computation flow chart of figure 7, a digital computer program
can be written for the optimization problem. With this, the overall opti-
mum design can be determined automatically and ropidly in numerical applic-
ations.

Seart Figure (7)

Read spring data G.?fall,f,d
Do'hi'Pi‘hw'Pw‘Ncr and C
Y

Begin with tne first etandariJ

wire dismeter using table ( 1 )

K ]
e { B
Compute |
D« D - d and
m ° g
m
¢t g
//L"—,
Select the next No o Ves
standsrd wire 486 cg 18
using table (1) ~
v ~—
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Computs wg 8
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i
i

equations (14),.(15) and (16 |

Calculates J
Ny = W/ a° [

8
Compute the other significant charac-

teristics Nx'h ueing equetions (1),
(5),(6),(7)" "aha (8).

t

Print
d‘.N.,Nt,hf,Do & o,
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Table (1) Standard diameters of spring wires for cold
coiled springs, in mm, (DIN 2076).

0.3 0.7 Y- 2 3 el D 8 12

0.32 B 79 1.3 2wl 3.4 5.3 8.5 12.5

0.36 0.8 1.4 2425 3.6 5.6 8 13
0.4 0.85 1.5 2.4 S8 6 9.5 14
0.45 0.9 1.6 2D 4 6,3 lo 15
0.5 0.95 1.7 2.6 4.25 6.5 l0.5 16
0.56 1 1.8 2.8 4,5 7 11 17
0.65 1.1 1.9 k. 4,75 7D 11 .5

spring index

<6 <8

d mm Sa nm 4...6 >8 512 12
0.07 ~~-0.5 X=0+59 mm_1 0.75 1 1.50

0+5 0.2 0.4 0.6 1

1

1 0,05 0.15 0.25 0.4

1.6

1.6 0.035 (o 0§ 0.2 0 oD

2.5

2,5 (1 mm + xd? Na) 0.02 0.04 0.06 0.1

4

4 0.015 0.03 0.045 0,06

0.:3

6.3 o.01 0.02 0,03 0.04

lo

io 0.005 O..1 0,018 o0.02

AT

Table (2) Sum of minimum spaces between individual
working coils ( Sa Y, ( DIN 2095 ) ,
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