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Abstract: The main industrial programs for spring design do not make the most of the powerful capabilities for
optimization currently available. Usually, such software simply provides comprehensive validation tools. This paper
introduces an advanced sizing tool for compression spring design. This tool can be used at any design stage and involves a
specification sheet to provide data including interval values. Interval analysis and optimization processes are then run to
provide the best design as output. High-level assistance functionalities are also presented and illustrated through a case
study.
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application.

NOTATION (based on DIN [1] standards)
A: least compressed sate of the spring

B: most compressed sate of the spring

D: mean diameter [mm]

D;: inside diameter [mm]

D,: outside diameter [mm)]

Dy: diameter of the housing [mm]

d: wire diameter [mm]

E: elastic modulus of the wire [N/mm?]
F;: minimum operating load [N]

F;: maximum operating load [N]

f.: natural frequency of surge waves [Hz]
G- torsion modulus of the wire [N/mm?]
k: stress correction factor

Ly: free length [mm]

L ;. maximum operating length [mm]

L,: minimum operating length [mm]



L.: solid length [mm]

Lg: buckling length [mm]

L,: minimal operating length to respect the minimum space between coils [mm]
L,: minimal operating length to respect the maximum allowable stress [mm]
M: spring mass [g]

m: pitch of the spring [mm)]

N: number of cycles

n: number of active coils

n;: number of inactive coils for the ends related to Ly

n,,: number of dead coils

nr: total number of coils

R: spring rate [N/mm]

R,,: ultimate tensile strength of the wire [N/mm”]

S,: total minimum space between coils [mm]

Sp: spring travel [mm]

V. overall space occupied at Ly [cm3 ]

V. overall space occupied at L, [cm3 ]

W): internal energy stored during operating travel [N.mm]
w: spring index

a,: percentage of R, at L

a.: percentage of R, at L,

o fatigue life factor

7. helix angle [degrees]

v. end fixation factor

p: wire density [kg/m’]

75 fatigue limit of the wire [N/mm?]

T,,. mean shear stress [N/mmz]

7, alternate shear stress [N/mm’]

Left superscripts

S: from the specifications sheet

M: from the manufacturer constraints or from standards
Right superscripts

U: Upper limit

L: Lower limit



1. Introduction

Machine design involves sizing many different mechanical components such as gears, shafts, bolted
joints, cams, etc. Each component has its own particular use and requires specific manufacturing
knowledge. When an elastic function is required, designers often use springs. These can be found in
basic mechanisms where their sizing is not critical. Springs can also be found in high-level
mechanisms such as cars [2], hand prostheses [3] and satellites [4]. In such mechanisms, spring design
has to be reliable and well controlled as poor spring behavior would lead to major damage.

Even if the authoritative work on spring design was written in 1963 [5], the ever broader range of
applications for springs explains the continuing need to study spring behavior today. Recent works
have focused on buckling [6], large displacements [7], non-circular wire [8], natural frequency [9] and
non-axial forces [10] of helical springs. Other studies are devoted to other types of springs such as
conical springs [11, 12], leaf springs [13, 14, 15] or tape springs [4]. Our study deals with helical
compression springs with circular wire, which are still the most commonly used today.

As with other common mechanical components, the problem of spring design is often resolved using
tables and charts containing certain pre-selected specifications and objectives. Even with computer
assistance, designers are often obliged to oversimplify design procedures. They assign a value to
certain parameters to reduce the number of problem variables to only 2 or 3 [16, 17, 18]. However,
progress in Computer Assisted Design should lead to the capability of designing components without
having to resort to such simplifications. The main industrial software available to designers working
on spring definition work ("Compression Spring Software" from IST® [19], "FED1°" from Hexagon®
[20] and "Advanced Spring Design" from SMI [21]) is mainly validation software. It uses standard
calculations merely to check that the proposed design matches the requirements. "Advanced Spring
Design" uses an optimization algorithm from UTS [22]. It allows the designer to define the desired
parameters and automatically calculates all the other parameters that can be calculated until the design
is completed. However, there is no tolerance on data and objective functions cannot be defined [23].
In our view, in current practice, the powerful potential for optimization is not fully taken advantage of.
In theory, it should be possible to find an appropriate resolution method to provide an optimal solution
to a global design problem whatever the specifications. Such a tool would be of major interest to
designers as it could be used at any stage in the design process, even at the beginning where most
design parameters are as yet unknown. To answer to this need, Paredes et al have proposed several
assistance tools to perform optimal design for compression [24], extension [25] and torsion [26]
springs. This paper introduces an approach that can be used to make the most of optimization
capabilities for compression spring design in proposing advanced assistance functionalities. In the first

part of this paper, we present the window interface, the spring parameters and proposed levels of
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assistance. In the second part, the optimization problem is defined and the resolution method for the
highest level of assistance is presented. The third part introduces a case study that makes use of high-

level assistance capabilities.

2. ASSISTANCE TOOL

2.1. User-friendly window interface

Figure 1

The assistance tool interface is based on a main window where the data can be defined and the results

are shown. This window is divided into three main areas called data 1, data 2 and results (see Fig. 1).

2.2. Data 1 area: fixed data for the problem

The data 1 area is used to define the data that are to be set for a problem. The designer specifies the
material, the spring ends required and the standards to be used. The number of cycles N needs to be
defined to calculate the fatigue life factor =. Where buckling is to be avoided, the buckling length
without a guide or housing L has to be calculated. To do so, the user selects the end fixation factor v
in an additional window. The permitted percentage for the Ultimate Tensile Strength R, at L., called
Sa.V also has to be defined. The elastic limit of steel is about 50% of R,,. This is the default value of
Sa. but where we are certain that the spring will not be compressed to its solid length L., higher R,,
percentages can be accepted. Finally, to be able to calculate the best spring, the objective function F

(minimum mass, maximum fatigue life, etc.) has to be provided.

2.3. Data 2 area: problem parameters

The problem parameters are defined in the data 2 area. The proposed tool is to be used at any design
stage. However, in the early design stages there are always a large number of parameters that have not
yet been set. It is difficult to provide set values for a problem and it is therefore more convenient to
define parameters through their possible lower and upper limits. For this reason, data 2 area comprises
a specifications sheet defined using interval values. Thus, all parameters can be set by giving their
limits (lower and/or upper: °X-, X"). To set the value of a parameter, it has to be placed within both
the lower and upper limits defining that parameter interval in the specifications sheet (see d and Sj, in
Fig. 1) and, to handle most industrial problems, a large range of parameters needs to be considered.

They define not only the spring geometry but also its use.

Figure 2




The main parameters that define spring geometry are: D,, D, D;,d ,R , Ly, L., ny. Fig. 2 illustrates
these parameters that characterize the intrinsic properties of the spring. Four independent parameters
have to be known to calculate the four others.

A spring is conventionally described as working between two configurations, the least compressed
state 4 and the most compressed state B. The main parameters defining the use of a spring are: F;, F>,
L;, L, and S, (see Fig. 3). Once the design parameters are known, two independent operating
parameters (to be taken from among F;, F>, L;, L, and S;) are needed to determine the two points A4

and B.

Figure 3

In addition, many other parameters can be considered by the designer as they can play a major role in
some studies:
v Natural frequency of surge waves (f;)
Diameter of the housing (Dy)
Internal energy stored during operating travel (W)
Spring mass (M)
Overall space occupied at free length (V)

NN NN

Overall space occupied at minimal operating length ().

2.4. Assistance levels

Four levels of assistance are proposed at the top of the window interface. At level 1 of assistance, the
designer sets requirements and asks the tool to propose a design by clicking on the Calculate button.
Then, at level 2 assistance, calculation is almost instantaneous. The tool automatically proposes an
optimal design for each new input (the Calculate button disappears). Thus, the designer can see at a
glance what effect changes in input parameters have on the optimal design. A higher level of
assistance can be obtained by activating interactive control of input (level 3). The idea here is to warn
the designer where the statement of the problem lacks consistency (no acceptable solution can be
found). The tool then checks the specifications introduced as input and automatically suggests
corrections to those values that preclude determination of an acceptable solution domain.

The last level of assistance (level 4) shows in interactive fashion the optimal design and the acceptable
bounds for each of the parameters considered in the data 2 area. This means the designer can readily
see the influence of input values not only on the optimal design but also on the solution domain itself.

The present paper focuses on presenting this last level of assistance.




2.5. Results area: proposed design

The results are presented on the right side of the specifications sheet. This area contains all the
parameter values for the proposed solution including design and operating parameters. It also shows
values for the parameters considered by standards such as the spring index or helix angle. To assist in
design analysis, the objective function value is bordered and the parameter values that reach a limit of
the problem (defined by the user, or imposed by standards or the spring manufacturer) are highlighted.
The tool also allows a sensitivity study to be performed. An additional window shows the benefits on
the objective function that can be obtained by relaxing limits. The designer can thus determine those
limits that can be relaxed to derive an advantage.

Sometimes no spring can be found to fit requirements. In this case, a design closest to the
specifications is proposed and those parameters that violate limits are shown with a stroke through
them.

Finally, the results area also shows the allowable bounds for parameters when the highest level of

assistance (level 4) is activated.

3. LEVEL 4 ASSISTANCE ALGORITHM

3.1. Main algorithm

Figure 4

The algorithm used for level 4 assistance is shown in Fig. 4. Using this activated assistance level,
whenever the designer introduces new data the tool automatically shows the optimal spring
characteristics and the allowable bounds for each parameter featured in the data 2 area. To achieve
this, 39 optimization problems need to be automatically defined and solved. The only thing that varies
between these 39 problems is the objective function. This explains why the optimization problem is
prepared in one go (Step 1). The resolution process is performed using a mathematical programming
process (step 4). For greater efficiency, two additional steps have been inserted (step 2 and step 3). The

last step (step 5) extracts the results to show the best design and prepares data for the next user input.

3.2. Step 1: Building the optimization problem

Finding the spring design that offers the best possible value for an objective function involves an
optimization problem with six continuous variables. Four design parameters (D, , d , Ly, R) and two
operating parameters (L; and L;) are stored in the “vector of design variables” X, so X=[D,,d, Ly, R

L, Lo

Table 1




A large range of constraints is considered allowing most real-life industrial problems to be resolved.
Table 1 lists 47 selected constraints capable of expressing not just designer specifications but also
standards and the spring manufacturer’s technical capability limits. All the necessary formulae to
encode these equations are given in the Appendix. An optimization system with 6 variables and a
maximum of 47 constraints is thus obtained and has to be resolved.
Each set of data not defined in the data 2 area is automatically set to a default value to ensure that it
will not influence the optimization process, with 0 for a lower limit and 10’ for an upper limit. Even
where a standardized wire range exists, a wire can be manufactured to any diameter. When using
standardized wire, each wire diameter (d) considered implies setting Sd* =54V =d in the
specifications sheet.
The objective function is defined on each loop between step 2 and step 3 and is expressed using the
conventional form :

Minimize or Maximize F(X)
where F(X) is either the fatigue life factor, or any one of the parameters that may be set in the
specifications sheet: D,, D, D;, Dy ,d ,R ,nr, Lo, L;, Ly, Lo, Sy, F1, Fo, M, fo, Vo, Vo, Wh.
Step 2 and step 3 are to increase efficiency of step 4. This explains why step 4 is presented before step

2 and step 3.

3.3. Step 4: Solving the optimisation problem

The goal here is to find a fast, reliable and complete method to solve our problem automatically
whatever the specifications. As continuous variables have to be managed, we have chosen to use
mathematical programming [27] and, more specifically, to implement a direct method as each step in
the resolution process is based on a displacement inside the solution area. This kind of property is
useful if the resolution process is interrupted before completion (where it proves difficult to obtain full
convergence), with the tool being more likely to provide the designer with an adequate though non-
optimal solution.

Direct methods require a starting point inside or close to the solution area. Indeed, the closer the
starting point is to the final solution, the more likely the algorithm will be to converge towards the
optimal solution. This is especially true here considering the high number of constraints. For this
reason, we have developed a dedicated strategy to find a suitable starting point, implemented through
building up a virtual catalog of springs relating to the specifications (step 2) and selecting from it the
best design (step 3). One key benefit in searching for the allowable bounds of the parameters is shown

in step 5.



3.4. Step 2: Building a virtual catalog

Interval arithmetic [28] is used to analyze the main parameters on the specifications sheet in order to
build a spring virtual database that respects the greatest possible number of constraints. Interval
arithmetic is used to full effect for the spring’s main design and operating parameters (see Fig. 2 and
Fig. 3). In this instance, formulae are quite simple and we take advantage of the tolerance propagation

approach [29] to find springs that best respect the requirements.

3.5. Step 3: Selecting the best design from within the catalog

Selecting the best design from within the virtual catalog is not in itself an easy matter. Indeed,
choosing a spring from the catalog will allow you to define the four design parameters (D,, d , Ly, R)
of the vector of design variables, but the two operating parameters (L; and L) still remain to be
determined in order to fully define X. A dedicated algorithm [30] has thus been developed to select the
best design from within the virtual database. It first determines the optimal operating parameters for
each spring depending on the specifications and on the current objective function. To this purpose, a
method (introduced by Johnson [31]) dedicated to solving problems with a small number of variables
is used. Each design obtained is then compared with the requirements and the best one is selected to

initialize the mathematical programming process.

3.6. Step 5: Extracting and saving results

There are two ways to extract results, depending on whether the goal is to find the optimal design or
find the allowable bound of a parameter.

When the objective function is that defined by the designer, a large number of results are extracted.
The designer is offered all the design and operating parameters, and the other standard-related
parameters.

When the objective is related to finding one parameter bound, the user will only be offered the final
value of the objective function (that is the allowable bound related to the tested parameter).

This search for allowable bounds is not only of great interest for the designer but also extremely
important for the mathematical programming process, as it involves finding the Bounds of the Solution
Space [32]. Considering this, the design parameters (D, , d, Ly and R values) of the optimum result
related to each bound are added to the next virtual catalog (this will be built at step 2 after the next
designer input). This is a key issue as it guarantees our finding a starting point that respects the
requirements whatever the specifications (as long as problem consistency is maintained). Indeed, at

least one of these springs satisfying the current optimization problem will also satisfy the next



problem. This fact is illustrated in Fig. 5 for a simplified problem involving only two variables (being

represented in a 2D space) d and D,.

Figure 5

Fig. 5a shows the solution domain in the [d , Dy] space. It is bounded by the manufacturing constraints
and previous inputs from the designer (only *Dy" in this case):

v ond Md",Md") as represented by two vertical lines: d =Md" , d =Ma"

v’ on the spring index w represented by two lines: Dy=d (Mw" +1)and Dy=d (Mw" +1)

v on Dy represented by a line: Dy = SDOU

Note that the constraint on D, which is represented by a line Dy = VD" +d, is not activated.

When the designer sets another value in the specifications sheet, the solution domain is reduced. Fig.
5b illustrates the consequence of a °D/” input. The solution space includes the new constraint:

v on D; represented by a line: Dy = SDiL -2d.
The solutions found when searching for the allowable parameter bounds are located on the Bounds of
the Solution Space. At least one of these solutions can be retained for the next optimization problem
(constructed when there is new designer input). This will be the solution relating to the search for the
opposite bound compared with the input. In the example shown, the next user input relates to >D;".
Thus, the solution found when searching for the greatest value of D; (represented by a circle) provides
a common solution for both optimization problems.
To conclude, storing the results of the allowable bound search ensures that we have an acceptable
starting point for each optimization problem. But this initial design can be remote from the optimal one
and we know that direct methods are more likely to converge when the starting point is close to the
optimal solution. This explains why the algorithm used to build a virtual catalog of springs (step 2) is

still of interest when it comes to finding a better initial design for each optimization problem.

4. Case Study: spring for a hydraulic pump

Figure 6

This case study deals with a spring for a hydraulic pump and involves a dual presentation. The first of
these quickly introduces a design leading to an acceptable solution. The second simulates a similar
study where a value on the specifications sheet is changed, leading to no acceptable solution. We then

go on to demonstrate the main advantages of the advanced assistance level.

Figure 7




The initial result is shown in Fig. 7. The proposed design fits the requirements and its associated
fatigue life factor is equal to 1.73. It can be seen that the limits defined on the specifications sheet on
F, Ly, f., D1, Sy and L, are reached and that the limits related to R are inactive. Obtaining such inactive
limits often occurs when using this kind of tool as the designer has no need to pre-define the main

parameters for the problem beforehand.

4.1. First study

Requirements were defined as follows. The spring was of shot peened steel with closed and ground
ends. Spring travel S, was constant (14 mm) and the system study defined the maximum spring load F’,
(200 N) together with the limits of the spring rate R (4 < R < 10 N/mm) and the minimum natural
frequency of the spring f; (200 Hz). To avoid any problem of wear due to friction, the spring was not
to buckle, the supports were parallel and guided to give an end fixation factor [1] of 0.5. Finally the
compressed spring had to be included within the piston, with its housing diameter D; lower than DM
(22 mm) and L; lower than LM (64 mm). As we were able to control the conditions for assembly and
carriage strictly, the theoretical breakage of the spring at its solid length could be admitted. In this
design stage there was no other geometrical constraint and the final design of the contiguous parts can
be adjusted to match optimal spring design. The goal here was to obtain the greatest fatigue life factor

for 107 cycles.

Figure 8

4.2. Second study

The same study was simulated considering the minimum natural frequency of the spring f; to be now
twice the initial value (°£;" = 400 Hz). At assistance level 1, problem resolution using continuous
variables provided the result shown in Fig. 8. Here, no spring appeared to fit the requirements. For this
reason, the tool automatically proposes a design closest to the specifications. We can see that the
proposed spring has a natural frequency of 395 Hz, that is less than the 400 Hz required by the
specifications. At this step the designer can either accept the spring or modify the requirements in

order to find a better one by trial and error.

Figure 9

The same study was performed activating level 4 assistance. Data were set in the order they appear in
the specifications sheet: SFY =200 N; SF,Y =200 N; 5L,V = 64 mm; SfeL =400 Hz; SR* = 4 N/mm; 5R"
=10 N/mm; SDLU =22 mm. At this step, the tool shows that the maximum allowable value for §j, is

13.625 mm. Thus, when the next data item, 5SS,k =14 mm, is entered in the specifications sheet, the

10




assistance tool automatically corrects the value to maintain consistency and proposes 13.625 mm
instead of 14 mm (see Fig. 9). The designer knows that there is no solution for the initially sought

specifications and the last data item, 5S;" = 14 mm, is entered without leading to any change.

Figure 10

For the system under consideration, spring travel must be 14 mm and something therefore has to be
changed in the specifications. Here, sensitivity analysis can help in determining what could be done to
improve allowable spring travel with the objective being to attain ‘greatest spring travel’. This analysis
shows (see Fig. 10) that maximum gain can be obtained by decreasing *F,", decreasing £," or
increasing °RV. It also shows that no gain would be obtained in modifying either the geometrical limits
or the manufacturing limits.

The sensitivity study tests each limit set on the specifications sheet, as also the manufacturing limits
and material limits. One optimization problem is thus defined and solved for each tested limit. Each
problem is in fact similar to the initial optimization problem (as defined in the main window) but the
constraint relating to the tested limit is relaxed by 10%. Thus, by comparison with the initial problem,
we enlarge the solution space and, as a result, the optimal design shown in the Results area represents
an acceptable point. Moreover, as the objective function remains unchanged (being the one defined by
the designer in the data 1 area), this design solution comes very close to the new optimal solution. In
this way, the design is defined as the unique starting off point for each optimization problem. The
sensitivity study window shows the relative gain on the objective function for each tested limit.
Having considered the overall system, a value of F," = 180 N proves to be acceptable if certain
modifications are introduced on other parts.

The assistance tool can also be used to define optimal springs made from standardized wires.
Considering the current problem, the tool shows that 2.22 < d <2.58 mm. The only standardized wire
diameter available is d = 2.5 mm. A last calculation is thus performed with ¢~ = 2.5 mm and %¢" = 2.5

mm. This leads to the solution shown in Fig. 1, which is retained for the final design.

5. CONCLUSION

In the present paper, we introduced a comprehensive dimensional synthesis tool for compression
spring design. Its main advantage is in making full use of optimization processes to propose a design
working directly from the specifications. Furthermore, the specifications sheet can incorporate data
tolerances to be used in the early design stages. The advantages of using optimization algorithms are
also used to the full in proposing advanced assistance functionalities. The tool can automatically
correct data to maintain problem consistency and also allows a sensitivity study to be performed to see
what effects are induced by modifying the input data. Finally, the assistance tool can be used

interactively to outline the allowable parameter bounds, providing the designer with an overview.
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This approach can be extended to the other types of springs such as extension, torsion or conical
springs. More generally, as this approach can be time consuming, it could be of major interest to help

designers when analytical formulae can be exploited.
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Appendix: Details of all formulae used to define the problem constraints.

Constraints related to variables
0 Specifications of the spring and wire manufacturer on Lyand d MLy Y, Md Y, Md ") have to be
taken into account. Here are the values used in our study for steel: M7oV=630 mm, Mal=12
mm, Mgt=0.3 mm.
Constraints related to design parameters
¢ Mean diameter: D =D, -d
Specification of the spring manufacturer on D (V'DV) is to be taken into account. The value used in
our study is MDY =200 mm.
¢ Inside diameter: D; =D, -2 d
¢ Number of active coils: n=G d" / (8 R D*)
DIN standards explain that all the formulae used are available if the number of coils is greater
than Mnt=2 .
¢ Total number of coils: ny=n + n, + 2 (for closed ends)
¢ Solid length: L. =d (n + n;+ ny,)
¢ Helix angle: y=180atan(m /n/ D)/ n with m=(Lyp-n;d-nnd)/n
The helix angle has to be less than ™y" = 7,5° for the calculations to remain valid.
0 Spring index: w= D / d. The standard requires the spring index to lie between ™ w' = 4 and
Ywl= 20
¢ Diameter of the housing: D; =D, + 0.1 ( m —08md—02d )/ D

Constraints related to operating parameters

12



¢ Minimum spring load: F;=R (Ly- L))
¢ Maximum spring load: F>=R (Ly - L)
¢ Spring travel: S, =L; - L,
¢ The minimum operating length must respect the minimum space between coils:
S,=n(0.0015 D*/ d+0.1d).
Sa is multiplied by 1.5 when dynamic use is required ( N> 107).
Thus, according to DIN [1] standards: L,= L.+ S,
¢ Ifrequired in the specifications sheet we also need to take into account the constraint related to

buckling according to the end fixation factor v [1]:

If vLy/ D< n1f% then Lg= 0 (no risk of buckling)
U

2
2 1 D
else L, =L,¢1- LR P
2u+1 u+2\vl,

with p= %—1

¢ Natural frequency of surge waves: f, = /%
n-pnDd

0 Internal energy during operating travel: W, =0.5 R S’
0 Total mass: M=n" pDd* (n+ny,+ 1.5) /4 (for closed and ground ends)
¢ Free overall space occupied: Vy=m Ly D02 /4
0 Operating overall space occupied: V>=rn L, D, / 4
¢ Minimum static safety under operating conditions. The spring is automatically designed to
ensure operating length L, achieves a maximum ;" % of R,,.
L.=Ly-(n a:" R,y d?)/ (800 D R k)
a,=L>/L,
with k= (w +0.5) / (w - 0.75)  stress correction factor (many other formulations of this factor exist, all

with equivalent results [5,19])
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In the calculation agu = 50 for steel.

¢ Allowable percentage of R,y at L.: . =800 DRk (Lo-L.)/ (nt Ry d 3)

Where R,, is a function of d depending on the material

¢ Fatigue life factor [24]

u U

. T, Ca, R, —74y) o, R .

ar =Min @ - zom W ;—2—m 4 with:
7,2 a, R, —Ty)+7T, Ty TotTu

tw=4DRQLy-L;-L))/(nd?)
w=4DR(L;-Ly)/(nd?
et, if N2>10"(fatiguelimit)

. [(rd —azURm) InN/In10+7a,"R, —41,[/3 if 10* <N <10’

”

Tay =

eqa,”R, if N <10*(staticlimit)

Where R,, and 1, are functions of d depending on the material.
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EJ Advanced Optimal Compression Spring Design

S=1E

Erase Data DTE'T Editmanufacturinglimits| Bssistance : | Level 4: show allowable bounds for parameters | PRINT | auiT |
his

Data 1 k aterial : |Steel DH shot perned J Humber of cycles: [yqg7 Fatigue data for d inside [1mm, 10mm].

Endsz type |I:Iosed and ground J Calculus of L |DIN J W Buckling, End fixation factor of 0.5

- v Check for heliz angle
Lz el Atz ferlin: |I:ureak j [V Use stress comection
Propose the spring with |The greatest j |Fatigue life: Factar j
Data 2 Results
fﬂp;zl:mamr& :;r;:: ﬁ!f“t?ble b?_lu;;:r Proposed design characternistics
Outgide diameter [D'a) in mm 20.05 21.86 20.05 Do [mm) Ly [mmn) 28.20
kean diameter [0 in mm 17.55 19.36 17.55 0 [rrm) Spring index .02
Inside diameter (Dil in mm 1505 1636 1505 Di () E:t'i';uae”ﬁ'f': f[a]ctu:ur 'i Eﬂa
“wire diameter [d] in mm a5 a5 280 280 250 d [mm) Shess at solid (%Rm) 53
Free lenagth [LO] in mm 43.46 h8.43 272 L0 [mrm) Buckling length [rmm]) 0.00
Tatal number of cails [nt) 792 936 936 nt
Operating load 1 [F1]in M 40.000 B4.013 43642 F1[N]
Operating load 2 (F2] in M 180 |200 179973 196624 120.000 F2([M]
Operating length 1 (L1} inem [~ [ A7 6B 54.43 4838 L1 [mm] Sensitiviy study
Operating length [L2] in mm | |54 24.03 40.43 .72 L2 [mm)
Solid length [Le) in mm 19.81 23.40 23.40 L [mm)
Yolume at LO 0] in cm3 | | 145895 199677 16.6489 %0 [cm3]
Mazs (M) in g 18,5682 19.8873 19,8873 M [q]
M atural freguency [fe] in Hz |4DEI | 39997 1411 39997 fe[Hz)
Spring rate [R]in M/mm 4 10 906820 10.0010; 10.00000:R [M4mm)
Houzing diameter [DL] in mm | |22 2016 22.00 200241 DL [mim) Inactive parameters;  nomal
. . Active parameters:  underlined

Spring travel [Sh) in mm 13.6352 |-|4— 13.64 14.00 1264  Shimm] ; .
Volume at L2 (V2] in cm3 | | 87390 127643 | 10.9847 V2 (em3] Viclated parameters:  Stisksd-Fhi
Energy [w'h) in M. mm | | 843,052 930.000: 929,680 wWh [N mm]

Fig. 1 User friendly window interface
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Step 1: Build the optimization problem

Y

Step 2: Build a virtual catalog of springs

I For each bound of each parameter and
the objective function selected by the user

v

Step 3: Select best design from within the catalog

v

Step 4: Solve the optimization problem

v

Step 5: Extract and save some results

Fig 4. Level 4 assistance algorithm
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XY : Solution space of current problem

: Removed space from previous problem
O : Common solution between both problems

Fig 5. Evolution of the solution space depending on inputs
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EJ Advanced Optimal Compression Spring Design

Eraze Data DTDT Edit manufacturing limits | Aazistance - |LE\-‘E|1 » caleulus on order
st

Data 1

b aterial : |Steel D'H shat perned

J Humber of cycles: [1ng7 Fatigue data for d inside [1mm, 10mm].

Ends type :

Dead coilz :

|I:I0$ed and ground

—

J Calculuz of Ln : |DIN J [+ Buckling. End fixation factor of 0.5
At saiid length : |I:ureak ﬂ [+ Check for heliz angle

Fropose the zpring with |The Qreatest

[v Lz stress conection
ﬂ - .,

|Fatigue life factor

Data 2

Outgide diameter [D'a) in mm
Mean diameter (D] in mm

Ihzide diameter (D] it mm
“Wire diameter [d] in mm

Free length [LO] in mm
Tatal number of cails (nt)

Operating load 1 (F1]in M
Operating load 2 [F2] in M

Operating length 1 (1] in mm
Operating length [L2] in mm

Solid length [Le) in mm
Walume at LO 0] in cm3

Mazs (M) ing
M atural freguencey [fe] in Hz

Spring rate [R]in M/mm
Houszing diameter [DL] in mm

Spring travel [Sh] i mm
Walume at L2 2] in cm3
Energy M) in M.mm

Resulis

Specification limits Allowable bounds . .

Lovier Upper Lovier Upper Fropozed design characternistics
21.93 Do [mim) Ly [mmn) E4.00
18.89 D [mrm) Spring index B.22

. Helix anale ] 511

;ED'EE EI[Enmmr?] Fatigue life factor 1.73
) Stress at zolid [%Rm] 34
38.05 L0 [rrm) Buckling length [rmm]) 0.00
1743 nt
23573 F1[M)

[200 [200 200.013 F2[M]

I— I— 7300 L1 (mm) Senzitivity study

| |54 E4.00 L2 [mm)

|— |— 5290 Lo [mm)

| | 332536 VO [cma]
BEYETF M [g)

[200 | 200,00 fe[Hz)

4 10 8.3F1EE R [M/mm)

| |22 22.00 DL [mim) Inactive parameters;  nomal

Active parameters:  underlined

|-|4— |-|4— 1400 Sh(mm) . :

| | 241713 V2 [emd) Violated parameters: StakadTHam

| | 215.082" Wh (M mm]

Fig. 7 Result of the first study with level 1 assistance
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EJ Advanced Optimal Compression Spring Design E|@|E|

Erase Data DTE'T Edit manufacturing limits | Assistance - |Leve| 1: caloulus on order j PRINT | auIT |
b

Data 1 Aedlo

k aterial : |Steel DH shot perned J Humber of cycles: [yqg7 Fatigue data for d inside [1mm, 10mm].

Ends type : |I:Iosed and ground J Calculuz of Ln : |DIN J [v Buckling, End fixation factor of 0.5

- v Check. for helis angle
Lz el Atz ferlin: |I:ureak j [V Use stress comection
Propose the spring with |The greatest j |Fatigue life factar j {Calculate
Data 2 Results
fﬂp;zl:mamr& :;r;:: ﬁ!f“t?ble b?_lu;;:r Proposed design characternistics
Outgide diameter [D'a) in mm 21.38 Do [mm) Ly [mmn) 26.93
kean diameter (D] in mm 18.81 D [rmimn) Spring index .20
Inside diameter (i) in mm 1633 Dilmm] E:t'i';uae”ﬁ'f': f[a]ctu:ur E;IAET
“wire diameter [d] in mm 258 d [mm) Shess at solid (%Rm) E'i
Free length [LO] it mm BE.26 L0 [rmrm) Buckling length [rmm) 0.00
Total number of coils [nt) g.68 nt
Operating load 1 [F1]in M AY.E38  F1 (M)
Operating load 2 (F2] in M |200 |200 198.892 F2([M]
Operating length 1 (L1} inem [~ [ 5114 L1 [mm] Sensitiviy study
Operating length [L2] in mm | |54 3714 L2 [mm)
Solid length [Le) in mm 22.35 L [mm)
Yaolume at LO 0] in cm3 | | 20,4204 %0 [cm3)
Mass [M]in g l— l— 209720 M [q)
M atural frequency [fe] in Hz |4DEI | 298458 fe[Hz)
Spring rate [R]in M/mm 4 10 10.08858:R [M/mm)
Houzing diameter [DL] in mm | |22 21.61 DL [mim) Inactive parameters;  nomal
. . Active parameters:  underlined

Spring travel [Sh) in mm |-|4— |-|4— 1400 Sh(mm] ; .
Volume at L2 (V2] in cm3 | | 13,3399 V2 [emd) Viclated parameters:  Stisksd-Fhi
Energy ') in M.mm | | 9238.042° Wh (M mm]

Fig. 8 Result of the second study with level 1 assistance

X]

Zonsidering the previous data, the value of Sh has to be lower than 13.63

2K,

Fig. 9 Message providing corrected data to maintain consistency
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Sensitivity Study

=)

Improvements of the objective function when relaxing one limit (one by one) of 10 %

Specification sheet limits

Lawer value Upper value Lowwer value pper walue
Outzide diameter (Do) | | Salid length [Lc] | |
kean diameter [D] | | Volume at L0 (VO] | |
Inzide diameter [Di] | | Mass [M] | |
Wire diameter (d] | | Matural frequency [fe] |32 |
Free length [LO) | | Spiing rate (] |EI‘Z |32
Total number of cails [nt] | | Housing diameter (DL] | |1 %
Operating load 1 [F1] | | Spting ravel (Shi |EI°/° |EI°/O
Operating load 2 [F2] |3 |0 Volume at L2 [v2] | |
Operating length 1 [L1] | | Energy [wh] | - |
Operating lengthz [L2] | ||:|3;
Manufacturing limits

M aximurn beliz angle (2] Inzi Minirum active coils [n) 0%

Minirum spring indes (i) Inzi M awirnum rmean diameter (0] [

M aximurn spring index (1w Inzi M aximurn free length [LO] 0%

Material limits

Minirnurn wire diameter [d)

0.00%

M axirmurm wire diameter [d]

0.00%

Back

Fig. 10 Result of the sensitivity study.
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Table 1 Constraints

Constraint on;

Upper limit:

Lower limit:

D, gl(X): D, - °D,"< 0 22(X): °D, ", - D, < 0
d 23(X): d-Min(’d Y, MdV)<0  g4(X): Max(Cd“,MdY)-d<0
Ly g5(X): Lo - Min(CLy", MLyY) <0 g6(X): °Lo"-Ly<0

R g7(X):R-"RY<0 g8(X):*R“-R<0
L g9(X): L;-3L;Y <0 gl0(X): °L“-L; <0
L, gl 1(X): Ly - 5L,V <0 gl12(X): 5L, - L,< 0
D g13(X): D-Min (°DY ,MDY) <0 gl4(X): °D"-D <0
D; g15(X): D;- DY <0 gl6(X): °D - D; <0
Dy gl17(X): D, - °D;V <0 g18(X): D~ Dy <0
n Rkl g19(X): Mt -n<0
nr 220(X): nr- " n1° <0 221 (X): *ni-—nr<0
y 222 (X): 7-MY <0 s ok ook

F, 223 (X): F;-FY <0 224 (X): SF/*-F; <0
F> 225 (X): F>-SF,Y <0 226 (X): SF,5 - F,<0
Sp 227 (X): Sy -38," < 0 228 (X): 58" - 5, <0
w 229 (X): w-MwY <0 230 (X): Mwh-w<0
L, HoA Ak g31 (X): L,-L,<0
Ly Hok ok 832 (X): Ly - L, <0
L. 233 (X): L.- LY <0 g34 (X): 5L —L.< 0
1. 235 (X): £ -3V <0 236 (X): 5k -£.<0
Wi, g37 (X): W, -"w,P <0 238 (X): SWi- - W, <0
M 239 (X): M-MU<0 g40 (X): M -M<0
Vo g4l (X): V5-31," <0 g42 (X): 3V - V<0
Vs g43 (X): V2-31,V <0 g44 (X): SV -1, <0
a g45(X): oz - " <0 skt ok ok oK

a. g46(X): a. - V<0 ok ok ok

ar *EEKKKK gd7(X): 1-ar<0
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