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Abstract

The study reports on the essential level of details in simulations during the development
of structural components if reliability-based design is used to ensure their quality and
operational safety. A general method, which is initially introduced, is then applied to an
indicator spring of a fuse element during assembly and operation stages. First, it is proven
that design of simulations based on orthogonal arrays which includes variations of form,
material properties and operating conditions within expected scatter limits provides a com-
parable determination of the scale parameter for the two-parameter Weibull distribution as
the experimental observations of the same process. The shape parameter of the distribution
tends to be underestimated by the simulations resulting in a higher scatter of the expected
properties than experimentally measured. Next, it is shown that the maximum likelihood
method to determine representative parameters of the scatter of assembly and operation
stages provides a better match with experimental data than the median rank regression.
Finally, a high reliability of the indication has been calculated for the fuse element if both
the scatter of the assembly and the operation conditions were considered.

Keywords: reliability; operational safety; structural design; fuse element; indicator spring

1. Introduction

A probabilistic approach to design of mechanical structures has a crucial advantage as
compared to the conventional deterministic approach with safety factors [1-4]. Namely,
an objective and direct measure for uncertainty contains a very strong piece of information
regarding the effectiveness of the design [5,6]. Moreover, since the effectiveness of the de-
sign is closely related to quality and safety of mechanical components, a proof of structural
quality and safety can be drawn with greater confidence if the uncertainties are also consid-
ered during the analysis [7-9]. Conversely however, a setback of probabilistic approach to
mechanical design is a time-consuming and costly procedure as it requires reliable experi-
mental data to ensure trustworthy predictions [1,10-14]. Paradoxically, a more systematic
inclusion of reliability analyses within the design process could drastically reduce the
overall cost of development and the risk of failure of mechanical components [15].

Typically, simulations of structural behaviour using the finite element analysis (FEA)
and deterministic approach suppose constant geometry of mechanical components and
material data represented by material parameters which are most commonly determined
for a pre-defined probability of failure [16-18]. Arfa et al. [16] applied the finite element
technique in a recent study to model the laminated beam and extract the mass and stiff-
ness matrices for the bending vibration. Ho and Lee [17] developed a robust numerical
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procedure for the limit state analysis of structures using an adaptive edge-based smoothed
finite element method and applied it to a number of engineering problems including a
perforated plate subjected to in-plane tension, a cantilever beam subjected to shearing
load, a simple frame and two cracked plates. Gamez-Montero and Bernat-Maso [18] used
constant Young’s modulus, density, and Poisson’s coefficient in FE simulations during the
design of numerical simulations to assess contact stress in gerotor pumps. The bound-
ary conditions are typically also kept constant during the analyses with deterministic
approach [17,19]. In a recent study by Pham and Cuong-Le [19], constant boundary condi-
tions including simple supports, clamps or prescribed displacements have been assigned
to analyse oscillation and buckling of a skew-nanoplate manufactured from piezoelectric
materials in a hygro-temperature environment using the finite element approach. Seruga
et al. [20] predicted the damage of a thermomechanically loaded exhaust muffler using
realistic boundary conditions during the operation. In another study by Schmidt et al. [21]
on numerical investigation of N-joints from high-strength square hollow sections, constant
boundary conditions in FEA were derived from the support conditions used in the compo-
nent tests. These assumptions provide a good insight into the behaviour of components
under scrutiny and help researchers and engineers to explain potential issues with oper-
ation or improve the design. Additionally, the analyses are least time-consuming as no
iterations or modifications in the analyses are needed.

For a reliability-based evaluation of a mechanical component, variations of either me-
chanical properties, material parameters or boundary conditions are necessary as reported
by several recent studies. Hao et al. [12] showed that FEA in combination with isogeometric
analysis can be used for reliability predictions of composite variable-stiffness panels with
curvilinear fiber paths subjected to buckling. Zheng et al. [22] constructed Gaussian process-
based surrogate models from FE simulation results to estimate the properties of salt caverns
with less time-consuming calculations. Likewise, Yoo et al. [1] have studied options with
multi-fidelity models to generate surrogate models using input and output pairs calculated
by FEA. Similarly, Hassanien et al. [23] proved that FEA and reliability analysis are applicable
to consider the scatter of measurement uncertainties and component properties using surro-
gate models to establish the probability of failure. Hosseinzadeh et al. [13] varied material
properties and load of a 3D bracket with hole to solve static structural reanalysis problems.
Studies by Glavan et al. [24] and Skrlec et al. [25] used FEA to simulate variable properties
of mechanical joints and plate-like specimens, respectively. Mikelj et al. [26] showed that the
variation of boundary conditions has to be considered for cast-iron manhole covers in order to
correctly design the geometry. Recent challenges including FEA in the reliability studies also
involve training of physics-informed neural networks (PINNs) with FEA results of realistic
engineering problems [10].

Although several recent studies have proven the importance of consideration of
uncertainties, this study highlights the importance of representative experimental data,
processing of experimental data and performance of structural FEA. Specifically, it shows
that expertise and experiences are important when a full geometrical model is prepared
for a structural analysis as the outcomes of the simulation results directly reflect potential
simplifications and assumptions made during the preparation stage of the simulations.
The main aim of the study is to show that simulations using structural FEA can facilitate
the reliability estimation of mechanical components even if the simplest two-level design
of simulations is performed. The secondary aim is to analyse the effect of interpretation
of simulation results to the reliability predictions if care is not taken during the post-
processing stage. A safety assembly within an electric fuse to indicate the operation is
chosen as an example for the reliability-based design. Fuses are electro-mechanical elements
that are installed in all electric circuits, including domestic appliances, industrial electric

https:/ /doi.org/10.3390/modelling7020047


https://doi.org/10.3390/modelling7020047

Modelling 2026, 7, 47

30f16

systems, electric motors and devices, electric vehicles and photovoltaics [27-31]. They are
intentionally designed to be weak, allowing them to interrupt the electric circuit during
overloads or short-circuit conditions which consequently safeguards the users and sensitive
electronic components [28,32]. Reliability and safety are thus essential characteristics of
the fuse design. The remainder of the paper is organised as follows. Section 2 gives an
overview of uncertainty source and the framework for statistical model calibration and
validation. Section 3 presents the results of the simulations and experiments in the presence
of recognised uncertainties. Section 4 discusses the reasons for the obtained results of
simulations and experiments. Section 5 summarises the main outcomes of the study.

2. Method

In general, mechanical properties @, material parameters ® and boundary conditions
Y at any location of a mechanical component can be prescribed as

® = P(form), O = O(material), Y = Y(operation), 1)

which means that they stand for arbitrary variables depending either on form, material
or operation, respectively. Output function of the mechanical component (2 can then be
derived with respect to the arbitrary variables as

Q=0(9,0,Y) 2)

and it also represents an arbitrary variable. However, as typically the random distribution
of the form properties, material parameters or boundary conditions are not known for
every location of a mechanical component separately, the output function of the mechanical
component () can be expressed directly as

Q = Q(form, material, operation) 3)

and can be gained either by simulations or experiments, respectively. The scatter can then
be conveniently described as f(Q) which represents probability density function of the
output function () in the observed direction. If the mechanical component is in interaction
with another mechanical component, then similarly the output of the other mechanical
component can be written as

A = A(form, material, operation), 4)

and it also stands for an arbitrary variable. The scatter can be described as f(A) which
stands for probability density function of the output function A in the same direction as for
the output function Q). A successful interaction of the two mechanical components in the
observed direction can now be written as

) "
re= [ ][ saalsayn ®)
which can also be interpreted as the reliability of the interaction. According to the inter-
ference theory [33], A’ represents the current limit of the inner integral among all possible
values given by the limits of the outer integral. Typically, two-parameter Weibull distribu-
tions are used in reliability engineering [34,35], so the outputs of the interacting mechanical
components from Equation (5) can be written as

R /oo [/A/ ﬁﬂ(ﬂyole("%)%dﬂl ﬁA(A>ﬂAle<GAA)ﬁAdA ©

—o0o0 | J—c0 GQ % GA 9/\
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where 6 and 0, represent the scale parameters, and S and B stand for the shape
parameters of the output functions of the interacting components. If the outputs of the
interacting mechanical components are given in terms of functions that take non-negative
values only, then Equations (5) and (6) yield equivalent results if the limits of integration
change into

=[] " ELIFENEN %

and
/! — —
k=71 <Q)ﬁn (%) aa| B (A>ﬁA B
0o |Jo 6a\ba Oa \Oa
Flowchart of reliability assessment in case of scattered output functions for interacting
components () and A is given in Figure 1 if either simulations or experiments are used to
gain the data. Importantly, the reliability can also be estimated if the output function for
one of the components is gained by simulations and for the other one by experiments.

Variability of form Variability of form

Variability of Finite element model of Variability of Variability of Finite element model of Variability of
operation mechanical component Q material operation mechanical component A material
Design of simulations Design of simulations

} }

Discrete values of output functions for mechanical component Q ‘ Discrete values of output functions for mechanical component A

! !

Estimation of distribution parameters for output Estimation of distribution parameters for output
function of mechanical component Q function of mechanical component A
77777777777777777777 [ ]
¥

(b x . : -
' ® Physical specimens of Physical specimens of
! mechanical component Q mechanical component A
i Discrete values of output functions for mechanical component Q ‘ ‘ Discrete values of output functions for mechanical component A
| Estimation of distribution parameters for output Estimation of distribution parameters for output
| function of mechanical component Q function of mechanical component A
¥

Experimental reliability of the interaction ‘

Figure 1. Flowchart of reliability assessment using (a) simulations or (b) experiments.

2.1. Estimation of Parameters

Several estimation methods can be utilised for the determination of representative
parameters of Weibull distribution [36-39], including the maximum likelihood estimation
(MLE) as the most conventional method [36,39] and the median rank regression (MRR) for
its simplicity [39-41].
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The MLE method defines the likelihood function L for a random variable x with
Weibull distribution f(x) as

L:L(x,‘f’) :ﬁf(x,‘?), )

wherei = 1,...,n is the number of available experimental results and ¥ is the vector of

material parameters By and 8. The aim is to find such a set of material parameters which

maximises the likelihood function L. Since the likelihood function and its logarithm have

the same maximum, its logarithmic form for Weibull distribution is used in the calculation,
n X; ﬁX

In(L) = Z (ln(,BX) + (Bx — 1) In(x;) — BxIn(6x) — (9:(> > (10)

i=1

By equating partial derivatives of the logarithmic likelihood function with respect to the
material parameters to zero,

dln(L)

9B i;(g +In(x;) —In(6x) — <g>ﬁ ln(g>> =0, (11)

3. —f(—§+/g<g)ﬁ>_o (12)

the material parameters Bx and 6y can be gained by the use of numerical methods. Pro-

cedure following Equations (10)—(12) must be repeated for each participating mechani-
cal component.
The MMR method first assumes the median rank position fori = 1,...,n available
experimental results according to Benard and Bos-Levenbach [42] as
i—0.3

Pi= n+04 (13)

Now applying the two-parameter Weibull cumulative distribution [34,35] for the i-th
result as

x:

pi=1—e (&), (14)

)|

material parameters By and 6y can be expressed as

In(—1In(1 —p;)) = BxIn(x;) — Bx In(6x) (15)

which can be solved fori =1, ..., n available experimental results by least squares regres-

sion as
. T (2= 2 ) (In(=In(1 = pg) = (220 In(=In(1 - py)) ) 1)
X — 2
(v T )
and
- < (F Iy In(-In(1-pi))) - Bx i Ky )ﬁ)
Oy =e 8 (17)

Again, procedure following Equations (13), (16) and (17) must be repeated for each partici-
pating mechanical component.
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2.2. Application to Operation of an Electric Fuse and Indicator Spring

The operation of an electric fuse is ensured by a built-in fuse element which melts
upon the overload during operation [27,29,43]. A typical assembly of an electric fuse is
shown in Figure 2a,b. The fuse operation can be indicated by a visual element signaling
that the fuse must be replaced after fault clearance and before restoring the electric circuit.
The fuse operation can also release a pre-strained indicator spring by melting the activation
wire (Figure 2c,d). The released indicator spring then activates a micro-switch which can be
connected either to a light source or to a remote control equipment, both intended to identify
the activated fuse. This is especially important in electric systems containing multiple fuse
units [27,44]. The activation of micro-switch stands for function () in Equation (3) and the
operation of indicator spring stands for function A in Equation (4).

®) ©

1. Operation of the fuse (melting of both
the fuse element and the activation wire)

N 1

Micro-switch

/ activation lever
/
,'/

Indicator spring -

Guide cap ——— *% _
Positioning /
" mechanism //
/ Micro-switch — o
- ,/// —_— -
Activation wire — ‘
™ o
Fuse element
B —— — 2. Generation
- Fuse T of force F by

the indicator
spring against
the micro-

switch
activation lever

Figure 2. Assembly of an electric fuse: (a) as mounted in an electric circuit, (b) typical elements

shown in a cross-section, (¢) during operation and (d) generation of force for indication of operation.

The force F which is generated as an output of an indicator spring can thus be ex-
pressed as
F= F(i’, O'YrSTrh/ d/ Wi, U2, M), (18)

where t,0y and eT represent geometric and material properties of the indicator spring
(thickness of the indicator spring, yield stress of the material and its strain at rupture,
respectively). Manufacturing conditions are simulated by the initial position of the indicator
spring h and positioning of the activation wire onto the indicator spring d. Variables y4
and pp stand for the friction coefficients between the indicator spring and the micro-
switch activation lever, and the indicator spring and the guide cap, respectively. Finally,
the operating condition of the indicator spring is represented by the displacement of the
indicator spring u at fuse operation. Apart from the displacement of the spring which is
intrinsically connected to the rigidity of the spring and therefore to the spatial observation
of the fuse after the operation, all other parameters can be considered as arbitrary variables
depending either on form, material or operation as described in Equation (4).

The simulations in this study have been carried out using finite element (FE) analysis
in Abaqus 6.13-5. Structural shell elements S3 and S4R for the indicator spring and the
micro-switch activation lever (767 finite elements), and structural volume elements 3D10 for
the guide cap (5046 finite elements) have been used to create the finite element mesh of the
assembly as shown in Figure 3a. The key performance indicators of the mesh were default
values for the aspect ratio (greater than 5) and the geometric deviation factor (greater
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than 0.2) set in the mesh pre-processor of Abaqus. The thickness of the indicator spring
sheet metal could vary between ¢t = 0.10 mm and ¢ = 0.12 mm. The elastoplastic material
properties of X12 CrNi 17-7 steel sheet metal were modelled using a bilinear material
model. Elastic modulus was kept constant at E = 210,000 MPa, whilst yield stress and
strain at rupture were varied between 0y = 1114 MPa and oy = 1177 MPa, and between
er = 0.18 and e1 = 0.29, respectively. The tensile stress of the material was determined with
measurements at 1344 MPa. Penetration of the parts within the assembly was prevented
by contacts in normal direction between the guide cap and the indicator spring, and the
indicator spring and the micro-switch activation lever. Tangential loads in contacts were
transferred by varying coefficients of friction in range pq, yto = [0.1,0.4]. The boundary
conditions of the simulations first considered a pre-assembly step (Figure 3b—step 0) where
the activation wire was attached to the indicator spring within a diameter of 4 = 1.2 mm.
However, the activation wire was represented in the simulations by prescribed position
of the wire attachment point to the indicator spring. Next, the indicator spring was pre-
strained using the activation wire with precision of i = 0.2 mm which was considered as
the assembly step (Figure 3c—step 1). Finally, the operation of the fuse and consequently
also the operation of the indicator spring was simulated by following the generation of
the force in y-direction once the activation wire was released (Figure 3a). Specifically,
the generation of the force was recorded at three steps (steps 2, 3 and 4). The positions of
the micro-switch activation lever in steps 2, 3 and 4 (depicted in Figure 3d—f) were directly
comparable to experimentally measured displacements explained in detail in Section 2.4.
The post-processing of the simulation results using the proposed methodology for the
reliability assessment is summarised in Figure 4.

= ®)

Guide cap

S, Mises
SNEG, (fraction =-1.0)
(Avg: 100%)

A . . .
‘<— Activation wire
v

\

Micro-switch
activation lever

Indicator spring Positioning tolerance Precision of pre-loading

@)

: K )
(O 7 3.0 mm C - i
v \ H

O\ 7\
Li%mm N

Figure 3. Finite element analysis of the indicator spring: (a) finite element mesh, (b) pre-assembly

®

3.5 mm

Y

position in step 0, (c) assembly position in step 1, (d) operation of fuse in step 2, (e) intermediate
step (step 3) and (f) final position of the indicator spring (step 4). The stress results are shown for
simulation #1 from Table 1.
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Table 1. Orthogonal array Lg (27) according to Taguchi methodology [45] chosen for simulations of
indicator spring with 7 influencing factors.

Simulation# t[mm] h[mm] d[mm] p [-] pa [-] oy [MPa] et [-]
1 0.10 0.00 0.0 0.1 0.1 1114 0.18
2 0.10 0.00 0.0 0.4 0.4 1177 0.29
3 0.10 0.20 1.2 0.1 0.1 1177 0.29
4 0.10 0.20 1.2 0.4 0.4 1114 0.18
5 0.12 0.00 1.2 0.1 0.4 1114 0.29
6 0.12 0.00 1.2 04 0.1 1177 0.18
7 0.12 0.20 0.0 0.1 0.4 1177 0.18
8 0.12 0.20 0.0 0.4 0.1 1114 0.29

! Function A - generation of force F by the indicator !
spring against the micro-switch activation lever

0F

| — simMLE

Function Q - force F required by micro-switch for
the activation via the micro-switch activation lever

Sim. MMR

,,,,,,,,,,,,,,,,,,

Simulated
results

®|

20F

! simulations and
! experiments

Comparison of |

Poll vormetost ——  Switch Exp. MLE

Switch Exp. MMR

Al

I O) —

Experimental |
results

,,,,,,,,,,,,,,,,,,

——  Exp.MLE

Exp. MMR

N4
-

Reliability
assessment |

Figure 4. Application of reliability-based design to the operation of the fuse: (1) Simulation of
the force using structural FEA of the indicator spring, guide cap and micro-switch activation lever,
(2) simulated force results for indicator spring using orthogonal arrays, (3) estimation of Weibull
parameters for simulated force results of indicator springs, (4) experimental force determination
for both indicator springs and micro-switches, (5) experimental force results for micro-switches,
(6) estimation of Weibull parameters for simulated force results of micro-switches, (7) experimental
force results for indicator springs, (8) estimation of Weibull parameters for experimental force results
of indicator springs, (9) comparison of simulated and experimental force distributions for indicator
spring and (10) reliability assessment for the operation of the fuse.

2.3. Design of Simulations

After identification of the influential factors, an orthogonal array Ly (y*) according to
Taguchi methodology [45] has been chosen to estimate the scatter of the output function of
the mechanical component where x, y and z stand for the number of simulations, the num-
ber of factor levels and the number of influential factors, respectively. The simulation setups
during this study are given in Table 1. The factor levels have been chosen with the limiting
values of the prescribed scatter for individual factors as given in Section 2.2. Although
multilevel influential factors provide a better insight into the behaviour of mechanical
components under scrutiny and also allow for a higher confidence into influence of factors
and their combinations [46], the intention of the present study was the introduction of the
reliability assessment to electro-mechanical components with the simplest two-level design
of simulations.
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Adjustable
length

2.4. Experimental Support

Apart from the tensile testing of X12 CrNi 17-7 steel sheet metal and geometry mea-
surements prior to simulations to estimate the scatter of material, form and operating
conditions as given in Section 2.2, two experiments (given in Figure 5) have been designed
to measure both the force needed to activate the micro-switch and the force produced by
the indicator spring at predefined displacements, respectively. Ten micro-switches and
ten indicator springs (Figure 5a) have been randomly chosen and placed onto bespoke
mountings which enabled the same positioning as on the fuse assembly (Figure 5b,c,d).
Force-measuring equipment Mecmesin VersaTest with Advanced Force Gauge (AFG) of
nominal 25 N and accuracy of £0.1% of full scale has been used to measure the forces dur-
ing the displacement-controlled loading of either the micro-switches or indicator springs,
respectively (Figure 5c and 5e).

The typical design of the fuse requires u = 0.76 mm of displacement of the indicator
spring before the initial contact with the activation lever of the micro-switch is established
(Figure 5b) and between u = 3.0 and u = 3.5 mm of displacement before the micro-switch
changes from “off” to “on” position. The latter displacement value varies due to the slightly
adjustable length of the activation lever between position 1 being the shortest lever and
position 3 being the longest lever (Figure 5b). Consequently, the force required to activate
the micro-switch with the length of the activation lever in position 1 will be higher than
that in position 3. The same circumstances were thus carried out during the experiments.
The activation forces of the micro-switches and indicator springs were measured at displace-
ments u = 0.76,3.0 and 3.5 mm, respectively. Moreover, the measurements of forces were
repeated three times for every micro-switch in every position of the activation lever whilst
only one set of measurements of forces was performed per indicator spring. The reason
for that was the fact that the material of the indicator spring exceeds the yield stress of
the material during assembly and hence the spring does not return into the pre-assembly
position after the operation of the fuse.

©

Force readings

Force
transmitter

Micro-switch
with lever

Mounting ©

gap:
= (.76 mm

158 L—— Displacement

| R
/ = a »g _—‘ control

-t |

Figure 5. Experimental setup: (a) micro-switches with activation levers and indicator springs,
(b) typical assembly with typical mounting gap, (c) force-measuring equipment, (d) mounting of
indicator springs and (e) measurement of force during the activation of the spring.

3. Results

Initially, it can be observed that the absolute values of the forces are small (within a
few N) as the analysed assembly is small in size (Figure 3a). Nevertheless, the mechanical
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stresses that are generated in the indicator spring are high, reaching beyond the yield stress
of the material especially during the assembly stage (Figure 3c). The stresses are then
decreasing with increasing displacement of the spring as can be seen in Figure 3d—{, but still
keep at considerably high values.

Furthermore, if the results of the simulations are presented as the output force of the
indicator spring during the stages of assembly and operation (Figure 6), it can be noticed
in general that the pre-assembly stage in step 0 (positioning of the activation wire) does
not require any mechanical force whilst the highest force is required during the assembly
stage (step 1). The force generated by the indicator spring then drops after the operation
of the fuse with increasing displacement between steps 1 and 4. The indicator spring
does not return into the pre-assembly position which can be clearly seen by comparison
of the simulated response and the experiment in Figure 7. The differences between the
force signals due to the scatter of material properties, form and boundary conditions are
discussed in Section 4.

@ : (b)
& ——  Sim. #1 6k ——  Sim.#5
........ Slnl #2 Slm #6
2 -
Sim. #3 Sim. #7
4 -
F F R N Sim. #8
[N] [N]
1F
2k
0 C 1 1 1 1 1 0 C 1 1 1 1 1
0 1 2 3 4 0 1 2 3 4

Figure 6. Simulated force during mounting and operation of indicator springs: (a) simulations #1-#4
and (b) simulations #5—#8. Different scales on y-axes have been used to emphasize the differences
between the simulations.

(@ (b)

S, Mises

SNEG, (fraction =-1.0)

(Avg: 100%)
800
667
533
400
267
133

0

<+—— Deformed shape of the ——>
spring after the operation

Combination of
parameters during
simulation: 3

L.
Figure 7. Shape comparison of indicator springs after the end of operation: (a) stress results for
simulation #1 from Table 1 and (b) physical specimen.

The comparison of distribution of forces generated by the indicator spring reveals
that the Weibull scale parameters 6 can be reliably simulated whilst a higher difference is
observed for the Weibull shape parameters  (Tables 2 and 3, and Figure 8). A considerable
difference is also observed for the Weibull shape parameters 8 between the methods used
to determine their values. For both the simulation of the indicator spring force and the
experimental measurement, lower values of the shape parameter have been calculated
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using the MMR method. The result is thus a wider shape of the distribution curve around
the same scale parameter.

Table 2. Determination of Weibull shape parameter j for indicator spring and micro-switch at three
activation lever positions.

Indicator Spring: S [-] Micro-Switch: B [-]

Method Simulation Experiment Exp. Pos. 1 Exp. Pos. 2 Exp. Pos. 3
MMR all data 5.72 8.62 11.32 10.19 11.31
MLE all data 6.11 14.32 11.61 11.57 13.09

MLE

averaged 12.99 11.96 12.86

data

Table 3. Determination of Weibull scale parameter 6 for indicator spring and micro-switch at three
activation lever positions.

Indicator Spring: 6, [-] Micro-Switch: 6q [-]

Method Simulation Experiment Exp. Pos. 1 Exp. Pos. 2 Exp. Pos. 3
MMR all data 0.61 0.63 0.223 0.219 0.157
MLE all data 0.60 0.62 0.222 0.218 0.157

MLE
averaged 0.221 0.218 0.156
data
sk — Exp. MLE
""" Exp. MMR
6 —— Sim MLE
ffp | Sim. MMR
[N-1] 4
2=
Op 4/ oeavae ——
0.00 0.25 0.50 0.75 1.00

F[N]

Figure 8. Distribution of indicator spring forces based on simulations and experiments. Squares and
triangles represent simulated and experimental data points, respectively.

In general, if the activation force of the micro-switch at step 4 is exceeded by the
generated force of the indicator spring, a successful indication of the fuse operation can
be assumed. However, typical activation forces depend on the length of the micro-switch
levers as reported previously [47]. If scattered micro-switch activation forces and a constant
indicator spring force are then considered in the assessment of reliability, a very high
(and potentially overestimated) reliability can be predicted for the indication of the fuse
operation as reported in [48]. However, a constant indicator spring force is not a realistic
scenario as the scatter is intrinsically introduced due to the influence of form, material and
operation as shown in this study (Section 2). Hence if the scatter of both quantities (force
generated by the indicator spring and activation force of the micro-switch) is considered,
the reliability of the indication of fuse operation drops as compared to the previous scenario.
Nevertheless, a high absolute value of reliability can still be expected based on the positions
of force distributions as given in Figures 9 and 10. Specifically, reliability of the indication
of fuse operation R can be calculated with respect to the observed indicator spring force at
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step 4 for any of the positions of the micro-switch activation lever according to Equation (6)
with the activation of the micro-switch and the operation of indicator spring denoted by (2
and A, respectively. Results of the calculation are given in Table 4 where two-parameter
Weibull distributions have been considered for both the micro-switch and the indicator
spring with experimentally determined values of the parameters using the MLE method
for all data as given in Tables 2 and 3.

@ 20 ®  20F ©
——  Spring Exp. MLE ——  Spring Exp. MLE 30 F ——  Spring Exp. MLE
15 Spring Exp. MMR 15 Spring Exp. MMR Spring Exp. MMR
——  Switch Exp. MLE ——  Switch Exp. MLE 20+ ——  Switch Exp. MLE
fr fr ff
10 Switch Exp. MMR 10 F - Switch Exp. MMR Switch Exp. MMR
[Nil] [Nfl]
10 -
5
0 :L 1 x‘l | O-I S ||| 1 ‘| |
0.50  0.75 1.00 0.00 025 050 0.75 1.00 0.00 025 050 0.75 1.00
F[N] F[N] F[N]
Figure 9. Distribution of switch and spring forces considering individual micro-switch results (a) in
micro-switch position 1, (b) in micro-switch position 2 and (c) in micro-switch position 3. Squares
and triangles represent experimental data points for the switch and spring forces, respectively.
@ 20 ®  20F ©
——  Spring Exp. MLE ——  Spring Exp. MLE 30+ ——  Spring Exp. MLE
15 Spring Exp. MMR s Spring Exp. MMR Spring Exp. MMR
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10F
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0 Sl SRR | Op e s am 0 oA am—
0.50 075 1.00 0.00 025 050 075 1.00 0.00 025 050 075 1.00
F[N] F[N] F[N]
Figure 10. Distribution of switch and spring forces considering averaged micro-switch results (a) in
micro-switch position 1, (b) in micro-switch position 2 and (c) in micro-switch position 3. Circles and
triangles represent experimental data points for the switch and spring forces, respectively.
Table 4. Reliability of the indication of fuse operation based on Weibull distribution determined
using MLE method for all data.
Micro-Switch Position 1 Micro-Switch Position 2 Micro-Switch Position 3
Method Potential Fault R; [-] Potential Fault R [-] Potential Fault
MLE all data 0.99999971 1in 3.5 million 0.99999978 1in 4.5 million 0.9999999985 1 in 662 million

4. Discussion

The highest force peak (up to 6 N) as shown in Figure 6b appears just before the end
of the assembly stage when the indicator spring is flattened onto the guide cap. The initial
position of the indicator spring h in combination with the thickness of the sheet metal
seems to play the biggest role for the size of this force due to the plastic deformation
of the indicator spring (Figures 3 and 6). Namely, the pre-assembly step causes plastic
deformation of the curved geometry of the indicator spring which consequently raises the
stresses beyond the yield limit of the X12 CrNi 17-7 steel sheet metal (Figure 3c). As it is
shown in Figure 6b, only a slight reduction of the initial position, which is controlled by the
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variable h in simulations, can reduce the maximum force that the indicator spring is able
to generate. This is most obviously expressed by the sizes of the force peaks in Figure 6.
Other variables, e.g., material properties oy and e, coefficients of friction y1 and y, and
attachment position of the activation wire d cause a similar effect to the force generation of
the indicator spring but to a considerably lower extent as pointed out in Figure 6a.
Performing simulations at various boundary conditions within the expected limits
and according to a plan of e.g., Taguchi orthogonal arrays can offer an opportunity to
consider reliability estimations of mechanical components during early stages of the prod-
uct development. Comparable values for the estimated Weibull scale parameter § have
been determined with either simulations or experiments. However, a higher discrepancy
has been observed for the shape parameter 3 as the expected limits of the factors can be
easily exceeded in simulations. Consequently, a lower value of the shape parameter is
therefore gained by the simulations which results in a broader scatter of the generated
force as compared to the experimental observations (Figure 8). Specifically, Taguchi orthog-
onal arrays considered limit values of the factors in simulations whilst the experimental
observations did not occur in the limit states. As a result, the scatter of simulated values is
higher than the scatter of experimental values. Furthermore, as less data were generated for
the spring force from the simulations, a lower and more comparable value of the Weibull
shape parameter has been observed between the MMR and MLE methods. The difference
increased for the evaluation of the same parameter considering a bigger set of experimental
measurements both for the indicator spring and the micro-switch. The value of parameter
B A especially differs for the experimental data of the indicator spring between the methods
as one of the results differs from the others more than in the simulation result set (Figure 8).
The latter result complies with the observations of a previous study on the comparison of
the MMR and MLE methods for bigger data sets [39]. For the determination of the Weibull
shape parameter from either individual consideration of the micro-switch measurements
or the averaged switch results, minimal variations have been determined for each of the
activation lever positions (Tables 2 and 3). The reason for this results is a narrow scatter of
micro-switch activation force measurements which is exhibited in Figures 9 and 10.
Comparison of calculated reliability results in Table 4 reveals that the position of the
activation lever of the micro-switch plays a crucial role for the successful indication of
the electric fuse operation under the given form, material and manufacturing procedure
(assembly stage) of the indicator spring. Although the calculated reliability is high for any
of the positions, position 3 ensures that potentially only 1 in 662 million could be faulty to
perform its required function. Nevertheless, the tail behaviour of the Weibull distribution
is known to be highly sensitive to the shape parameter . Considering a small number
of experimental data in this study, the uncertainty of its value is non-negligible, and ex-
trapolated tail probabilities should thus be interpreted with caution. The values reported
in Table 4 are therefore intended as comparative estimates rather than statistically certifi-
able absolute failure probabilities. Other assemblies (different types of micro-switches or
indicator springs) and their reliability could be evaluated following the same methodology.

5. Conclusions

A methodology has been proposed that enables reliability-based structural design of
mechanical systems. It has been shown that finite element simulations with approximately
estimated form, material and operational conditions of mechanical components in the
assembly can be joined with orthogonal arrays to carry out the base for the reliability
estimation. If the output function of the mechanical system is described by a two-parameter
Weibull function, the scale parameter of the distribution is comparable to the experimental
observations whilst experimentally observed scatter tends to be overestimated by the
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simulations. The value of the shape parameter in this study has been underestimated by the
simulations as it depended on the limit values of the influential factors in the simulations.

The sensitivity study has been demonstrated on the indication assembly of an electric
fuse comprising a guide cap, an indicator spring and an activation lever of the indication
micro-switch. A good match between the simulated and experimentally observed spring
force has been observed. Maximum likelihood estimation method provided suitable
parameter values for the representation of the force distribution with Weibull distribution
for the observed experimental values of both the indicator spring and the micro-switch
activation. The assembly stage of the indicator spring turned out to be decisive in the
determination of the force at the time of fuse operation. A high reliability of the indication
has been calculated which considered both the scatter of the indicator spring and the
micro-switch activation forces.

The shape of the indicator spring in the present study did not vary although other
geometric details apart from the sheet metal thickness could be varied. A simple two-level
design of simulations was employed although a multilevel factorial design would certainly
provide additional insight into the behaviour of the assembly. These research topics remain
open for future investigations.
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