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Task Description
Connectors are used in a variety of industrial fi elds like 
eMobility, power automation or automotive industry. By 
optimizing the geometry of connector designs, a required 
insertion and pull-out behavior can be achieved. In addition, 
the quality of the connector must be verifi ed. With the help 
of ANSYS optiSLang, engineers can effi ciently meet these 
challenges. This article describes how to set up and perform 
an automatic material calibration and optimization for a 
connector including a subsequent tolerance analysis.
 First, a connector optimization usually involves a mate-
rial calibration, for example, as part of a tensile test. The 
aim of the material calibration is to fi nd a parameter set 
for the description of the material law resulting in a refer-
ence tensile test curve that can be fi tted as optimally as 
possible. The material calibration for a tensile test of spring 
steel has already been performed and is described in the 
step-by-step tutorial “spring_steel” which is included in the 
installation of optiSLang. Here only a brief result presenta-
tion of the material calibration. Five material parameters 
describing the complete elastic and plastic material behav-
ior were calibrated. Figure 1 shows the force-displacement 
curve from the tensile test (green) to which the fi tting was 

conducted and the curves from the simulation (grey). The 
result of the material calibration is shown in Figure 2. The 
almost congruent curve of the optimum (red) compared to 
the reference curve (green) shows the excellent fi tting. The 
calibrated material will be used for the following simula-
tions. Here, the connector optimization intended to achieve 
a desired insertion and pull-out behavior.
 For the optimization, a fully parameterized 2D CAD model 
with 15 geometry parameters was generated in Design Mod-
eler. Figure 3 shows the design of the connector, exclusively 
under consideration of the current-carrying parts without 
plastic components. Based on the CAD model, a FE model was 
then developed in ANSYS Workbench using automatic mesh-
ing. Component 1 was defi ned to be fi xed on the left side. The 
load case included two load steps with axial displacement. 
Component 2 performs an axial movement in negative x-di-
rection for connection and in the reverse direction for sepa-
ration. The insertion and pull-out processes result in a force-
time or force-iteration curve as shown in Figure 4.
 After half of the iterations, the performance changes 
from inserting to pulling out, i.e. the inserting process 
starts with iteration 0 to 50 and the pull-out process goes 

from iteration 50 to 100. The connecting process is de-
scribed by a negative force curve at the beginning followed 
by the snapping process with a positive force curve. The 
pull-out process is described by the positive force curve at 
the beginning of the second half of the curve followed by 
the snapping process with a negative force curve.
 The aim of the iteration is the minimization of the de-
viation between the reference curve and the simulation 
curve. The reference curve (green curve in Fig. 4) corre-
sponds to a selected desired behavior and was not derived 
from a test as it would be done in a material calibration. 

The minimization should also only be carried out in the 
marked areas (orange and blue rectangle in Fig. 4), which 
means the snapping actions are not taken into account. The 
initial design (black curve in Fig. 4) has a too high insertion 
force compared to the retention force. The gradient of the 
inserting process is very steep, whereas the gradient should 
be steeper during the pull-out process. The following points 
were aimed regarding the reference curve in comparison to 
the initial design:

 • Constant and lower gradient during insertion
 • Lower insertion force (2/3 of the holding force)
 • Constant and higher gradient during the pull-out process
 • Higher holding force of 150N

Design of Experiments and Sensitivity Analysis
A sensitivity analysis is conducted to determine the signifi -
cant correlations between the result variables and the input 
parameters. In this case, 15 geometry parameters in the De-
sign of Experiment (100 designs, ALHS) are varied in a pre-

Fig. 1: Force-displacement curve from sensitivity analysis (grey) in compari-

son to the reference curve (green) of the tensile test

Fig. 3: Simplifi ed parametric model of a connector with the current-carrying 

components without plastic components

Fig. 5: Defi nition of the optimization objective in ANSYS optiSLang

Fig. 2: Force-displacement curve of the optimum (red) compared to the refer-

ence curve of a tensile test (green) and the other curves obtained from the op-

timization (grey)

Fig. 4: Force-iteration-course of the reference curve (green) and of the initial de-

sign (black) of a connector with marked areas for insertion and pull-out process
Wit ANSYS optiSLang, an automatic material calibration and optimization for a connector was conducted including 
a subsequent tolerance analysis.
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defi ned range using the software product ANSYS optiSLang 
7.1.0. The resulting force-iteration-curve and the image of 
the created geometry are saved for each geometry variation. 
No “failed designs” appeared among these 100 designs. 
 The sensitivity analysis generated signals and vectors as 
result values, i.e. no scalar quantities. For the signals, these 
values are the defi ned reference signal and the respectively 
determined simulation signal. Both signals are used for vi-
sualization and for extraction of vectors. The sum of the 
squared deviations between the desired and the calculated 
data for the required time steps (marked areas in Figure 4) is 
additionally considered as a result variable, separately for in-
serting and pulling-out. The defi nition can be seen in Figure 
5 (see previous page) and is also used later in the optimiza-
tion as an objective. As explained above, the deviation is lo-
cated not between signals but between vectors. The vectors 
correspond to the extracted ordinate values of the constant 
reference signal and of the variable simulation signals. 
 The advantage of the vectors’ use is the minimization of 
deviation and the setup of an individual MOP for each vec-
tor component. Thus, it is further detectable when and in 
which direction which input parameter exerts infl uence. The 
deviation of the vector components is calculated separately 
for insertion and pull-out process and then added together. 

The discretization and length of the vectors is identical. A 
weighting of the two summands and thus a weighting be-
tween insertion and pull-out is not conducted. Additional 
boundary conditions (constraints) are not defi ned. Since the 
optimization objective has already been set up in the sensi-
tivity analysis, the results can be analyzed immediately.
 An important aim of the sensitivity analysis with re-
gard to calibration was to ensure that the variations of the 
simulation model completely covered the reference curve 
in the important abscissa area. This secures an optimal 
fi tting during the optimization process within the limits 
of the chosen parameter set. Figure 6 shows this accom-
plishment in the two considered areas. The reference curve 
(green curve in Fig. 6) is covered by the simulation curves 
(grey curves in Fig. 6) within the marked areas.
 The considered abscissa area of the inserting and sep-
arating process is segmented into 18 equivalent steps and 
results in 18 vector components. A larger vector component 
correlates with a larger abscissa value of the signal. This can 
be used to determine, which input parameter has an infl u-
ence on the signal characteristics. Every second vector com-
ponent inside the two CoP matrices is shown in Figure 6. The 
change of infl uences within the signal course is recognizable.
Regarding their signifi cance, the CoP matrix for both load 
cases shows only 8 input variables for the inserting pro-

cess and 6 input variables for the pull-out process. Thus, 
started with 15 emanated geometry parameters, a strong 
reduction to the most important and less important input 
parameters could be achieved. All input parameters, which 
are not displayed here, are unimportant for the presented 
responses and are automatically fi ltered out. 
 Without going into more detailed examination of in-
dividual sensitivities, generally high total CoP values above 
92% can be stated for the insertion process. This indicates 
a high degree of explicability of the essential physical phe-
nomena by the identifi ed correlations. With total CoPs be-
tween 56 - 76%, the pull-out process does not show such a 
high degree of prognosis quality. This is a result of the large 
geometry variation, which creates unfavorable designs caus-
ing a gradual increase of the pull-out force.

Single-Objective Optimization
With the knowledge of the signifi cance and sensitivity of the 
calibrated input parameters, further optimization can be per-
formed to improve the system or product design. Because the 
optimization objective has already been defi ned and analyzed 
in the sensitivity analysis, start values and start designs can 
be immediately selected for the optimization. Further, the 
sensitivity analysis leads to a reduction of the designs, i.e. a 
reduction of input parameters and input variation. All three 
reasons lead to a decrease of computing time for the upcom-
ing optimization and the optimal design can be found much 
faster. Due to the low degree of explicability of the pull-out 
process, an optimization on the MOP could not be continued. 
For the optimization, a direct optimization with the Adaptive 
Response Surface Method (ARSM) is chosen.
 Input parameters that do not show any infl uence on the 
response variables during the sensitivity analysis are not in-
cluded in the optimization. However, they are taken into ac-
count with their reference values. In Figure 6, the optimization 
carried out with the best design curve (red) shows a high ac-
cordance with the desired curve. Regarding the insertion pro-
cess, a decent fi t exists at the maximum insertion force. Un-
fortunately, the desired insertion force does not fi t very well. 
This is due to the rounded surfaces of the modeled contact 
area, where a linear increase of the insertion force is hardly 
achievable. Instead the pull-out process shows an excellent fi t. 
Both the maximum holding force and the force progression 
are profi ciently calibrated. Figure 7 shows the optimized de-
sign of the connector.

Tolerance Analysis
In a connector optimization, the absolute insertion and pull-
out forces are important issues. A too low pull-out force, due 
to given variations, can be life-threatening because of the 
bare current-carrying components. Thus, the infl uence of ex-
isting tolerances on the pull-out force should be controlled 
after the optimization.
 Therefore, the force curves as well as the maximum 
insertion force of 100 N and the maximum pull-out force 
of 150 N are now being investigated in a tolerance analy-
sis. Tolerances can appear along material, load or geomet-
ric aspects. In this case, only the tolerances of the 15 opti-

mized geometry parameters are examined with regard to 
their influence on the two forces and the force curves. For 
this purpose, an equal Coefficient of Variation (CoV) of 2 % 
and a normal distribution are defined for all 15 geometry 
parameters. The nominal value of the geometry param-
eters is the value of the optimal design from the previous 
direct optimization. These three specifications per geom-
etry parameter must be defined on the input side. The 
result variable is again the derived force-iteration curve 
as well as the obtained vectors and the maximum inser-
tion and pull-out force. The same fully parametric 2-D CAD 
model, like the one already used in ANSYS Workbench, is 
applied for simulation. The 15 geometry parameters have 
been defined in the Design of Experiment (100 designs, 
ALHS). Similar to the sensitivity analysis, the dependen-
cies between the result variables and the input param-
eters should be clarified.
 Table 1 lists some statistical values for the maximum 
insertion and pull-out force. The minimum and maximum 
values indicate a large dispersion of both forces around the 
optimized value (Target Value). At this point, it is appropri-
ate to consider the determination of both a self-selected 
safety limit and a failure limit in ANSYS optiSLang. Here, the 
values for these limits are selected exemplarily. The Sigma 
levels are provided for each limit. There is no specifi cation 
of a Sigma level to be fulfi lled in this case.
 Another result visualization is the Box Whisker plot for 
the maximum insertion and pull-out force (Fig. 8 see next 
page). The asymmetrical distribution function of both 
forces can be seen very clearly. The absolute frequency of 
the violated limits can be counted as well as displayed.
 The evaluation of a robust design is carried out with the 
help of the Coeffi cient of Variation. If its value for the result 
variables is smaller than for the input variables, the design 
can be considered as robust. A look at the CoV in Table 1 of 
7% for both result variables compared to the defi ned CoV 
of 2% for all input variables, reveals that the design is not 
robust. The optimum found here is an unstable one. Low 
input scatter usually causes large output scatter.
 In order to identify the most contributing input scat-
ters, the CoP matrix must be analyzed. Figure 9 (see next 
page) shows the CoP matrix for the insertion and pull-out 
process as well as for the maximum forces. For the two CoP 

Statistical Data Min Value [N] Max Value [N] Target Value [N] CoV [%]

Insertion 79 118 100 7

Pull-Out 125 180 150 7

Statistical Data Sigma Level for Safety Limit 
110N

Sigma Level for Failure Limit 
130N

Sigma Level for Safety Limit 
135N

Sigma Level for Failure Limit 
105N

Insertion 1,57 4,34

Pull-Out 1,73 4,46

Fig. 6: Variation of the force time curves from the sensitivity analysis (grey) 

compared to the reference curve (green) and to the optimal design (red) from 

the direct optimization with the CoP matrix for the important marked area 

of the insertion and pull-out process as a result of the sensitivity analysis.

Fig. 7: Representation of the connector geometry for the optimum design 

from the direct optimization, with a detail of the contact zone

Table 1: List of statistical values for the maximum insertion and pull-out force determined from the tolerance analysis
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matrices in Figure 9, only every second vec-
tor component is shown. The CoP-Matrix for 
both load cases show only 5 input scatter 
for the insertion process and 6 input scatter 
for the pull-out process to be signifi cant.
Hence, from 15 output geometry scatters, 
a strong reduction to the most important 
and less important input scatters could be 
achieved. For the insertion process as well 
as for the maximum pull-out force, high to-
tal CoPs of less than 96 % are obtained. The 
pull-out process has total CoPs between 33 - 
96%. Again, this is a consequence of the un-
favorable geometry defi nition, which results 
in partially stepped increases in the pull-out 
force. 
 It becomes apparent that in tolerance 
analysis completely different input pa-
rameters are signifi cant compared to the 
previous sensitivity analysis. This can be 
explained by the fact that in the sensitivity 
analysis a large global area is considered, 
but in tolerance analysis it is just the local 
area around the determined optimum.

Conclusion
For the examined connector, the sensitiv-
ity analysis suffi ciently showed the infl u-
ence of each input parameter in the signal 
course of the insertion and pull-out process. 
Due to the partially low CoP values, a direct 
optimization was performed. By minimizing 
the deviation between vectors instead of 
signals, a very adequate fi t could be found 
between the desired and the simulation be-
havior. However, the subsequent tolerance 
analysis of the maximum insertion and 
pull-out force indicated that the optimum 
is not robust. Nonetheless, the information 
in the CoP matrix pointed out which input 
scatters had to be reduced in order to deter-
mine a robust design.

Author //
Rene Kallmeyer (Dynardo GmbH)

Fig. 8: Box Whisker plot for both result variables, with the grouping of the designs into Safety 

Limit (yellow line) and Failure Limit (red line)

Fig.9: CoP matrix for the interesting marked area of the insertion and pull-out process as a result 

of the tolerance analysis



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 144
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 144
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (ISO Coated v2 \050ECI\051)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads true
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /DocumentRGB
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


