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Editorial

To stay competitive on the international market, production 
cycles have to be highly effi cient. Often, there are confl icting 
goals regarding quality aspects, product robustness, produc-
tion cost and time to market that have to be considered and 
solved. CAE-based Robust Design Optimization (RDO) is able 
to meet these challenges. If implemented as early as pos-
sible in the virtual prototyping, parametric studies help to 
economize hardware tests, to accelerate product develop-
ment processes and to secure design performance.  

In this context, the interactive integration of the partici-
pating CAD/CAE-processes is essential for collecting all 
available data and simulation results for an effi cient work-
fl ow of product development. The challenge is to tighten 
the processes and to combine all disciplines. This can be 
achieved by using one collective hub to build up an auto-
matable multi-disciplinary procedure. Thus, the concept 
and development phase can be secured by a standardized 
workfl ow with “built-in” quality assurance. 

To fulfi ll these requirements, in optiSLang, the user is able 
to connect complex simulation processes of major CAE 
solvers as well as pre- and postprocessors in heterogeneous 
networks or clusters via an intuitive graphical user inter-
face. The software provides the user with a wide range of 
direct access to parametric modeling CAE environments 
like ANSYS or SimulationX as well as to programming en-
vironments like EXCEL, MATLAB or Phyton. For ASCII fi le 
based design parametric defi nition, optiSLang offers an 
automatized localization of input parameters. The extrac-
tion of result values, for example, scalar, vector or signal 
outputs is supported via the Extraction Tool Kit (ETK). Thus, 
all methods of CAE-based sensitivity analysis, optimization 
and robustness evaluation can be comfortably approached. 
For further automation, the setup of best practice proce-
dures and the selection of the most appropriate algorithms 
is guided and supported by wizards and default settings. 

In ANSYS Workbench, which has become known as one of 
the most powerful parametric modeling environments, op-
tiSLang’s parametric studies can be fully integrated with 
the version “optiSLang inside ANSYS”. An alternative for the 
integration of ANSYS Workbench projects into optiSLang 
CAD/CAE workfl ows is the ANSYS integration node. Fur-
thermore, optiSLang supports ANSYS HPC Parametric Pack 
Licensing and simultaneous solving functionality to speed 
up the simulation process.

In the title story of this issue, it will be described in detail 
how optiSLang is used to implement an automated CAE-
based procedure that satisfi es the future needs of product 
development processes.

Apart from that, we again have selected case studies and 
customer stories about CAE-based Robust Design Optimi-
zation (RDO) applied in different industries. 

I hope you will enjoy reading our magazine.

Yours sincerely

Johannes Will
Managing Director DYNARDO GmbH

Weimar, June 2015
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optiSLang supports generation of automated CAE workfl ows in order to provide the full capabilities of Robust 
Design Optimization (RDO) for a competetive product development.

CAE-BASED PARAMETRIC STUDIES BY PROCESS 
INTEGRATION AND AUTOMATION

TITLE STORY // PROCESS INTEGRATION & AUTOMATION   

What will be the most important features of 
product development processes in the future? 
There are a lot of key words dealing with the enhancement 
of production processes like the Internet of Things or Produc-
tion 4.0. However, in the end, it all comes down to a single 
point: to stay competitive on the international market where 
the most important issue is delivering better products. Here, 
“better” does not only concern features, it also aims at bet-
ter quality. Additionally, customers ask for more enhance-
ments in less time. To solve these requirements, production 
cycles are getting shorter and shorter. In addition, confl icting 
goals regarding quality aspects, product robustness, produc-
tion cost and time to market have to be considered. In the 
classical product development processes (PDP), this problem 
was solved by using more resources. Now, we are faced with 
goods which have such a high complexity that even extensive 
development teams cannot control them anymore. To couple 
these facts with the requirement of product optimization, a 
new philosophy in the development process has to be estab-
lished. Dynardo provides a procedure, called CAE-based RDO, 
which meets these challenges. Thus, it is possible to acceler-
ate PDP as well as to introduce optimization strategies and 
“built-in” quality management.

Regarding this issue, different approaches exist like V (W, X, 
Y) – models, Kaizen or DMAIC circles. They all have two things 
in common. First, they state the necessity to connect all parts 
of the production cycle. Intended or unintended, a lot of com-
panies have already implemented this strategy. Engineers and 
designers dealing with early production phases have to com-
municate with sales and support departments and vice versa. 
This principle is applied to all stages of the PDP. Secondly, the 
product development is not a straight one way road but needs 
to be thought and lived in circles of communication. Nowa-
days, the aim is to improve the product regarding weight, NVH 
or resource effi ciency. Furthermore, the end user also expects 
a creative design. For that reason, PDPs have to be considered 
as early as possible in the development process.

How can these concepts be transferred to real 
world usage? 
The approach mentioned above illustrates a theoretical 
philosophy. To reach a benefi t, it has to be applied to real 
processes. This can be economically accomplished when 
the philosophy is applied to a technical part or constraint. 
From Dynardo’s point of view, this can only be achieved if 
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the techniques are “built-in”. Everyone in the PDP-cycle has 
a strategy to solve a given task. No one starts from the very 
beginning. There is personal experience and education re-
garding tools and established processes. And even personal 
preferences have to be taken into account. It cannot be the 
aim to force all participants to throw away their solutions 
and forget about valuable experiences.

The best way to address these boundary conditions is us-
ing the principle itself. Implementing the approach should 
be an iteractive cycle. Thus, “the way to the better” (Japa-
nese for Kaizen) can be found. This way is the most eco-
nomical one and guarantees success. Each part of the PDP 
can defi ne its own improvement pace. In fact, the existing 
processes have to simply be connected. Therefore, it would 
be helpful if all involved specialists have access to a single 
collective hub where they can share their knowledge and 
skills. The benefi t of this teamwork is evident. 

In the following, it will be described in detail how the con-
cepts can be transferred into a continuous improvement 
procedure that satisfi es the future needs of product devel-
opment processes. These issues will be addressed:

 • Techniques to get better products
 • Connection of all necessary CAD/CAE Tools 
 • Ansers how these tools can be combined
 • Generation of a platform for collaborative work

Virtual product development and multiple 
disciplines
As the product cycles are continuing to get shorter and require-
ments are rising, complex and expensive hardware tests need 
to be replaced at least partially by CAD, CAE or CAM. Regarding 
the “rule of ten”, as a strategy for resolutions of measurement 
systems, those techniques need to be used in early production 
phases. Using this technique is common and necessary to be 
competitive on the international market. Here, the engineer 
has the most intervention options at a comparatively low cost 
level. Virtual product development using the power of simula-
tion needs to be introduced. In the meaning of the “cycle con-
cept”, the usage of Virtual PDP (VPDP) needs to be extended. 
Hardware tests still capture an extensive part of the modern 
product development. Of course, CAD-based product designs 
need to be validated in the real world. Here, data from the pro-
duction line is the input for products of the next generation. 
How test engineers are involved in this concept will be illus-
trated later in this article. 

A product idea mostly starts with a drawing and makes CAD 
(Catia, Creo, Nx, Solidworks etc.) an appropriate starting point 
of virtual product development. Once a design is created, a 
structural analysis can use the model for meshing and solv-
ing. To obtain the best information about the design perfor-
mance, the CAD model needs to be as realistic as possible. At 

the same time, because of restricted computation power, the 
simulation model also has to be simplifi ed. Therefore, many 
CAD tools or extensions exist for defeaturing purposes. They 
simplify the simulation model while keeping the original CAD 
untouched. An expert decides which detail level has to be cho-
sen. This decision can be part of an automatized workfl ow. If 
different scenarios or load cases are defi ned, they are all ap-
plied to the same geometry. To consider all disciplines, more 
infl uences have to be included. Beside structural constraints, 
a product needs to satisfy e.g. economic requirements as 
well. These can be considered by implementing standard 
tools like MS Excel into the automated workfl ow.  To summa-
rize, the results need to be communicated and discussed. As a 
consequence, all data can be collected and processed as well 
as meaningful reports can be created automatically.

The challenge now is to tighten the processes and to com-
bine all disciplines. This can be achieved by using one collec-
tive hub to build an automatable multi-disciplinary process. 
Thus, a designed concept can be proven through calculation. 
If all of these disciplines are connected in a standardized 
workfl ow, the designer can evaluate the concept by some 
mouse clicks. Through the described automation, the virtual 
product development receives a standardization. A “built-in” 
quality assurance is inherited by the whole VPDP.

Parametric studies
Once a standardized and automatable workfl ow is set up, it 
can be used for parametric studies to:
 • Understand the design by conducting a sensitivity analysis
 • Improve the design by using methods of optimization
 • Validate the quality of the design by conducting a sto-

chastic analysis
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There are several solutions for parametric studies delivered 
within CAE codes. One example is the ANSYS Workbench. 
Here, parametric CAD and CAE can be connected to one 
complete multi-physics simulation workfl ow. ANSYS Work-
bench established a powerful parametric modeling environ-
ment including interfaces to major CAD programs in order to 
secure the availability and generation of suitable CAE para-
metric models as a key requirement. It has the capability to 
collect CAE and CAD data in a central parameter manager. 
Consequently, the system integration, process automation 
and job control are also integrated into ANSYS Workbench to 
update one or multiple designs from the parameter manager.

Other solutions can be found, for example, in AMESim, 
FloEFD, Friendship Framework or Zemax. They all support 
the replacement of numeric values for parametric models 
of the underlying CAE process. This is combined with an au-
tomatized update of the model. Usually, this functionality 
is very powerful and generally usable as well as it supports 
HPC and simultaneous solving. But mostly there is a lack of 
connection to include other tools which are used in VPDP. 
Consequently, the provided algorithms for studies, the pos-
sibilities to defi ne input parameters and the defi nition of 
observed outputs are limited to the common application 
fi elds of the solver. The majority of the VPDP software tools 
do not have an explicit parameter management system. In 
this list, very common codes like Matlab and special solu-
tions like “in-house” tools can be found. 

To overcome all of the mentioned constrictions, interfaces 
are provided to be used by process integration solutions. 
Different parametric environments can be collected and 
combined to one automatized parametric workfl ow for the 
modern product development. This software for process in-
tegration is the needed collective hub.

optiSLang
optiSLang is Dynardo’s software for CAE-based sensitiv-
ity analysis, multi-objective and multi-disciplinary optimiza-
tion, robustness evaluation, reliability analysis and Robust 
Design Optimization. In order to implement the described 
cycle concepts, optiSLang’s former C/Fortran backbone of the 
interpreter language was transformed into modern modular 
C++ with Python bindings. This could be managed without 
rewriting all successful parts of the existing powerful algo-
rithms. New algorithmic implementations, the toolbox for 
nature-inspired optimizers and improvements of the MOP 
were developed in C++ modules. Additionally, Dynardo al-
ready had a decade of scripting experiences in supporting 
HPC and automatizing CAE. This valuable knowledge was 
used to develop a new kernel for the workfl ow setup. The 
task was to replace the main part of the scripting solutions 
by more convenient elements. The development of the post 
processing tool ETK (Extraction Tool Kit) was also a very im-
portant step in the improvement cycle. Users of supported 
formats, e.g. Abaqus, had the opportunity to benefi t from bet-
ter assistance to parametrize and appraise responses. In 2012, 
version 4 was released with a new GUI and kernel.

Tool integrations and collaborative work
optiSLang’s GUI supports the interfacing to almost any soft-
ware tool which is used in VPDP and fulfi lls the requirements to 
run in batch or to except parameter variation. The interfaces are 
mainly used “inside optiSLang”. Thus, in optiSLang context, they 
are called “tool integrations”. Many different VPDP software 
solutions are coupled with optiSLang. They are automatized 
either in a single solver process chain or in very complex multi-
disciplinary and multi-domain workfl ows. Even performance 
maps and their appraisal can be part of standardized projects. 
The new generation of optiSLang provides direct access to the 
parametric modeling of CAE environments like ANSYS or Simu-
lationX as well as to programming environments like EXCEL, 
MATLAB or Python. It allows users to combine several tools in 
sequences and iteration loops. For a constant workfl ow control, 
failed designs due to missing licenses, geometries unable to be 
meshed or any other inconsistency is secured. Here, the work-
fl ow stores the usable data for further execution. Of course, the 
support of different platforms, i.e. Windows, Linux and HPC as 
well as Cloud computing is provided. Thus, optiSLang is the so-
lution to automatize VPDP.

All of the previously described workfl ows can be stored as 
reusable templates and made available for the entire VPDP 
team. Working this way guarantees the capturing of knowl-
edge of each expert in the team. Every template is a version 
controlled building block. It can be used in a modular and 
fl exible way within adaptive projects. While each expert 
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Statistics on 
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of fi eld data

delivers quality assured sub-modules, the whole process 
becomes standardized. Used tools, algorithms and internal 
processes can be improved or changed while the entire PDP is 
stable and benefi ts from sub-upgrades. At the end, the whole 
team benefi ts from sharing knowledge in standardized pro-
cesses by having quality assured PDP and has more time to 
focus on their following improvement steps for the process 
itself or for the product. Through the modular approach, the 
necessary fl exibility to create modern and innovative prod-
ucts is guaranteed. The concept also assures collaborative, 

fl exible and standardized work. Thus, optiSLang is the 
platform for effi cient, future oriented teamwork.

Workfl ows for CAE-based Robust Design 
Optimization
optiSLang provides algorithmic building blocks for
 • Sensitivity Analysis and MOP
 • Multi-objective and multi-disciplinary optimization 
 • Robustness evaluation

Process integration
easy setup supported by wizard-based user interface

e.g. CAD, MBS, FEM, CFD, EM, Matlab, Excel, in-house solver ...

Extraction Tool Kit 
(ETK)

Extraction of 

simulation results

Virtual product development

Understand
Parameter reduction by 
sensitivity analysis

Improve
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optimization
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and reliability
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Output 1
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Fully automatized optimization workfl ow in optiSLang considering structural costs and metric of performance map, running several solvers and using HPC
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All of the algorithmic modules can be used as a single sys-
tem. They can also be combined in nested loops or complex 
sequential workfl ows. The setup of best practice proce-
dures is guided and supported by wizards and default set-
tings. Thus, with optiSLang, the generation of a workfl ow 
using the modules of sensitivity analysis, optimization and 
robustness evaluation is possible with a minimum of user 
input. A best practice management chooses, according to 
the RDO task, an optimization strategy with the most fi t-
ting  and effective algorithms. 

The graphical user interface supports the workfl ow ap-
proach visually. Single building blocks and algorithms are 
graphically coupled in order to show dependencies and 
scheduling. The relationships can be determined and con-
trolled in one context. Easily understandable charts as well 
as control panels are displayed at the same time. This en-
ables full access and traceability of the complete workfl ow. 
Conducting a sensitivity analysis, multidisciplinary optimi-
zation, robustness evaluation and reliability analysis with 
optiSLang enables you to:

 • Quantify risks
 • Identify optimization potential
 • Improve product performance
 • Secure resource-effi ciency
 • Save time to market

Interfaces and Extensibility
As stated before, openness of VPDP software tools is an im-
portant property. It enables the tool to integrate or to be 
integrated into other PDP environments. To fulfi ll these re-
quirements, optiSLang provides several interfaces. The pro-
vided Python, C++ and command line interfaces allow the 
automatic creation, modifi cation and execution of projects. 

For that reason, the usage within custom applications, e.g. 
PLM/SPDM systems, is secured. In PLM systems like Team-
center, the team members can share their knowledge and 
use the work of others mutually. CAD models, simulation, 
workfl ows, product information and results can be man-
aged in those systems. Through a fl exible interface op-
tiSLang supports commercial tools as well as versioning 
systems like subversion or even in-house solutions. This 
guarantees full consistency and traceability of PDP. 

Additionally, optiSLang projects can be integrated into cus-
tomized platforms. Repetitive and exhausting tasks can 
be standardized and automatized. One goal of these tech-
niques is to provide standardized forms with a minimum of 
needed input to the rest of the team. Thus, even non CAE 
experts can become able to use the benefi ts of CAE-based 
simulation and generate optimal and reliable designs. A lot 
of successful implementations of optiSLang into company 
solutions were realized over the last years. Even fully au-
tomatized RDO workfl ows were generated. This enabled 
the establishment of company-wide standards in virtual 
product development. Hence the customer benefi ts from 
consistent and effi cient processes. 

The openness of Dynardo’s software optiSLang also pro-
vides users with a plug-in for their own:

 • Algorithms for DOE, Optimization, Robustness etc.
 • Meta models
 • Tool integrations

Current requirements for fl exibility and upcoming requests 
for extensibility are satisfi ed by those interfaces. Thus, op-
tiSLang is the platform to address future needs of PDP.

optiSLang inside ANSYS
ANSYS provides a customization toolkit for its Workbench. It 
can be used to extend its functionality. Based on this idea, 
a direct integration of optiSLang into the parametric mod-
eling environment of ANSYS Workbench was developed to 
make optiSLang’s state of the art RDO workfl ows available in 
this standard CAE environment. It can be accessed through a 
minimized user input and wizard guidance. The Workbench 
functionality was also broadened by optiSLang’s signal pro-
cessing integration. Users are able to implement responses 
which are not extractable or integrated in standard ANSYS 
Workbench, e.g. non-scalar responses like load displacement 
curves. Non scalar responses can be considered, for example, 
in parameter identifi cation or optimization. If all parameters 
and needed VPDP tools are available in the Workbench pa-
rameter manager, optiSLang inside ANSYS is a useful inte-
gration mode. Alternatively, for integration of ANSYS Work-
bench projects in optiSLang, an integration node is available. 
This mode is recommended to be used for solving VPDP tasks 
which need additional parameters or for CAE-integration not 
yet provided inside ANSYS. 

Title Story // Process Integration & Automation

Workfl ows for coupled and iterative RDO
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optiSLang Excel Add-in
Using its interfacing capabilities, MS Excel and optiSLang 
work together to support PDP. With the help of the Excel 
Add-in, external data, e.g. from hardware measurement, 
can be converted into optiSLang compatible formats. Conse-
quently, the data from laboratories can be directly forward-
ed to sophisticated algorithms like optiSLang’s Metamodel 
of Optimal Prognosis (MOP) and important coherences can 
be mined, visualized as well as extracted as functions. Thus, 
the fi rst target of Robust Design can be addressed: A Better 
Design Understanding. Based on transferred observations, 
meta models are built and hard-ware tests can be replaced 
by those surrogates. While forwarding measurement data 
and applying standardized evaluation methods, the labora-
tory engineer can be integrated into the complete VPDP. 

Conclusion
Finally, after discussing requirements and solutions, the fol-
lowing main preconditions of a successful product develop-
ment processes in the future can be summarized:

 • Automation and standardization of VPDP workfl ows
 • Parametric studies and Robust Design Optimization
 • Flexibility and extensibility
 • Support of continuous improvement
 • Enabling of collaborative work

As explained in this article, optiSLang fulfi lls all of these re-
quirements. Using the software, existing fl ows can be im-

plemented or standardized. The software package provides 
solutions for all phases of PDP. The fulfi llment of future re-
quirements and a continuous process of  improvement are 
secured by modular and fl exible concepts. Traceability and 
quality assurance are technically seized. The inherent usage 
of parametric studies and RDO leads to a “built-in” improve-
ment of the product. 

As shown in this article, optiSLang guarantees a cost effi -
cient and successful development of better products.

Authors // Dr. D. Schneider / H. Schwarz (Dynardo GmbH)

Title Story // Process Integration & Automation

Sceme of a modern Product Development Process using collaborative work based on a PLM / SPDM data base and optiSLang
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The thermal and geometrical designs of a multiple fi xed-point cell could be optimized for an improved in-situ 
calibration by means of optiSLang and thermal simulations in ANSYS. 

OPTIMIZATION OF A MULTIPLE FIXED-POINT CELL 
AS A REFERENCE IN A DRY BLOCK CALIBRATOR 

CASE STUDY // PROCESS ENGINEERING

Introduction
Temperature sensors for industrial applications are usually 
calibrated by comparison with reference thermometers in 
thermostats or dry block calibrators. At the Institute for 
Process Measurement and Sensor Technology of the Tech-
nische Universität Ilmenau, a new dry block calibrator was 
designed with the aim of performing calibrations by com-
parison reaching an uncertainty less than the one currently 
reached with the existing dry block calibrators.

An important part of this novelty calibrator is the inclu-
sion of a multiple fi xed-point cell. Inside, it has three pure 
materials, indium (T

ph
=156.5985°C), tin (T

ph
=232.928°C) and 

zinc (T
ph

=419.527°C), called fi xed-point materials. They have 
their fi xed-point temperature Tph (Melting and Freezing 
temperature) within the work range of the dry block calibra-
tor from 20°C to 600°C. These temperatures are reproduc-
ible with an uncertainty of some millikelvin and they are 
defi ned in the International Temperature Scale from 1990 
(ITS-90). In the case of the dry block calibrator, the fi xed-
point materials allow an in-situ calibration of the block cali-
brator internal reference sensor at their phase change tem-
peratures. Thus, the calibration values are traceable to the 

ITS-90. The cell was designed by the Finite Element Method 
in ANSYS Workbench and optimized by parametrical varia-
tions in optiSLang.

Geometrical Design 
For the design of the multiple fi xed-point cell, three differ-
ent geometries with coaxial arrangement of the fi xed-point 
materials were used as models. For each model, some geo-
metrical parameters (a to h, Fig. 1), according to the calibra-
tor’s geometry were defi ned. The position of each material 
in the cell also varied (in, ctr, out, Fig. 1). Graphite was se-
lected as the crucible material of the cell. This material is 
commonly used for the fi xed-point cells due its high ther-
mal conductivity, its chemical compatibility with the fi xed-
point materials and its good ability for the machining.

Thermal Design
The main goal of the cell’s design was to fi nd a geometry 
and an arrangement of the fi xed-point materials inside the 
cell having minimal thermal gradients in the cell and in the 
reference sensor during the change of a fi xed-point material 
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phase. In the ideal case, the reference sensor temperature is 
exactly the same as the phase change temperature of each 
fi xed-point material.  Focusing on this objective, static ther-
mal simulations were made in three steps. In each step, it 
was assumed that every fi xed-point material was at its fi xed-
point temperature, excluding the dry block calibrator , which 
was 2K over it. Initially, the input parameters were searched 
by conducting a sensitivity analysis. They have an infl uence 
on the output parameters that permit to estimate the qual-
ity of the temperature distribution, called Δ. These output 
parameters were defi ned as the sum of the maximum tem-
perature gradients in the cell for each phase change:

Results
Table 1 shows the CoPs of the models and the input param-
eters which are relevant regarding the output parameter. It 
also shows initial and optimized values using an evolution-
ary algorithm. In addition, the calculated results in the MOP 
and in ANSYS, as well as their relative difference are shown. 
Here, it is possible to observe that a CoP of more than 70% 

was enough to obtain a reliable result. After the optimiza-
tion, it was discovered that model 1 of the multiple fi xed-
point cell was the best for the desired application. Fig. 2 
shows the temperature distribution of the three models 
along with the phase change of Indium. It is possible to see 
that the temperature distribution for the model 1 is the most 
homogeneous. Similar results of temperature distributions 
were obtained for the phase changes of tin and zinc.

Summary
A multiple fi xed-point cell for an in-situ calibration of a new 
block calibrator’s reference sensor was designed which is 
traceable to the ITS-90. This was possible by conducting fi -
nite element thermal simulations in ANSYS Workbench and 
a sensitivity analysis and optimization in optiSLang. The cell 
was designed with the aim to obtain the minimum thermal 
gradient during the phase changes of the fi xed-point ma-
terials (In, Sn, Zn). An optimal cell’s geometry and arrange-
ment of the fi xed-point materials inside could be found for 
this application.

Authors // S. Marin / Univ.-Prof. Dr.-Ing. habil. Th. Fröhlich 
(Institut für Prozessmess- und Sensortechnik, TU Ilmenau)

This material is based on the VIP-Project “TempKal” supported by the German 

Federal Ministry of Education and Research (BMBF).

Model 1 Model 2 Model 3

p CoP  % iv op CoP % iv ov CoP % iv ov

a / mm 28 23 13 6 23 20 14 13 25.3

e / mm 68 40 48.5 51 40 40 4 1 5

f / mm 5 5 3.25 9 5 3.25 47 15 4.9

i / mm 33 10 7 - - - 5 10 26.6

j / mm - - - - - - 5 3 1

in / °C - - - - - - 10 157 232

ctr / °C 5 232 232 2 - - 10 232 157

out / °C 3 420 420 3 420 420 - - -

CoP fm / % 90 70 83

ANSYS / mK 1620 1695 2562

MOP / mK 1605 1803 2501

rd / % 1 6 2

Fig. 1: Models with their fi xed-point cell arrangements and parameters for the 

parametrical study 

Table 1: Selected geometrical and thermal parameters of each model after the sensitivity analysis with  as an output parameter and optimization results with p 

as an input parameter, iv as an initial value, op as an optimized value, fm as a full model, rd as a relative difference

 = Sum of the maximal temperature difference on the cell for each fi xed-

point / °C | max = Maximum temperature of the cell / °C | min = Minimum 

temperature of the cell / °C

Fig. 2: Temperature fi eld for the optimized models during indium´s phase 

change
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optiSLang enables a simulation of loads based on fast and cost-effective measurable signals for an effi cient 
assessment of changes to the drivetrain confi guration without the repetition of expensive driving tests. 

MULTI-BODY SIMULATION OF TRUCK MOUNTINGS 
ON ROUGH ROAD CONDITIONS 

CUSTOMER STORY // AUTOMOTIVE ENGINEERING

Introduction
In the simulation of large mechanical systems such as full 
vehicle models, you have to retain the behavior of the in-
teraction of multiple moving parts and also the behavior 
of complex force elements as simply as possible. In general, 
there are limits due to time and cost constraints, but above 
all, by the necessary parameterization of the many individ-
ual components of a system. One of the main diffi culties in 
modelling is the reduction of the complex behavior of an 
individual component to its fundamental behavior with-
out changing the overall behavior. The over-simplifi cation 
of the force coupling elements leads to poor results of the 
simulation. The consequent necessary assessment and veri-
fi cation of the simulation results can be done via the com-
parison of the measured and simulated data.

The investigated MBS model is neglecting the elasticity of the 
supporting frame as well as the elasticity of all components 
of the drivetrain and it is reproduced by means of rigid bod-
ies, which are connected by ideal joints and force elements. 
It is important to represent the properties of the main force 
coupling elements in suffi cient detail, which is why the mod-
elling of elastomeric bushings plays a special role. Due to its 

material properties, the elastomeric bushing characteristics 
show a high scattering. Thus, they are ideal leverage points 
for a possible fi ne tuning in order to compensate previous 
model assumptions. Through careful selection of individual 
bushing model parameters and the use of nonlinear stiff-
ness and damping characteristics, insuffi cient assumptions 
are partially compensated. In practice, parameter identifi ca-
tion tools can take over the very time-consuming data input 
of the force coupling elements and optimize the result to a 
given target. In this context, the data input is now defi ned by 
means of comparison between the results of simulated and 
measured data as an optimization problem. The parameter 
identifi cation of an MBS-submodel for the gearbox elasto-
mer bushing enables the automated and optimized adjust-
ment of the simulation with the measurement results. For 
this purpose, the elastomeric bushings of the engine and 
the gearbox are dynamically measured on a hydro-pulse test 
bench and these parameters are used as initial values in the 
process loop with the optimization software optiSLang and 
the multi-body simulation software Simpack. A frequency 
and amplitude-dependent elastomeric bushing model in 
Simpack is the necessary prerequisite for the examination of 
the dynamic behavior.
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Optimization process
In drive tests on rough roads, accelerations at individual 
points of the frame and the drivetrain are measured. From 
the measured accelerations, frame motion is calculated back 
to its rigid body motion in order to obtain real excitation sig-
nals for the frame in the simulation. In the multi-body simu-
lation, this frame is specifi ed as a motion function of time 
to fi nally obtain the simulated time behavior of the bushing 
forces and acceleration signals from the drivetrain.

To assess the quality of the simulated bushing forces, the 
model is verifi ed by comparing the additionally measured 
acceleration signals on the engine and the gearbox from 
the driving test and the corresponding accelerations from 
the simulation. 

By using suitable optimization software, you can automa-
tize the process of ‘manual’ parameter search for the best 
possible correlation between measurement and simula-
tion. In this case, the algorithm compares the results of the 
simulation with the detected rough road acceleration sig-
nals of the drivetrain and determines the deviation of the 
defi ned target function. To minimize the objective func-
tion, optiSLang differentiates between gradient method, 
response surface optimization (response surface methods) 
and stochastic search strategies.

The used algorithm ‘Adaptive Response Surface Method’ 
(ARSM) optimizes on the response surface of an approxi-
mation of the objective function. Pre-investigations have 
already shown that the parameter identifi cation of elas-
tomeric bushings for the complete test drive generates no 
satisfactory results. The challenging task is therefore to de-
rive an optimization strategy that allows a separate consid-
eration of the individual parts of the track for the extraction 
of individual parameters and characteristics. So, linear pa-
rameters have to be separated from nonlinear parameters 
through careful selection of individual maneuvers. 

After completion of parameter identifi cation, there must be 
a quantitative evaluation of the optimized result of the simu-
lation with the measured values of the driving test. For this 
purpose, statistical methods are used. The calculation of the 
damage has proven to be a sensitive rating scale to represent 
a quantitative comparison of two curves. It is a pseudo-dam-
age which is determined by assuming a ‘virtual’ fatigue life 
curve, so that the damage values allow relative comparisons.

Fig. 1: MBS modelling | Green dots – acceleration sensors on the frame for 

calculation of the rigid excitation (input data for MBS simulation) | red dots – 

acceleration sensors for verifi cation process (output data for MBS simulation) 

Fig. 2: Process loop of the identifi cation process | black curves –  measured accelaration signals = optimization target | red curves –  simulation result of current opti-

mization loop
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Derivation of the optimization strategy
The determination of good start design values is very impor-
tant for the optimization process. Therefore, dynamically mea-
sured characteristics from a hydro-pulse test bench of engine 
and gearbox mounts were used. At the beginning, optimiza-
tion experiments were started emanating from arbitrary start 
design values. Also, the attempt of the simultaneous identifi -
cation of engine and gearbox mounts parameters did not yield 
a satisfactory result. Thus, the engine mount parameters were 
fi nally kept constant with the data input from the hydro-pulse 
measurement. Overall, many different variants of starting pa-
rameters (different stiffness model parameters, damping siz-
es, other model control variables, etc.) were tried out in order 
to identify early trends of positive result impacts.

In this context, the use of different optimization targets had 
a very large infl uence on the result. The method used at the 
beginning of the study of ‘Euclidean norm’ turned out to be 
ineffective in this case. Finally, the maximum and minimum 
ordinate, within predefi ned time ranges, so called slots, was 
used. Thus, the absolute values of the extreme value differ-
ences between simulation and measurement were added 
in the respective directions of the bushings and the optimi-
zation target was the minimization of the total value. Also, 
the use of two locally separated acceleration values on the 

drivetrain within the target size calculation was an impor-
tant detail. Otherwise, the rigid body rotation of the drive-
train would not have been properly recognized. First, the 
bushing parameters of the three spatial directions could 

be identifi ed, each separated from one another. At the end, 
the optimization was done in all three spatial directions to-
gether with reduced parameter limits. 
The essential idea of the developed optimization strategy 

rested then on the assumption that there were sections of 
the complete track where only linear parts of the stiffness 
characteristics of the elastomeric bushings were loaded. 
Also, equal sections of the track were present where the 

Fig. 3: Process loop of the identifi cation process 

Fig. 4: Identifi cation of stiffness characteristics

Fig. 5: Composition of linear sections

Linear sections - bushing bump stops not active

Composite road track -
track composed of 
good and bad freeway 
with loaded or
empty truck
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mounts operated in the nonlinear region of the stiffness 
characteristics. Such a process would be a response of the 
bump stops, which is implemented through the input of 
nonlinear stiffness characteristics. Creating such stiffness, 
a characteristics was achieved by identifying four param-
eters, which were respectively identifi ed by the algorithm.

Sections that addressed only linear regions of the stiffness 
characteristics were considered as ‘good’ and ‘bad’ freeway. 
Here, the bump stops were not active. They were composed 
for the loaded and empty truck to a total ‘linear section’ of 
about 30 seconds duration.

The same procedure was applied to the areas where the 
bushings operated in the nonlinear regions of the stiffness 
characteristics, such as Belgian road and pothole track. 
Here, the largest amplitudes could be seen. The composed 
parts of the track had a time span of 15s.

During the identifi cation process of the non-linear parts of 
the bushing characteristics, the previously identifi ed linear 
parameters of the bushing model were kept constant, so the 
individual identifi cation loops were built on one another. A 
complete run of such an identifi cation process took about 38 
hours, with about 2700 calls of the MBS simulation. In order 
to keep the total time small, the duration of the composite 
sections for the MBS simulation should be kept as short as 
possible. During the total 8 process runs, the bushing param-

eters for the three spatial directions were fi rst identifi ed in-
dividually, then together and third also regarding the break-
down in linear and non-linear sections.

Results
After the application of the derived optimization strategy in 
the separated identifi cation process, the recalculation of the 
total track with the identifi ed parameter from the linear and 
nonlinear sections was conducted. The diagram below shows 
the acceleration values of the sensor GO (gearbox above) in the 
three spatial directions (x, y horizontal lateral and z vertical).

The measured rough road accelerations were compared with 
the accelerations obtained from simulation.

 • measured rough road accelerations (black)
 • calculated accelerations (green) with the unchanged 

bushing values from the hydro-pulse (MBS simulation 
without parameter optimization) 

Nonlinear sections - large amplitudes, bushing bump stops 
eventually active

Composite road track -
track composed of 
belgian road and 
pothole sections with  
loaded and empty truck

Fig. 6: Composition of nonlinear sections

Fig. 7: Time history of acceleration data | black - measured data, green - simu-

lated accelarations with dynamic measurements of the mounts, red - simu-

lated accelarations after fi rst optimization, blue - simulated accelarations after 

second optimization

Fig. 8: Time history of vertical acceleration data | black - measured data, blue - 

simulated accelarations after second optimization
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 • accelerations of the optimized simulations after identifi -
cation of linear parts (red)

 • accelerations of the optimized simulations after identifi -
cation of nonlinear parts (blue).

The diagram of the measured and simulated vertical accel-
erations shows the very good fi tting for medium and small 
amplitudes. Especially for large amplitudes, the result quality 
was signifi cantly improved by incorporating the nonlinearity 
in the stiffness characteristic. The largest deviations existed 
in the track section “bad national road” for the empty truck 
(framed in red area), because this section was not taken into 
account in the identifi cation loop of the nonlinear bushing 
characteristics. In retrospect, especially for the identifi cation 
of nonlinear characteristics, all relevant road sections had to 
be considered in order to achieve quantitatively good results.

The representation in time domain, as shown above, can of-
fer a rough overview, but a signifi cant comparison criterion is 
missing. Classifi cation methods, such as level crossing count 
(diagram below), allows a better evaluation of the quantitative 
comparison. The level crossing counting shows the important 
information regarding the number and the level of amplitudes. 
Only in the identifi cation of the linear parts of the mount char-
acteristics did the rare extreme amplitudes still show large 
deviations (red curve). However, the improvement in the ad-
aptation of large amplitudes due to the identifi cation of the 
nonlinear bump stops is clearly shown in the diagram below. 

A good correlation of the maximum amplitudes concerning 
amount and number was, of course, extremely relevant for 
the durability calculations. Amplitudes which were smaller 
than 20% of the maximum amplitudes had a minor infl u-
ence on durability. 

A further contemplation was the calculation of the dam-
age. The calculation of the damage provided a criterion 
that allowed the quantitative assessment and comparison 

of curves with a single value. The damage calculation was 
done by assuming a ‘virtual’ fatigue life curve, so the dam-
age values allowed a relative comparison.

The damage calculation of the measured and the simulated 
accelerations showed the effi cient improvement of the op-
timization process carried out. The existing deviations were 
due to the unconsidered sections of the track and, of course, 
due to the assumptions made during model building.

Overall, there was a positive development of the calculated 
damage for each spatial direction. The effi ciency of the de-
veloped optimization process was obvious. The variances in 
the damage could be qualifi ed by the fact that even within 
several measured accelerations from rough road track, a de-
viation of 30% in the damage could be detected.

Conclusion
The optimization strategy derived from this study utilized 
the fact that in some track sections the mounts acted ex-
clusively in the linear parts of the stiffness characteristics. 
On the other hand, there were sections of the track where 
the mounts operated in the nonlinear part of the bushing 
characteristics. Only through targeted splitting of the com-
plete track and the adaptation of an individual optimization 
strategy on the identifi cation process, could a very good fi t-
ting for medium and smaller amplitudes be achieved. The 
high damage potential of large load amplitudes required a 
high correlation with the measurement. This balance must 
be considered by the incorporation of nonlinearity in the 
stiffness characteristic during the identifi cation process. 
The largest deviation occurred in the section ‘bad road’ of 
the empty truck, because this section was not taken into ac-
count in the identifi cation process of the nonlinear bushing 
characteristics. It was recommended that during the iden-

Fig. 9: Level crossing count | black - measured data, green - simulated accelara-

tions with dynamic measurements of the mounts, red - simulated accelarations 

after fi rst optimization, blue - simulated accelarations after second optimization

pseudo damage normalized damage 

GO in X  1.38E-15 1.00

GO in X 8.30E-15 6.04

GO in X 2.97E-15 2.16

GO in X 4.03E-16 0.29

GO in Y  3.49E-14 1.00

GO in Y 9.65E-14 2.77

GO in Y 1.38E-13 3.96

GO in Y 3.90E-14 1.12

GO in Z  8.07E-14 1.00

GO in Z 3.62E-13 4.49

GO in Z 2.58E-13 3.20

GO in Z 1.44E-13 1.78

Fig. 10: Table of pseudo damage | black - measured data from rough road track, 

green - simulated accelarations with dynamic measurements of the mounts, 

red-simulated accelarations after fi rst optimization (linear section), blue - sim-

ulated accelarations after second optimization (non-linear section)
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Our internet library is an extensive source for your research on 
CAE topics   and CAE-based Robust Design Optimization (RDO).

www.dynardo.de/en/library.html

DYNARDO LIBRARY

tifi cation process, all sections with large amplitudes should 
have been considered in order to obtain quantitatively good 
results. 

Overall, the methodology of automated parameter identifi -
cation played an important part in the alternative load de-
termination process for gearbox housings. For this purpose, 
it was necessary to derive a problem dependent, individually 
tailored optimization strategy in order to achieve the desired 
result. Only after the successful development of such a suit-
able process was it possible to generate quantitatively useful 
results for the calculation of durability. However, if the pre-
sented methodology shall be used for identifying load spec-
tra for the component testing of gearbox housings, the re-
sults have to be robust and safe. Due to this and also for the 
generation of meaningful simulation models, parameters 
have to be scattered within their possible physical limits. The 
infl uence of scatter on the result must be exactly assessed.

In this way, reliable load limits for the design can be derived 
and defi ned. This next step can also be reached with the 
used optimization software in the existing process loop.

Author // A. Rasch (ZF Friedrichshafen AG)
Source // www.dynardo.de/en/library



16

With the help of optiSLang and SoS, realistic FE-models of turbine wheels as a part of small gasoline turbochargers 
were generated in order to analyze and to optimize their tolerance behavior.

FE-MODEL GENERATION OF TURBOCHARGER 
BLADES REGARDING GEOMETRICAL TOLERANCES

CUSTOMER STORY // TURBO MACHINERY

Introduction
The goal was to develop a fully automatized procedure 
to generate 3D-CAD geometries of turbocharger turbine 
wheels including different kinds of real production imper-
fections. The procedure incorporated the evaluation of par-
ticular deviations and differences from nominal blade ge-
ometry, hub body geometry and backface geometry. Since 
the turbine design was integrated, the blades and hub have 
been considered as a single part. 

The wheel was manufactured by investment casting, so dif-
ferent sources of deviations were considered. Tool toleranc-
es, casting process parameters, shrinking of wax and metal 
during solidifi cation and cooling as well as fi nishing process 
steps had infl uence on the fi nal geometry. Each geometrical 
feature, like massive hub body, thin blade body, machined 
or un-machined surfaces had different deviations. In the 
numerical system, the process of determination of devia-
tions could be reproduced for many different virtual geom-
etry designs and the space of the designs’ deviations could 
be statistically evaluated. Based on these statistical evalua-
tions, it could be stated with quantifi ed probability in which 
interval ranges the geometrical deviations occurred. 

The original numerical simulation process for turbine 
wheels design was split up into geometry generation and 
FEM analysis. Geometry generation needed to be param-
etrized to set up an automatized repeatable design gen-
erator. Utilizing a progressive technology of statistical 
metamodeling implicitly included in optiSLang, a statistical 
Metamodel of Optimal Prognosis (MOP) describing rela-
tions between input parameters (geometry modifi cation) 
and output parameters (geometry deviations) could be es-
tablished. Using such a statistical metamodel as a solver 
instead of a geometry generation process, the whole proce-
dure could be increased rapidly. 

The incorporation of virtual simulations of geometrical de-
viation into the process of turbocharger development had 
a certain positive impact on a better understanding of the 
deviation causes and deviation statistical properties. This 
knowledge led to a better performing turbocharger design 
and eliminated unnecessary tight tolerances. On the other 
hand, the robustness of several design features could be 
evaluated and improved.
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Contact-element based algorithm for tolerances 
evaluation
Algorithms for the evaluation of deviations represented the 
core of the whole process. Four different algorithms were de-
signed to measure four different types of deviations. Assuming 
production deviations, it is necessary to measure the distances 
between external surfaces (see Fig. 1), thickness differences, 
curves and points distances. ANSYS classic environment was 
chosen for the implementation of algorithms ensuring ro-
bustness and a wide variability in customization. Contact and 
target fi nite elements (designed and derived in ANSYS for per-
forming nonlinear structural analysis) were used to determine 
distances between the defi ned surfaces (gaps respectively 
penetrations in terminology of ANSYS). Based on this feature, 
differences between the nominal and design geometry were 
calculated and further processed. The results were available for 
all nodes of the FEM mesh, but it was advisable to pick a cer-
tain number of relevant nodes for the evaluation of production 
scatter. Interesting post-processing nodes might be located ei-
ther on the edges that could be measured with tactile instru-
ments or on topological points that could also be checked by 
optical measurement systems. To be able to understand the 
system behaviour, a reasonable amount of nodes needed to 
be selected intelligently. Full surface results were nevertheless 
an interesting source of information when selecting designs 
for further analysis. Through the use of numerical contact al-
gorithms and distance calculation, they resembled the typical 
post-processing results of optical 3D scans.

Process integration
As the core of the process was the deviation measuring 
techniques prepared in the classic environment of ANSYS, it 
was a crucial task to set up the process of gaining the devia-

tions from the moment of geometry creation in BladeGen 
and DesignModeler until the deviation of automatic value 
extraction. It was the only way to post-process the results 
from hundreds of  different designs. Some design features 
like blade thickness were exclusively defi ned in BladeGen, 
while others like fi llet radii were exclusively defi ned in 
DesignModeler. Both systems have their own interfaces 
and fi le formats. Also, in case of impossible geometries, dif-
ferent exit conditions had to be recognized. These inherent 
properties of the task made it necessary to have a generic 
control system for the numerical process chain. The key 
control system determining the time fl ow of the process is 
optiSLang4. It enabled the user to compose a sophisticated 
structure of particular actors representing the various ac-
tions that were supposed to happen during the fl ow run 
(see Fig. 2).

Fig. 1: Example of external surface deviations on the blade and hub body 

Fig. 2: Process fl ow in optiSLang 
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The process started with the creation of the correlated in-
put set of parameters. Parameters were spatially correlated 
using the random fi elds’ technique (see Fig. 3). Correlation 
dependencies designed by random fi elds secured that the 
geometrical deviations result  in “reasonably” imperfected 
blade designs (see Fig. 3). Designed blade surfaces with 
higher density of surface waves were not in compliance 
with the produced turbochargers. Other parameters like 
blade length were generated randomly.

After the preparations of input parameters, the main part 
of the process was started (see Fig.2  – main solver part). A 
new blade design was produced by BladeGen based on the 
correlated input parameters and other parameters passed 
on into the BladeGen tool. The blade was then fi nished in 
DesignModeler, connected to the hub body with a fi llet ra-
dius, fi tted with a backface and nose as well as prepared for 
exporting to ANSYS solver. Deviations were calculated us-
ing ANSYS and sent to optiSLang4 as responses. optiSLang4 
evaluated the statistical quantities and created an MOP for 
the chosen responses. 

Strategy of producing non-nominal geometries
The process described in chapter 3 could be performed as 
a sensitivity (robustness) analysis. Results of such a pro-
cedure were the statistical quantities representing the 
dependencies between the input and output parameters. 
Since not all parameters of the geometry generation relat-
ed directly to a length or position, it was useful to have a 
tool that quantifi ed scatter of the actual measured feature 
versus the input parameter. This was necessary informa-
tion when tuning the deviations to typical manufacturing 

values, especially when splines were used in geometry gen-
eration. Over these statistical quantities, the MOP could be 
created for more important purposes:

1. Quantifi cation of  the explainability of the output pa-
rameters.

2. Determination of the dependencies between input and 
output parameters.

3. Statistical verifi cation of the deterministic procedure.
4. MOP could be used as a substitutive solver

Utilizing MOP as a solver, it was possible to calculate a suf-
fi cient amount of designs in a reasonable time. Designs 
calculated this way were cross-checked by the parallel per-

Fig. 3: Example of random fi elds’ realizations (left), correlated thickness dis-

tributions (right) 

Fig. 4: MOP for the chosen response (top), Coeffi cient of Prognosis (bottom)

The process fl ow integration was based on Windows and Python scripts.

Fig. 5: Strategy for the evaluation of deviations 

Sensitivity (Robustness) 
analysis for 

specifi ed correlation length

Designs verrifi cation on 
“real” solver

Statistical evaluation of 
inputs and outputs

Graphical, text, graph
post-processing

Sensitivity (Robustness) 
analysis using 
MOP as solver

Constraints for output 
parameter based on 

requirements

Space of allowable 
designs (inputs + 

outputs)

~ 100 
designs

MOP} } +
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forming of the full process. After collecting all the respons-
es, different response fi lters were applied to create a space 
of allowable designs.

Sensitivity analysis
The sensitivity analysis provided basic statistical proper-
ties of the inspected problem. As a fi rst step, a set of input 
and output parameters had to be defi ned. In between, the 
functional dependencies were expected. Using LHS, it was 
possible to cover the desired design space (within the input 
parameters’ ranges) with a reduced number of samples (50-
200, see Fig. 6). 

An evaluation of structural mechanics of the non-nominal 
designs expected extreme cases to be the most interesting 
ones. Therefore, a non-centrally emphasized sampling was 
helpful. This was even more relevant when high nonlineari-
ties were involved. The effect of one parameter might have 
been much higher in a border area of the design space than 
in the center or on the opposite side. Information about 
this could only be available when the sampling combined 
boundary values of several parameters at the same time. 
The higher the number of evaluated samples, the better 
quality of statistical properties was to be expected. The 
dependence of the number of input parameters was low, 
but with a number of around 50 input parameters, it was 
advisable to do at least 100 successful designs with LHS. To 
be able to achieve this, even under the presence of instabili-
ties, a larger number was requested in optiSLang according-
ly. The run could be aborted when the number of successful 
designs was reached. Performing sensitivity analysis, the 
following valuable information was provided:

1. Stability of designed process workfl ow (eventual mani-
festation of confl icts)

2. Relations between input and output parameters were 
determined

3. Utilizing the MOP on the design space, it was possible to 
determine the importance of the input parameters on 
each of the output parameters. Additionally, the partici-
pation of the input parameters was quantifi ed. Depen-
dencies determined between inputs and outputs could 
be highly non-linear as well.

4. Obtaining high values of Coeffi cients of Prognosis (CoP) 
for the responses, it is proven that defi ned responses can 
be well explained by the defi ned input parameters. In an 
opposite case the reasons for low values of CoPs should be 
considered. This way, the whole process was subjected to 
statistical verifi cation.

5. MOP represents the mathematical dependencies be-
tween the inputs and outputs. Knowing these de-
pendencies, it was possible to use such a statistical 
metamodel as a substitutive (signifi cantly faster) solver. 
Results obtained from such a solver contain a certain er-
ror expressed by the CoP.

Sensitivity analyses were successfully carried out either by 
using the whole designed procedure or using the MOP as a 
substitutive solver.

Metamodel of Optimal Prognosis (MOP) as a 
generator of non-nominal geometries
The MOP is a statistical meta-model containing special fea-
tures suitable for usage in a wide spectrum of probabilistic 
problems. As any statistical model, it is able to predict the 
values of responses with a certain quality of approximation. 
The prediction quality of an approximation model may be 
improved if unimportant variables are removed from the 
model. This idea is adopted in the MOP which is based on 
the search for the optimal input variable set and the most 
appropriate approximation model (polynomial or MLS with 
linear or quadratic basis). Due to the model independence 
and objectivity of the CoP measure, it is well suited to com-
pare the different models in the different subspaces.
As it is possible to reach a high precision of the MOP (quanti-
fi ed by COP), it is very convenient then to use it as a substitu-
tive solver representing dependencies between input and out-
put qualities. In the case of the presented calculation process 
of a turbine wheel’s deviations, it took about 25-30 minutes to 
complete one design containing unique geometry variation. 
The main fraction of this time was used for distance calcu-
lation between thousands of nodes. But the geometry gen-
eration in DesignModeler was also costly due to the interface 
with BladeGen on the one hand and 3D fi llet generation on 
the other hand. After solving a suffi cient amount of various 
wheel designs (in this case ca. 120) and building up the met-
amodel over the design space, it was stated that over 90% of 
the output parameters had  a COP higher than or equal to 85% 
(see Fig. 4). Based on this knowledge, it was feasible to use 
the MOP as a substitutive solver with the expectation of ob-
taining a reasonable quality of results. Utilizing the MOP as a 
solver in the process workfl ow caused a dramatic acceleration 
of design generating performance. Compared to the full pro-
cess workfl ow, the speed when using the MOP was more than 
1000 times faster. Due to such an acceleration, it was possible 
to carry out sensitivity (robustness) analyses containing 2000 
designs and more in less than one hour. This performance sig-

Fig. 6: Variability of the parameterization
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nifi cantly gained a higher amount of designs than it would be 
possible with only a full workfl ow. It brought to light valuable 
statistical information about the relations between the geom-
etry variations and appropriate deviations.

Filters
One of the consequences resulting from MOP utilization 
was the higher amount of produced output data. To get 
an overview of design scatter, many ways of data post-pro-
cessing exist. Histograms of frequencies of occurrence (Fig. 
7) can be displayed for each of the output parameters. Each 
histogram can be approximated by the best-fi tting type 
of statistical distribution. Once the statistical distribution 
was attributed, the probability of response occurrence in a 
specifi ed continuous interval could be easily determined.
Sorting the output of designs according to the chosen crite-
ria was a way to aggregate the result information from the 
whole design space. In optiSLang4, it is convenient to use the 
constraint conditions feature in order to sort or to fi lter the 
designs according to ranges of response. Intending to imple-
ment a fi lter which will sort out all the designs having at 
least one of the responses (from a selected set of appropri-
ate responses) out of a given interval (symmetric, defi ned by 
bound = β), it is necessary to set up the following conditional 
constraining equations for all involved responses:

By the application of the formerly described fi lter on the de-
sign space, only the designs fulfi lling the conditions for all 
the responses remained. The others were considered to be in-
valid. The primary defi ciency of this basic fi ltering technique 
was the fact that a design could only be valid (status=1) or 
invalid (status=0). Furthermore, neither the amount of re-
sponses that violated the allowable bounds for each design 
nor their extent of violation was known. In order to obtain 

this information for the estimation whether the violation 
was only local or occurred at a larger area, it was necessary 
to create a new actor in optiSLang4 that contained a Python 
function summing up the violations for each design. The 
advantage was a deeper insight into the probability of the 
occurrence of limit violations. An example of another useful 
fi lter is the “two belts fi lter”. Also, a certain tolerance on the 
allowed deviations of 20% was introduced. The purpose of 
this fi lter was to sort out all the designs with responses out-
side the two defi ned intervals (see Fig. 8).

The fi lters based on constraining equations could be imple-
mented either in the GUI, using predefi ned interface, or in 
Python scripts that could be prepared in advance and later on 
be inserted in optiSLang4. The opportunity of using Python 
scripts at any moment of creation of an optiSLang4 workfl ow 
enabled a preparation of a higher amount of responses, con-
ditions, parameters etc.

Author // Dr. B. Lehmayr (Continental Automotive GmbH) / 
M. Mrozek, Dr.-Ing. R. Schlegel (Dynardo GmbH)
Source // www.dynardo.de/en/library

Fig. 7: Statistical distribution of attribution

Fig. 8: Example of “two belts fi lter”
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Brose uses optiSLang to evaluate design alternatives of window regulators. The simulation procedure includes 
manufacturing variations and verifi es the robustness for a wide variety of car models.

ROBUST DESIGN OPTIMIZATION ENSURES HIGH-
QUALITY WINDOW MECHANISMS

CUSTOMER STORY // AUTOMOTIVE ENGINEERING

Introduction
To be able to feel the wind in your hair while driv ing your car, 
pay the fee for parking in a lot, or grab takeout coffee from 
the drive-through, you need a window regulator. This device 
is a part that moves a window in automobile doors up and 
down on command. Brose, the world’s largest manufacturer 
of window regulators, builds these components for many ve-
hicle models. The same basic regulator must work for a wide 
range of curved window sheet radii, serve the three differ-
ent positions of a wedge that is used to adjust the windows 
to the chassis of the car, account for stiffness variations of 
several components, and adapt to variations in the torque 
used to assemble the regulator. On rare occasions, these vari-
ables have interacted to generate excessive stresses, strong 
enough to crack the window glass. Brose used robust design 
optimization (RDO) to evaluate a series of design alterna-
tives against the huge number of possible combinations 
of application variables based on stress levels in the glass. 
RDO eliminated the need to simulate each combination of 
variables by generating a meta-model used to explore the 
complete design space in a fraction of the time. The simu-
lation helped the Brose team to understand the cause of 
cracking; it also made it possible to optimize the design for 

robustness needed to accommodate a wide variety of car 
models and to withstand manufacturing variations. Brose 
is the world’s fourth largest privately held automotive com-
ponents supplier. The company supplies 52 million window 
regulators a year to many of the world’s leading automobile 
manufacturers. Brose has achieved this leadership position 
by providing a compact design, which reduces assembly 
costs, along with motors that deliver a high performance-
to-cost ratio. The company ensures high economies of scale 
and low piece costs by using standard components pro-
duced in high volumes. For Brose to continue its good repu-
tation, these components must operate reliably under all 
expected conditions.

Complex ways of application factor interaction
A key component of the window regulator is the clamp 
plate/rail slider assembly that attaches to the window and 
must adjust to fi t curved windows, whose radius ranges 
from 900 mm to 2,000 mm. The rail slider and clamp plate 
are connected by a screw that penetrates the glass. The as-
sembly applies pressure to both sides of the glass to hold 
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it in place; this generates shear stress due to the window’s 
curvature. A wedge between the glass and the rail slider can 
be adjusted to one of three positions to main tain sealing 
pressure between the glass and the car chassis. The Young’s 
modulus of the rail slider and clamp plate can dif fer due to 
manufacturing variation. The amount of torque that is ap-
plied to the screw during assembly is not always exactly the 
same. These factors interact in complex ways. One result is 
material damage that sometimes occurs when the screw is 
tight ened during the assembly process.

The Brose Group worked with Dynardo’s optiSLang software 
to address this problem. Dynardo developed optiSLang as 
the basis for RDO in virtual product development; the com-
pany also offers consulting services. Brose engineers mod-
eled the clamp plate/rail slider assembly in ANSYS Mechani-
cal to evaluate the slider’s current design and to manually 
change the model for different application conditions. With 
a few manual runs, engi neers were able to generate exces-
sive stresses in the glass that correlated well to the areas that 
broke during the assembly proc ess. These runs validated the 
ability of fi nite element analysis to accurately reproduce the 
problem. But the huge number of pos sible combinations of 
different variables made it impossible to validate a potential 
solution using manual analysis techniques.

Parameterizing the model 
To determine a more robust solution, Brose engineers defi ned 
eight input parameters in the ANSYS Workbench environ-
ment, including the wedge position, window radius, Young’s 
modulus of the rail slider and clamp plate, and pretension of 
the screw used to assemble the rail slider and clamp plate. 

Engineers var ied an additional seven geometric input pa-
rameters to repre sent design changes to the window radius 
and clamp slider. The team defi ned seven key fi nite element 
analysis results, includ ing maximum stress in window, stress 
at the hole in the glass, stress at the bottom edge of the 
glass, and contact pressure of the slider to the window.

The large number of design variables involved in this prob lem 
result in such a large number of possible design points that 
it would be impractical to comprehensively explore with cur-
rent computing power. To address this challenge, optiSLang 
was used to calculate the meta-model, or simplifi ed model 
of the design space, that provides the best approximation of 
the complete space. This meta-model, called the Metamodel 
of Optimal Prog nosis (MOP), was utilized to calculate the op-
timal design with much less computing power.

Typical Brose window regulator

CAD model of clamp plate and rail slider assembly

Clamp plate and rail slider assembly applies stress to glass. The arrows rep-

resent the bolt
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Brose engineers applied optiSLang to confi gure a designed 
experiment using Latin hypercube sampling to scan the 
multi dimensional space of input parameters. Approximately 
120 design points were selected that, as a whole, provide a 
good approximation of the complete design space. optiSLang 
drove ANSYS Mechanical to solve each of these design points 
in par allel on a high-performance computing cluster running 
ANSYS Mechanical. The engineers used optiSLang to con-
struct an MOP based on these 120 samples, which was used 
to approximate the complete design space in a small fraction 
of the clock time and computational effort that would be re-
quired to explore the com plete design space.

Identifying key application factors
As part of generating the MOP, optiSLang automatically iden-
tifi ed the most important application factors with respect to 
their impact on window stresses. The optimization soft ware 
quantifi ed the forecast quality of many global meta-models 
and selected the MOP with the best predictive power. Then 
optiSLang calculated the coeffi cient of prognosis (CoP), 
which quantifi es the ability of the MOP to accurately predict 
the com plete design space. The CoP of 0.92 indicates that the 
MOP can be used to produce accurate estimates of perfor-
mance of pro posed designs over the complete design space. 

As it created the MOP, optiSLang also performed a sensitiv-
ity analysis that identifi ed the most important input param-
eters in terms of infl uence on output variables. This analy-
sis showed that the bolt pretension preload has the most 
impact on the stress of the window and that the wedge 
position has the second-greatest infl uence. Brose engineers 
mapped the maximum stress in the glass, the most impor-
tant response, as a function of these two criti cal variables, 
expecting to gain a visual understanding of the root cause 
of the problem. The response surface maps showed the in-
teraction of these variables and identifi ed combinations of 
values with the potential to cause excessive stresses.

Optimizing the design
Brose engineers optimized the design based on their 
engineer ing experience. Then they evaluated the new de-
sign with the MOP to be sure that every combination of the 
input parame ters generated less than the maximum allow-
able stress on the glass. The CoP validated the MOP’s predic-

tive power and indi cated that the new design would keep 
stress levels well within acceptable values throughout the 
complete design space. Simulation tools from ANSYS and 
Dynardo have helped the Brose product development team 
to identify the most sensitive design parameters for the win-
dow mechanisms and to optimize these parameters to fur-
ther improve quality over a wide range of applications.

Author // Th. Sauernheimer (Brose) 
This article originally appeared in ANSYS Advantage magazine.

Left: Area of actual cracked window surrounding screw hole | right: Stress 

analysis results correlate well with actual  window component

Response surface map shows stress as a function of key variables for initial 

design

Metamodel indicated which variables had the greatest impact on window 

stress



Sensitivity analyses and robustness evaluations with optiSLang including dynamic load conditions during fl ight 
operation help to verify high quality standards of bolt connections.

FATIGUE VERIFICATION OF HIGH LOADED BOLTS OF 
A ROCKET COMBUSTION CHAMBER

CUSTOMER STORY // AEROSPACE INDUSTRY
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Introduction 
Rocket engines and the bolted interfaces between their 
components have to withstand intense thermal and struc-
tural loads. Therefore, particular emphasis is placed on the 
quality assurance and verifi cation from incoming inspec-
tion of the fasteners. During these tests, a fatigue analy-
sis is performed to ensure a high bolt durability covering 
the dynamic loads during the engine’s operation. However, 
there is a signifi cant difference between test and fl ight 
loads leading to a non-linear relation between test results 
and expected operational life. A sensitivity analysis is con-
ducted to generate a linking, multi-parametrical model that 
can be adapted to both load cases. While the parameters 
scatter within the unifying parameter set, the life expecta-
tion also varies for both load cases. Accordingly, a robust-
ness analysis is fi nally performed to project the result vari-
ety under fl ight conditions onto the test result scattering.

Bolts or screws connect constructional parts with each other. 
The threaded bolt shaft and its evenly shaped counterpart 
nut or threaded blind hole transmit forces by a shape closed 
connection. In the case of overloading, the bolt will fail and 
lose its force transmitting capability. 

A bolt can be overloaded by stressing leading to ductile fail-
ure, preferably at the fi rst thread in contact. Another over-
loading mechanism is known as critical fatigue after the ex-
posure to a certain number of load cycles. The second will 
be outlined in this article.

Basics on bolt analysis

Pretension
During bolt mounting into a blind hole or a nut, preten-
sion has to be generated. Continuous torque tightening 
increases bolt and fl ange force at the same rate, while 
the value of deformation depends on the stiffness of both 
components. Due to the tension load, the bolt is strained 
by the law of elasticity  with the bolt force 

 and the bolt’s rigidity  that leads to the absolute bolt 
deformation . With the same force  but a different 
fl ange stiffness  , the fl ange parts are compressed about 

 . Here  denotes the deformation of the 
fl ange area in an imaginary cylinder between the bolt head 
and the nut.  is the corresponding fl ange stiffness. 
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The mounted and pre-stressed interface is loaded by the 
operational force . If  is oriented in tension direction, 
the bolt will be additionally stressed while the fl ange com-
pression decreases. Hence the operational load is taken by 
both components depending on their stiffness. The ratio 
between the force fraction taken by fl ange decompression 

 and the part covered by the bolt  is defi ned by the 
force ratio : 

           (1)

The bolt and fl ange behavior due to pretension and opera-
tional load is illustrated in Figure 1.

The effect of the force ratio becomes substantial for dy-
namic loading domains. The high durability of bolted joints 
is to be attributed to  and the fact that an operational load 
is partly taken by the relief of the pre-stressed fl anges. The 
higher the fl ange stiffness compared to the stiffness of the 
bolt shaft, the lower the actual impact on operational loads 
stressing the bolt. This effect is related to equation (1). This 
advantageous behavior decreases the bolt stress range per 
cycle which crucially increases the bolt life.

Stress distribution 
Loaded by an axial force , the nominal stress  within 
the bolt shaft equals to: 

           (2)

with  as stress area. 
Notch effects at the thread ground lead to a local stress 
concentration . The stress concentration 
factor  depends, among other things, on the depth of the 

thread and the radius of the thread ground. To estimate the 
magnitude of  , tables are presented in engineering litera-
ture, e.g. Young and Budynas [2002]. As a result of the stress 
concentration at the thread grounds, a stress distribution 
equivalent to Figure 2 occurs.

When the locally increased stress reaches the yield limit  , 
local plastic deformations occur. For this study, the Neuber 
rule is used to approximate the magnitude of plastic defor-
mation. Neuber expects a hyperbola in the stress -strain fi eld 
where the generation of stress and strain stays constant 

. When the Neuber hyperbola fi ts the endpoint 
of the linear extrapolated stress-strain line  , it crosses 
the yield curve at the point . This point approxi-
mates the stress-strain relation after yielding as shown in 
Figure 3. As a yield curve, a bilinear approximation is used. It 
is defi ned by the yield limit  at ultimate condi-
tions .

Fatigue damage 
The bolt life prediction is realized by the Coffi n Manson ap-
proach. With the universal slope proposed by Lemaitre and 
Chaboche [1990]: 

Fig. 1: Load-deformation-curve of a classical bolt connection

Fig. 2: Stress distribution along threaded bolt and stress concentration at 

thread grounds 

Fig. 3: Plastic stress-strain state obtained by Neuber approximation 
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the total strain range  is related to the number of cycles 
until failure  .  being the ultimate strength,  is the 
ductility of the material and  is the mean stress of the 
load cycle. 

Herein, the values in the exponents are fi tted to a wide 
range of different materials for universal validity. To reach 
our needs, these constants are considered as material spe-
cifi c and are chosen in accordance to the bolt material. A 
better adjustable form of (3) is used with the parameters 

 to  that can be fi tted to the actual material behavior: 

Aligned values for  to  can be found for different materi-
als in Lemaitre and Chaboche [1990]. Varying the constants 

 to   of (4), it infl uences the  Curve as shown 
in Figure 4. The actual sensitivity of the model towards 
these Coffi n Manson parameters is analyzed in section 4.

Bolt validation procedure and uncertainties 
To accept the bolts for fl ight application, a few per batch are 
submitted to several different test procedures. The check 
regarding fatigue failure is performed by a cycling test. It 
is known that the load conditions during the test differ to 
those experienced during the rocket launch. The objective 
of this investigation was to correlate the results of the fa-
tigue test with the circumstances of real operation. Finally, 
it had to be shown that the required cycles during the fl ight 
can be validated by a certain number of test cycles.

Validation test conditions 
For fatigue testing, the bolt was inserted into the testing 
device with contact at the thread and bolt head. No fl ange 
material was considered. Loads applied by the device were 
fully covered by the bolt itself. The full range of alternating 
testing loads were applied to the bolt. The diagram in Fig-
ure 5a (see next page) displays the load-deformation curve 
of this behavior. 

The large load range of  combined with the stress concen-
tration factor at the thread ground lead to a local cyclic plasti-
fi cation as shown in Figure 2. According to the Neuber approx-
imation, this opened the stress -strain hysteresis, stretched the 
stress range and reduced the bolt life signifi cantly. 

Flight conditions 
The considered bolts connect the combustion chamber to 
the injector. During mounting, a high pretension  was ap-
plied to avoid interface sliding. The dynamic interface loads 

 occurred in a moderate level which lead to a relatively 
low alternating bolt force  compared to the pretension 
force . The ratio can be seen in the load deformation curve 
in Figure 5b (see next page). With high fl ange stiffness, 
which was given in this case, the dynamic loads added to 
the pretension were mostly covered by fl ange relief. The ac-
tual bolt load   alternated in a much smaller stress range 
compared to the test case. That lead to a solely elastic dy-
namic behavior with a lesser strain range. According to Cof-
fi n Manson and shown in Figure 4, a small  resulted in 
a signifi cantly longer bolt life than under test conditions.

Correlation of test results to fl ight conditions 
To compare test results with fl ight live expectations, the 
mentioned infl uences needed to be considered. Slight un-
certainties of yield stress  and strain at rupture  lead 
to contrary changes in the calculation of the strain range via 
the Neuber approximation approach. This exceeded the re-
sulting live expectation. Additional uncertainties occurred 
by varying the Coffi n Manson coeffi cients  to  . Also, the 
stress concentration factor of the threat  was not a defi nite 
value but depended on geometrical width ratio and the edge 
radius which was not defi nitely detectable. It was treated as 
a variable during the following investigations.

Fig. 4: Coffi n Mansons fatigue curve - variety of the constants  and  are 

shown by the diffuse bluish areas 

(3)

(4)
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Table 1: Model sensitivity under test and fl ight conditions towards input pa-

rameters
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Life expectations were calculated by considering a certain 
set of the mentioned variables. Each parameter set had two 
results: 

 •   – life expectation under test conditions and 
 •   – life expectation during the fl ight

Finally, it had to be shown that the fl ight requirement was 
reached in all cases, which meant in any possible combi-
nation of input variables. Parameter combinations that 
lead to lower life expectation needed to be excluded by the 
choice of the test conditions. 

Robustness under fl ight conditions 
All possible variables infl uencing the bolt’s life expectation 
were analyzed. After performing a sensitivity analysis with 
optiSLang, it could be seen that the infl uence of parameters 
varied from fl ight to test case. The test case showed the 
highest sensitivity to the Coffi n Manson variables  and  
that were responsible for the high cycle domain of the slope. 

For the fl ight case, these variables had a minor impact. 
Despite to its small strain range , the sensitivity was 
mostly strength driven.  and  were the most infl u-
encing parameters in this case. Table 1 lists the sensitivities 
for both cases.

Considering the infl uencing parameters as normally dis-
tributed, the model was fed with specifi c parameter sets. 
The distribution of the parameters was evaluated from test 
data, or, in the case of the Coffi n Manson variables, from 
literature. For each input set, an output of the two life ex-
pectations was obtained – one for test and one for fl ight.

With optiSLang, a robustness analysis was executed. As a 
result of the life evaluation, the plot shown in Figure 6 was 
drawn. It shows the life results of 5000 parameter sets. For 
each set, the expected fl ight life was prognosticated for a 
calculated test life. As a requirement for fl ight acceptance, 
the bolts had to withstand the specifi ed loads, even with 
the worst possible combination of material parameters. As 
shown in Figure 6, all points below the fl ight requirements 
were not accepted meaning all test results in the red area 
would lead to bolt rejection from fl ight worthiness. If one 
of the few tested bolts per incoming batch showed an un-
acceptable fatigue durability, the whole batch was not al-
lowed to be mounted. 

Fig. 5: Load-deformation-curve under a) test conditions and b) fl ight conditions

Parameter unit Test Flight

0 1

0 0

1 4

9 36

16 58

47 3

17 5

1 0

6 0

Fig. 6: Criteria for fatigue test 
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The actual test requirement was fi nally defi ned at a high-
er number of cycles during the test to meet an additional 
safety factor. Test results in the orange area (see Figure 6) 
could achieve acceptance level by performing additional 
analysis. The big plus of the indifferent orange area was 
the early recognition of any disadvantageous changes of 
production methods. If processes changed, the fi nal prod-
uct could be affected in a negative way. With the demand-
ing test requirement, changes could be detected early and 
counteractions could be prepared. 

The bolts that met the test requirement, illustrated by the 
green area in Figure 6, were accepted for fl ight without fur-
ther analysis. 

The acceptance regarding bolt life could fi nally be verifi ed. 
With the possibility of taking all parameters into account 
within a single analysis, the understanding of its sensitivi-
ties was improved. Having the bandwidth of each param-
eter in mind, the spread of the bolt life expectation could be 
shown. In the anthill plot shown in Figure 6, this life expec-
tation was projected on the durability under testing con-
ditions. With the relations between fl ight and test, a new 
test criteria was found that disqualifi ed unacceptable bolts 
before they went to fl ight. 

Author // Marcus Lehmann, Dieter Hummel 
(Airbus Defence & Space)

Literature // Jean Lemaitre and Jean-Louis Chaboche. Me-
chanics of solid materials. Cambridge university press, 1990./ 
Warren Clarence Young and Richard Gordon Budynas. 
Roark’s formulas for stress and strain, volume 7. McGraw-
Hill New York, 2002. 
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