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1   About This Study Guide 
Analyzing the performance of structures is only one of the many steps in product 

development. Product engineers make proposals of how to modify a part to meet 

requirements on stress, weight, reliability, etc. While making these proposals, they 

strive for optimum designs developed in shorter design cycles. 

In this regard design optimization through the use of advanced simulation 

technologies has become an “established” element in the design process of many 

companies, in fact in many different industries. 

 This study guide aims to provide a basic introduction in the different optimization 

methods available with OptiStruct. The focus is on the needs and questions of a novice 

user who is interested to learn more about the “inspiring” world of optimization. 

Along with the introduction into the different optimization techniques such as 

topology, topography, size, shape, and composite optimization, selected practical 

(conceptual) examples are discussed in some detail. In the included examples the 

focus is primarily on the definition of the optimization problem i.e. optimization set-

up. Deliberately, the working steps preceding the optimization related to geometry 

cleanup, meshing, mesh quality checks, definition of material and properties, loads 

and load steps are omitted. These topics are discussed in detail in the free study guide: 

“Practical Aspects of Finite Element Simulation”. 

An ultimately important enhancement to this guide is the chapter “ Structural 

Optimization Background”written by Professor Axel Schumacher (University of 

Wuppertal, Faculty D, Mechanical Engineering, Chair for Optimization of Mechanical 

Structures, Gaussstr. 20, D-42119 Wuppertal, Germany, www.oms.uni-wuppertal.de) 

with the focus on general theoretical aspects of optimization. 

For the interested reader we also included in this 2nd edition a chapter written by 

Gekeler S., Steinbuch R. & Widmann C. (University Reutlingen, Germany) entitled: On 

the efficiency of bionic optimisation procedures. 
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As this study guide is “Work in Progress” the more advanced optimization topics 

and technologies available with OptiStruct and HyperStudy, such as multi-disciplinary 

optimization or nonlinear response optimization will be added later. So, stay tuned 

about any news ... 

However, regardless of the project complexity you are working on, keep in mind that 

like anything with CAE, optimization is a tool, and thus, is only as good as the person 

who uses it. An optimization solver is only capable of working with the problem that 

you define; it cannot design the part for us and does not have engineering judgment, 

so the ultimate design decisions lie with YOU. Thus, at the end, “extracting” the 

best design out of many different design proposals is also a matter of experience. 

To help you build up simulation experiences we offer many additional resources: 

• The free Altair Student Edition which allows you to practice the various 

optimization techniques addressed in this book.” 

• An extended set of E-Learning material, tutorials about HyperMesh, OptiStruct 

Basic, etc. and other free study guides – for details check the Academic Learning 

Library 

• The Learning & Certification Program with more than 24 self learning courses 

• Highly discounted seminars & workshops at colleges and/or at Altair facilities 

• An Altair moderated Support Forum (http://forum.altairhyperworks.com/ ) and 

much more .. 

For more information please visit the Altair Academic Blog 

https://altairuniversity.com/academic/ 

And now - enjoy this study guide and let us know whether it helped you to successfully 

apply this fascinating technology to your projects. 

Best regards 

Dr. Matthias Goelke 

On behalf of “The Altair University Team” 

https://altairuniversity.com/learning-library/
https://altairuniversity.com/learning-library/
https://certification.altairuniversity.com/
http://forum.altairhyperworks.com/
https://altairuniversity.com/academic/
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2   HyperWorks for Teaching 
 

Leading universities across the globe are using HyperWorks computer aided 

engineering (CAE) simulation software for teaching and research in the fields of: 

• Structural analysis 

• Computational fluid dynamics (CFD) 

• Optimization 

• Multi-body dynamics (MBD) 

• Numerical methods & programming 

Altair has commercial expertise to share with the academic community. By including 

real life scenarios in your teaching material, Altair can help you add value to your 

engineering design courses. 

Our unique licensing system allows universities to use the entire (full version) 

HyperWorks suite in a very flexible and cost-efficient way as sketched out below: 

 

*Results may be used for marketing, training and demo purposes 
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Since teaching differs from campus to campus, and from region to region we are very 

interested to discuss your needs with you on a personal level. 

Please let us know your requirements by sending an email notification to                

altairuniversity@altair.com 

We are more than happy helping and assisting you with your teaching activities. 

mailto:altairuniversity@altair.com
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3  Optimization in The Design 

Process 
This chapter was written by our colleagues in India several years ago. Still, despite all 

the advances we see in material science and CAE software technology, the principles 

and philosophy of optimization explained herein are still valid. We also added 

information from the HyperWorks Help Documentation (text from the Help is marked 

in gray color throughout the book). 

3.1   Engineering Design Practice 
It’s rare to meet a mechanical engineer who hasn’t, at one time or another, been 

fascinated by automobiles and aircrafts. With attractive looks, complex designs, 

exciting performance, and a long history of colorful personalities, they embody 

everything you ever wanted to create. Who’d ever want to design anything else? 

Lots of people, it turns out. 

While the automotive and aerospace sectors continue to define technology and 

trends in mechanical engineering even today, these are not the only sectors that make 

widespread use of design software. Neither are they the only segments where serious 

sums of money hinge on the efforts of the Design Engineer. 

The section below outlines the basics for evaluating designs in various engineering 

sectors. 

3.2   Characteristics of Different Industries 
First, let’s specify what we mean by the word “Design”. As engineers, we usually 

ignore aesthetics, leaving that to Industrial Designers. One of the tasks of an 

engineering designer is to come up with a design that is functionally “satisfying”. 

That’s very often very hard to do, since there are so many ways to define 

“satisfaction”. To understand how optimization fits into engineering design practice, 

it’s instructive to look at the different ways in which “satisfaction” is measured by 

some industry segments,  
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Cars, motorcycles, trucks, buses and other road transport vehicles are often grouped 

in one sector. Appearance, ride quality, safety and fuel economy are the most 

important factors in design – apart from cost, of course. Plastics, steel and lately also 

composites are the most commonly used materials. 

Most often, aesthetics and cost dictate the visible areas (interiors and body), with the 

other parts being designed for efficiency in function. Performance and cost, in most 

cases, determine satisfaction levels. 

 

 

Aircraft and space vehicles are often clubbed in the “aerospace” sector. Cost is rarely 

an issue, but performance is of paramount importance. Safety regulations in 

passenger aircraft are among the most stringent in the engineering world. Combat 

aircraft are subject to harsh environments. Spacecraft can gain useful life with every 

gram of weight shaved off. Advanced materials – ceramics, composites, honeycombs, 

and exotic alloys – tend to be widely used, along with advanced manufacturing 

techniques. 
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Ranging from the cardboard boxes that toothpaste tubes are sold in to the containers 

of cars that are loaded on to cargo ships, “packaging” is a multi-billion-dollar industry. 

Not very surprising, in fact, when you stop to consider that products like toothpastes 

and soft-drinks are literally sold in billions. Packaging materials are often “outside” 

standard engineering technology – Styrofoam and paper are rarely treated as load-

bearing materials in engineering courses! 

     

Products such as cell phones, stereos, watches, washing machines, etc. rarely cause 

loss of life if they fail. Sometimes called “consumer goods”, these products are usually 

designed for elegance and cost. Product life is sometimes measured in weeks 

translating into extreme time pressures on designers. Plastics are used very widely. 
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One thing that’s common to all sectors is the fact that designers are always under 

pressure to create better products in less time and at a lower price. And this, of 

course, is why optimization plays such an important role in product design. 

3.3   CAE and The Design Cycle 

It’s long been recognized that the designer is almost always under pressure to meet 

time targets, performance targets and cost targets. The figure below shows the 

“typical” design cycle: 

 

The design cycle almost always originates with a drawing – a sketch to illustrate a 

concept - and almost always ends with a drawing – the manufacturing drawing. This 

is the biggest problem – how to translate the sketch into an acceptable, 

manufacturable design. A typical design cycle involves numerous trade-offs: 

appearance vs. function, cost vs. ease of manufacture, etc. Every trade-off changes 

the design, and changes are inevitable. 

At a certain stage of this process, changes to the concept become prohibitive. The 

concept phase plays a fundamental role concerning overall efficiency of the design 

and the cost of the overall development process. 

Wouldn’t it be great if the concept-designer had a tool that could help suggest designs 

that are least likely to get rejected by subsequent CAE? 

 

3.4   The Impact of Optimization on CAE 
Relatively recent advances in mechanics and software have provided just these 

capabilities: software can suggest the design that is best suited to the conditions you 

specify. In other words, an “optimum” design. 
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Design Vs. Analysis 

In the conventional design process, the designer would have to rely on experience or 

insight to come up with proposals. The analysis tool is then used to evaluate each 

proposal, with the designer using these analysis results or responses to choose the 

“best”. A rather tedious process. 

The nice part of using Design Optimization as a part of CAE is that you can 

simultaneously do both, instead of doing them one after the other. The designer 

outlines the constraints, and leaves it to the optimization tool to come up with 

proposals. The optimizer uses the analysis tool to decide how to change the initial 

design to arrive at a better one. 

The optimization software will suggest to you shapes and sizes that are most likely to 

pass the subsequent analyst’s verification. This means a tremendous change in the 

way we can now view CAE: Since our design has been “certified” by the optimization 

tool, we can approach the traditional “verification” stage with a much higher level of 

confidence. 

For the designer, then, analysis and optimization are very much complementary 

functions. They are equally important parts of design optimization: a design 

optimization model consists of an analysis model and an optimization model. 
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Summary 

Rather than using CAE to verify (and in all probability reject!) suggested designs, the 

preferred approach is to use software to suggest a design that is much more likely to 

work. In many cases, the “redesign” cycle is all but eliminated. 

The so-called Optimization Driven Design Process is nicely described in the video 

below. In the video a C-Clip (named according to its geometrical shape) is designed by 

means of topology optimization. 

 

   

As shown before, computer software continues to redefine the way products are 

designed. But that does not eliminate the need for engineering judgment. In fact, it 

https://altair-2.wistia.com/medias/btoulwzz2o?wvideo=btoulwzz2o
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increases the burden on the engineer, who now has to act both as the investigator 

and as an impartial and knowledgeable judge. 

Not too long ago, while talking to my colleague Gareth Lee, he summarized this 

“challenge”: 

“It is important to remember that like anything to do with CAE, optimization is a tool, 

and thus is only as good as the person who uses it. An optimization solver is only 

capable of working with the problem that we give it; it cannot design the part for us 

and does not have engineering judgment, so the ultimate design decisions must lie 

with the engineer. Yet used properly it is an incredibly powerful tool, and its adoption 

and use in some of the most demanding engineering industries in the world proves 

how the technology can be used in the real world on real problems to produce 

stronger, lighter, better engineered and more efficient designs in less time”.
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4  The Seek for The Optimum 

4.1   What is an Optimum Design? 
It’s evident from the previous chapter that as a designer, you should search for an 

optimum design. What is not so clear is how exactly we can recognize the “optimum” 

design. 

The dictionary definition is a good place to start. An “optimum”, says the dictionary, 

is “the greatest degree or best result obtained or obtainable under specific 

conditions”. It’s the phrase “specific conditions” that gives you your design freedom. 

As a designer, you define the conditions that allow you to evaluate your design 

alternatives. In engineering terms, this means you draw up mathematical equations 

that quantify the performance of a design. The statement “good ride quality” would 

translate, for instance, into a specification of the maximum values of the components 

of acceleration that the passenger’s seat can experience. 

The quantitative parameter that you use to evaluate a design is called the objective. 

Of course, you may well have multiple objectives. For instance, it’s very likely a car 

designer would simultaneously want excellent safety and low cost. Unfortunately, in 

many cases, the objectives are contradictory, making it increasingly difficult for the 

designer to reach the best compromise (this would lead us to MOO = Multi Objective 

Optimization). 

A working design almost always involves a compromise of some sort or the other. 

To make things harder for you, few designers have the luxury of infinite resources in 

the pursuit of their objectives. Whether the resources are the money you can afford 

to spend on materials, the amount of fuel the spacecraft can carry or the maximum 

drag coefficient permitted for a sports car, there are usually limits you have to work 

between. These limits, or constraints give rise to the subject named constrained 

optimization. A solution that satisfies the constraints is called a feasible solution, 

while one that does not is called an infeasible solution. 
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It’s important to realize that not all design is done from scratch. In several cases, we 

have to start from existing designs and improve them to the best extent possible. This 

could be for various reasons, for instance, a manufactured design that has failed a 

test needs to be modified.  

If you’re starting from scratch, you can list the objectives and constraints and search 

for the best solution. If you’re working on modifying an existing design things are 

usually a little harder since you have less flexibility to change things. 

Mechanical engineers face one further requirement. Most components you design 

have to assemble with other components. They need to fit together. This means you 

have to work with a package space within which your component needs to fit, and 

assembly points that cannot be varied since they’re decided by other components. In 

mathematics, the package space is referred to as the design space or the optimization 

domain. 

Finally, you may not be allowed to change every possible parameter. For example, the 

material you can work with may be restricted by factors beyond your control: working 

with sheet steel limits you to commercially available thickness. The parameters that 

you have the freedom to vary are called design variables. 

The dependence of the objective on the design variables is expressed as an equation, 

called the objective function. The statement of the design optimization problem then, 

consists of the 

• package space, 

• design variables, 

• constraints and 

• objectives. 

If you have any of these wrong, it’s pretty likely your design proposals will be useless! 
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4.2   Optimization Terminology in a Nutshell 

DESIGN VARIABLES - The design variables are the structural parameters that are free 

to be altered during an optimization. Typical examples include material properties, 

topology and geometry of a structure and member sizes. Design variables may be 

continuous or discrete, depending on the type of optimization being performed. 

DESIGN SPACE - Selected parts which are designable during optimization process. For 

example, material in the design space of a topology optimization. Non-design 

parameters are those that are pre-specified, and may not be altered during the 

optimization, e.g. regions like attachments and brackets. Any element where a force 

or restraint is applied must be specified as non-design. 

RESPONSE - Measurement of system performance (in simple words - that is what you 

are interested in, for instance volume, mass etc.) 

In OptiStruct (from the HyperWorks Help Documentation) 

DRESP1 - Simple response definition 

Mass, mass fraction, volume, volume fraction, compliance, frequency, displacement, 

stress, strain, force, composite responses, weighted compliance, weighted frequency, 

and compliance index, frequency response analysis responses 

DRESP2 - Response definition using a user defined function 

Defines responses as function of design variables, grid location, table entries, 

responses, and generic properties 

Example: Average displacement of two nodes: 

  

DRESP3 - Response definition using a user defined external function, written in C (C++) 

or Fortran 
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OBJECTIVE FUNCTION – The goal of the optimization. The objective function is the 

function whose least (typically) value is searched for during an optimization. It 

represents the single most important property of a design, and it’s associated 

response is a function of the design variables, e.g. Mass, Stress, Displacement, 

Moment of Inertia, Frequency, Center of Gravity, Buckling factor, etc. 

Example: min. Weight(b,h) 

DESIGN CONSTRAINT FUNCTIONS - A restriction placed on a problem by limiting the 

values that selected response functions of the system can take and that must be 

satisfied for the design to be acceptable. For instance, the maximum permissible 

stress, or a range of frequencies to avoid. Whilst they can be expressed as equalities, 

constraints are usually expressed as inequalities. 

Example: σ(b,h) ≤ 70 MPa 

                  t(b,h) ≤ 15 MPa 

                   h ≥ 2*b 

FEASIBLE DESIGN - One that satisfies all the constraints. 

INFEASIBLE DESIGN - One that violates one or more constraint functions. 

OPTIMUM DESIGN - Optimization result (design variable values) that satisfies all the 

constraints and gives the minimum (or maximum) possible value of the objective 

function. 

RESPONSE SURFACE – Typically there is not a continuous function that will relate the 

objective to the design variables. Instead numerical experiments can be used to 

generate a table of objective-function values vs. design-variable values. By fitting a 

surface to this series of points, we create a Response Surface which is then used to 

find optimal locations.  

4.3   Finding an Optimum 
Still, the world of optimization is a hard one to live in. It’s a little like being asked to 

search for a black cat in a dark room. You know it’s in there somewhere, but have to 
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feel your way forwards, backtracking and changing direction frequently since the cat 

changes its position every time you move. In the world of linear equations, at least 

we’re assured that there’s a cat in the room, and that there’s only one cat to look for. 

In many real world problems, we cannot always count on this, as we’ll see. 

Our objective, then, is to find a better design than the one we are starting with. In 

some cases it will be the best while in other cases it may not. 

Since we will be happy to find a better solution even if it’s not the best, we are looking 

for an optimum solution but need to recall that it may not be the global optimum 

solution. Why are we emphasizing this statement? 

In optimization theory, by convention, we search for the minimum of the objective 

function. This is not a limitation since maximization of an objective is equivalent to 

minimizing its reciprocal (sometimes maximization of x is addressed as minimization 

of the negative value of x, i.e. -x). 

A function that has only one minimum within the optimization domain is called a 

convex function. At that point it’s useful to recall the basics of differential calculus. In 

calculus, a minimum (as well as any other “turning point”) of a curve is characterized 

by a zero slope (or first derivative). If the objective function is a quadratic function of 

the design variables, we are then guaranteed a global minimum. This is because a 

second order curve has only one turning point – and therefore only one minimum in 

the design space. 

A higher order curve may have multiple turning points within the design space. If it 

does, then we may have multiple minima (see also discussion further below). The 

turning point at which the objective function has the least value is the global 

minimum, while the other minima are called local minima. 

A real life problem may well have hundreds, if not thousands of design variables. And 

the objective function may well be a nonconvex function, with multiple local minima 

within the design space. 
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Consider the following example: 

Even if the analysis-model is linear, the optimization problem is frequently not. Take, 

for instance, the deflection of a cantilever beam that has a rectangular cross-section.  

The deflection equation is 

 

The analysis model is linear since the equilibrium equation is a linear function of the 

state variable d. If the Elasticity Modulus (E) were a function of the deflection, as in a 

plastic analysis, the analysis model would be non-linear. 

Suppose we want to choose an optimum depth (d) for the cross-section. The Moment 

of Inertia is given by  

 

which is not a linear function of the design variable – d. 

Depending on the objective function chosen, the optimizer might have to search for 

the minimum of a non-convex function. 

So, we arrive at the question: 

How does the optimization software arrive at a better solution within a reasonable 

time? 

As we somehow would expect, it is an Iterative Solution. 

This iterative process is nicely described in the HyperWorks Help Documentation. 

OptiStruct uses an iterative procedure known as the local approximation method to 

solve the optimization problem. This method determines the solution of the 

optimization problem using the following steps: 

1. Analysis of the physical problem using finite elements. 

2. Convergence test; whether or not the convergence is achieved. 
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3. Response screening to retain potentially active responses for the current 

iteration. 

4. Design sensitivity analysis for retained responses. 

5. Optimization of an explicit approximate problem formulated using the sensitivity 

information. Back to 1. 

To achieve a stable convergence, design variable changes during each iteration are 

limited to a narrow range within their bounds, called move limits. The biggest design 

variable changes occur within the first few iterations and, due to an advanced 

formulation and other stabilizing measures, convergence for practical applications is 

typically reached with only a small number of FE analyses. 

The design sensitivity analysis calculates derivatives of structural responses with 

respect to the design variables. This is one of the most important ingredients for 

taking FEA from a simple design validation tool to an automated design optimization 

framework. 

The design update is generated by solving the explicit approximate optimization 

problem, based on sensitivity information. OptiStruct has two classes of optimization 

methods implemented: dual method and primal method. The dual method solves the 

optimization problem in the dual space of Lagrange multipliers associated with active 

constraints. It is highly efficient for design problems involving a very large number of 

design variables but much fewer constraints (common to topology and topography 

optimization). The primal method searches the optimum in the original design 

variable space. It is used for problems that involve equally as many design constraints 

as design variables, which is common for size and shape optimizations. The choice of 

optimizer is made automatically by OptiStruct, based on the characteristics of the 

optimization problem. 

Note: A more comprehensive and mathematical discussion on the “Theory of 

Structural Optimization” is available in the corresponding chapter written by 

Professor Axel Schumacher (University of Wuppertal, Germany). 
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4.4  Formulation of an Optimization Problem 
Note, the following is restricted to “linear” problems only – where there is a linear 

correlation between inputs and responses. For non-linear problems, an entirely 

different approach is used (see the chapter “Theory of Structural Optimization”). 

To recap, to define a problem in design optimization you must specify the design 

space, the design variables, the constraints, and the objective(s). 

The corresponding mathematical statement is: 

Minimize f(x) = f(x1, x2, x3, …. xn) 

Subject to  

                       

where f(x) is the objective function, g(x) are the constraint functions, and x is a vector 

of design variables. 

An Example 

We may be asked to design a light-weight bracket that has to fit in a 300 mm x 300 

mm x 600 mm volume. We want the bracket to be made of steel, to carry a load of 

100 Kg. The maximum permissible deflection of the bracket is 0.1 mm, and the 

maximum permissible stress is 20 Kg/mm2. We are allowed to use sheet-steel that 

can be 1 mm, 2 mm or 4 mm thick. 

In this case, our design space would be the 300 mm x 300 mm x 600 mm volume. The 

objective would be to minimize the mass. The optimization constraints would be the 

permissible stress and deflection. The design variables would be the thickness of the 

steel, and the layout of the steel (i.e. how the sheet should “flow”– where material 

should be located - within the design space). 

To solve a problem like this, the optimizer would start with an initial configuration or 

proposal. It would ask the analysis software to evaluate the mass, stress and 

deformations of this configuration – the values calculated by the analysis package and 
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tracked by the optimizer are called responses. The optimizer would evaluate the 

sensitivity of the responses to the various design variables, and decide which to 

change and by how much. 

When the design variables change, the responses change too. If the steel thickness 

changes, the mass of the bracket changes. The displacement would probably change 

too, as would the stress. So, the optimizer would again need to ask the analysis 

package to evaluate the responses. This iterative procedure would continue until the 

optimizer concludes it has found the best possible design for the given constraints 

and variables. 

Evaluating Sensitivity 

Evaluating the sensitivity of the responses to changes in design variables is, obviously, 

a very key part of the optimization process. 

The response quantity, g, is calculated from the displacements as: 

g = uT q 

The sensitivity of this response with respect to the design variable x, or the gradient 

of the response, is: 

 

Some design problems have more constraints than design variables, while others have 

more design variables than constraints. Different algorithms i.e. (the direct and 

adjoint variable method) are used by OptiStruct for each case, in order to efficiently 

arrive at the optimum solution (e.g. HyperWorks Help Documentation --> Sensitivity). 
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The Optimization Model 

Asking the analysis package to evaluate the responses each time a variable is changed 

can be very expensive in terms of computer time. OptiStruct takes a different 

approach: the optimizer builds an approximate model, and does most of its work 

within this approximate model, turning back to the analysis software only when 

essential. This makes the optimization much faster. 

It also has another implication. The analysis model itself is an approximation of the 

physical behavior of the product. Since the optimization model is an approximation 

too, the responses evaluated by the optimizer are unlikely to be very precise. They 

are twice removed from the physical product. This means that as a designer you must 

subject the final proposal of every optimized design to a verification analysis. 

Convergence and Iteration Control 

As the optimizer searches through the design space, it needs to check whether 

proposals it comes up with are indeed optimal or not. 

The HyperWorks Help Documentation provides the following information: 

Global Search Option 

A common discussion that arises when an optimization problem is solved is whether 

or not the obtained optimum is a local or global optimum. Local approximation based 

methods (gradient-based optimizations) are more susceptible to finding a local 

optimum, while global approximation methods (response surface methods) and 

exploratory techniques (genetic algorithms) are less susceptible than local 

approximation based methods to finding a local optimum. In other words, these 

techniques improve the chances of finding a more global optimum. However, no 



 

35 

algorithm can guarantee that the optimum found is in fact the global optimum. An 

optimum can be guaranteed to be the global optimum only if the optimization 

problem is convex. For a convex optimization problem, the objective function and 

feasible domain need to be convex. Unfortunately, in reality, most engineering 

problems being solved cannot be shown to be convex. Therefore, for practical 

problems, a global optimum remains elusive. Different algorithm types simply alter 

one’s chances of finding a more global optimum, not guarantee it. With that 

consideration, it is important to keep in mind that algorithms which improve the 

chances come at a computational cost. And most often this can be significant. 

The following image illustrates the concept of a convex problem as discussed above. 

A convex optimization problem has just one minimum (or maximum). This minimum 

(Point A in the image) is the global minimum 

 

Convex Function, f(x) 

In the case of non-convex problems solved using gradient-based techniques, the 

inherent behavior is that the optimized result obtained is dependent on the initial 

design starting point. This makes these types of algorithms all the more susceptible 

to finding local optimum. With the release of OptiStruct version 11.0, a new global 

search algorithm was made available – an extension to the gradient-based 

optimization approach. The approach is called Multiple Starting Points Optimization. 

This global search algorithm performs an extensive search of the design space for 

multiple starting points to improve the chances of finding a more global optimum. 

Being dependent on the initial design starting point, n different design starting points 
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could potentially result in n different optimum solutions. It is also highly likely that 

different design starting points could result in the same optimum solution. However, 

this does not mean that the optimum solution found is the global optimum. 

This concept is illustrated in the following image. 

 

Non-Convex Function, f(x) 

Consider the non-convex function, f(x), bounded by –a < x < b. Optimizing a design 

from design starting point A will result in the optimum solution, P. Similarly, 

optimizing a design from starting point B will result in the same optimum solution, P. 

On the other hand, optimizing a design from initial design starting point C will result 

in the optimum solution, Q. From this, it can be seen that through the multiple starting 

points approach, a global optimum cannot be guaranteed (as with any other 

algorithm), but at the same time, the chances of finding a more global optimum are 

improved. 

From our design perspective, it is important to understand that the search is an 

iterative procedure. First, we can instruct the optimizer how long to search, by telling 

it the maximum number of iterations. Further, we can tell it how fine the search 

should be (i.e. move limit). If the difference between two successive proposals is less 

than a convergence tolerance, the optimizer can be asked to conclude that this is 

acceptable to us from a design perspective. 
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Regular or Soft Convergence  

This explanation is taken from the HyperWorks Help Documentation. 

Two convergence tests are used in OptiStruct and satisfaction of only one of these 

tests is required.  

Regular convergence (design is feasible) is achieved when the convergence criteria 

are satisfied for two consecutive iterations. This means that for two consecutive 

iterations, the change in the objective function is less than the objective tolerance 

and constraint violations are less than 1%. At least three analyses are required for 

regular convergence, as the convergence is based on the comparison of true objective 

values (values obtained from an analysis at the latest design point). An exception 

(design is infeasible) is when the constraints remain violated by more than 1%, and 

for three consecutive iterations the change in the objective function is less than the 

objective tolerance and the change in the constraint violations is less than 0.2%. In 

this case, the iterative process will be terminated with a conclusion ‘No feasible design 

can be obtained.’ 

Soft convergence is achieved when there is little or no change in the design variables 

for two consecutive iterations. It is not necessary to evaluate the objective (or 

constraints) for the final design point, as the model is unchanged from the previous 

iteration. Therefore, soft convergence requires one less iteration than regular 

convergence.  

Gradient Search Methods 

Most engineers are familiar with Newton’s method to find the roots of a polynomial. 

As shown in the figure, this method uses the slope of the curve to guess at which 

direction the initial guess should be adjusted in – to increase or decrease it. In 

practice, the gradient is often computed using a finite difference method. The 

gradient search method, also called the method of steepest descent, is one of the 

many methods used by the optimizer to move from the initial configuration to the 

final solution. 
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Our colleague Gareth Lee provided the following 

illustrative explanation:  

It all begins with an estimate for the optimum 

design. From this point, the direction in which the 

objective function decreases most rapidly is 

calculated, based on the gradient of the objective 

function, giving the technique its name. We must then move as far as possible in this 

direction before repeating the process again. Iterating through, convergence is 

reached when the objective function gradient is 0. This is an optimization algorithm 

that can be called Gradient Descent Method, or just Gradient Method. It is used to 

find a minimum of a function using the gradient value; the algorithm can be described 

as: 

1. Start from a X0 point 

2. Evaluate the function F(Xi) and the gradient of the function ÑF(Xi) at the Xi. 

3. Determine the next point using the negative gradient direction: Xi+1 = Xi - g ÑF(Xi). 

4. Repeat the step 2 to 3 until the function converged to the minimum:  

 

This is a very simplified overview of this method, but it serves to illustrate the concept. 

Gradient-based methods are effective when the sensitivities (derivatives) of the 

system responses can be computed easily and inexpensively. 
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The local approximation method is best suited to situations where: 

• Design Sensitivity Analysis (DSA) is available. 

• The method is applied to linear static and dynamic problems integrated mostly 

with FEA Solvers (i.e. OptiStruct). 

Gradient-based methods depend on the sensitivity of the system responses with 

respect to changes in design variables in order to understand the effect of the design 

changes and optimize the system. 

For linear structural analysis codes, you can implement the derivatives of the 

structural responses using either finite difference or analytical methods (such as the 

Adjoint Method). Here, the responses are written as explicit algebraic equations with 

the needed continuity requirements and are easily differentiable 

 

Constraint Screening 

In order to speed up the optimization process, the optimization model uses Constraint 

Screening, Constraint Linking and Constraint Deletion. The first, constraint screening, 

is a technique used to identify which of the constraints are critical to the current 

iteration. In an effort to reduce the number of variables, the optimizer uses one or 

more criteria to choose a subset of all variables for each iteration. This subset is likely 

to change from one iteration to another as the optimizer moves through the design 

space. 

Constraint linking is when you can use factors such as symmetry to reduce the number 

of constraints that need to be considered. Suppose you want all beams in a structure 

to use the same cross-section because it makes the purchase process easier. In this 

case, it makes sense to link all of them together, thereby reducing the load on the 

optimizer. 

As the optimizer searches through the design space, the current configuration may 

violate only 2 of 3 constraints. In this case, the third constraint is not important for 
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the iteration. It can be marked inactive and ignored in other words, the constraint can 

be deleted for this iteration. 

In the HyperWorks Help Documentation Constraint Screening is explained as: 

At each iteration of the optimization process, the objective function(s) and all 

constraints of the design problem are evaluated. Retaining all of these responses in 

the optimization problem has two potential disadvantages: 

1. This can result in a big optimization problem with a large number of responses and 

design variables. Most optimization algorithms are designed to handle either a large 

number of responses or a large number of design variables, but not both. 

2. For gradient-based optimization, the design sensitivities of these responses need 

to be calculated. The design sensitivity calculation can be very computationally 

expensive when there are a large number of responses and a large number of design 

variables. 

Constraint screening is the process by which the number of responses in the 

optimization problem is trimmed to a representative set. This set of retained 

responses captures the essence of the original design problem while keeping the size 

of the optimization problem at an acceptable level. Constraint screening utilizes the 

fact that constrained responses that are a long way from their bounding values (on 

the satisfactory side) or which are less critical (i.e. for an upper bound more negative 

and for a lower bound more positive) than a given number of constrained responses 

of the same type, within the same designated region and for the same subcase, will 

not affect the direction of the optimization problem and therefore can be removed 

from the problem for the current design iteration. 

Consider the optimization problem where the objective is to minimize the mass of a 

finite element model composed of 100,000 elements, while keeping the elemental 

stresses below their associated material’s yield stress. In this problem, we have 

100,000 constraints (the stress for every element must be below its associated 

material’s yield stress) for each subcase. For every design variable, 100,000 sensitivity 

calculations must be performed for each subcase, at every iteration. Because design 
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variable changes are restricted by move limits, stresses are not expected to change 

drastically from one iteration to the next. Therefore, it is wasteful to calculate the 

sensitivities for those elements whose stresses are considerably lower than their 

associated material’s yield stress. Also, the direction of the optimization will be driven 

primarily by the highest elemental stresses. Therefore, the number of required 

calculations can be further reduced by only considering an arbitrary number of the 

highest elemental stresses. 

Of course, there is trade-off involved in using constraint screening. By not considering 

all of the constrained responses, it may take more iterations to reach a converged 

solution. If too many constrained responses are screened, it may take considerably 

longer to reach a converged solution or, in the worst case, it may not be able to 

converge on a solution if the number of retained responses is less than the number 

of active constraints for the given problem. 

Through extensive testing it has been found that, for the majority of problems, using 

constraint screening saves a lot of time and computational effort. Therefore, 

constraint screening is active in OptiStruct by default. The default settings consider 

only the 20 most critical (i.e. for an upper bound most positive and for a lower bound 

most negative) constraints that come within 50 percent of their bound value (on the 

satisfactory side) for each response type, for each region, for each subcase. 

Before the terminology “move limit” was used. This is what the HyperWorks Help 

Documentation says about Move Limit Adjustments: 

As the design moves away from its initial point in the approximate optimization 

problem, the approximate values become less accurate. This can lead to slow overall 

convergence, as the approximate optimum designs are not near the actual optimum 

design. Move limits on the design variables, and/or intermediate design variables, are 

used to protect the accuracy of the approximations. They appear as: 
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Small move limits lead to smoother convergence. Many iterations may be required 

due to the small design changes at each iteration. Large move limits may lead to 

oscillations between infeasible designs as critical constraints are calculated 

inaccurately. If the approximations themselves are accurate, large move limits can be 

used. Typical move limits in the approximate optimization problem are 20% of the 

current design variable value. If advanced approximation concepts are used, move 

limits up to 50% are possible. 

Even with advanced approximation concepts, it is possible to have poor 

approximations of the actual response behaviour with respect to the design variables. 

It is best to use larger move limits for accurate approximations and smaller move 

limits for those that are not so accurate. 

Note that the same set of design variable move limits must be used for all of the 

response approximations. It is important to look at the approximations of the 

responses that are driving the design. These are the objective function and most 

critical constraints. If the objective function moves in the wrong direction, or critical 

constraints become even more violated, it is a sign that the approximations are not 

accurate. In this case, all of the design variable move limits are reduced. However, if 

the move limits become too small, convergence may be slowed, as design variables 

that are a long way from the optimum design are forced to change slowly. Therefore, 

the move limits on the individual design variables that keep hitting the same upper or 

lower move limit bound are increased. Move limits are automatically adjusted by 

OptiStruct. 
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4.5   Some Remarks About Optimization by CTO 

Dr. U. Schramm 

Design Variable 

 

 

 

Constraints 

 

 

 

 

 

 

 

MinMax Problems 

 

 

 

Objective Function 
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Discussion of Pitfalls 

 

 
(http://altair-

2.wistia.com/medias/8wtde7tvaa) 
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2.wistia.com/medias/4k2fkcgih5) 
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5   Optimization Tools  
Depending on your FEA expertise, and your personal attitude towards simulation, you 

may employ either of the following 

5.1  Altair Inspire 

• Concept Design (Topology and Topography Optimization) 

• Very easy to use (and to learn) 

• Either import of CAD data or sketching of the CAD model inside Inspire 

• Meshing “happens” automatically in the background 

• Embedded material library (user material can be added) 

• Uses OptiStruct for optimization, but no FEM solver syntax knowledge required 

 

 

 

 

 

 

 

 

  

http://www.solidthinking.com/%3FAspxAutoDetectCookieSupport%3D1
http://www.solidthinking.com/%3FAspxAutoDetectCookieSupport%3D1
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5.2  HyperMesh - OptiStruct - HyperView 

For sure this is the most comprehensive way whenever it comes to define, run and 

post-process an optimization study. 

Some cornerstones to recall: 

HyperMesh (Pre-processing) 

- Typically, CAD data are imported 

- Geometry cleanup & simplification (if needed) 

- Meshing (1D, 2D, 3D) 

- Mesh quality and repair 

- Set-up of base design analysis and optimization requires knowledge of OptiStruct 

solver syntax 

OptiStruct 

- All Optimization Disciplines are available including topology-, topography-, size-, 

shape, free size-, free shape, composite optimization 

HyperView (Post-processing) 

- Access to contour plots, iso-contour plots, animations etc. 

Practical aspects on how to employ OptiStruct tool and optimization techniques are 

discussed in the following chapters.  

http://www.altairhyperworks.com/%28X%281%29S%28peltronhgcq11ulzxxxyi01f%29%29/Product%2C7%2CHyperMesh.aspx
http://www.altairhyperworks.com/%28X%281%29S%28peltronhgcq11ulzxxxyi01f%29%29/Product%2C19%2COptiStruct.aspx
http://www.altairhyperworks.com/%28X%281%29S%28peltronhgcq11ulzxxxyi01f%29%29/Product%2C11%2CHyperView.aspx
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6   Topology Optimization with 

OptiStruct 

We start with an overview on the different optimization techniques available with 

OptiStruct is given.  

Optimization techniques fall into two categories – Concept Design and Design Fine-

Tuning. 

Concept level design means performing an optimization (either Topology- and 

Topography optimization) very early, or even at the first stage of the design process 

to generate the best design from which to progress. 

 

Design fine tuning techniques are effectively an automation of the Design – Analyze – 

Feedback – Redesign loop as shown in the image above. They allow detail changes to 

the structure to be made in order to satisfy the design criteria without making 

changes to the overall topology. Design fine tuning may be based on Size-, free Size, 

Shape- or free Shape optimization. 

Topology Optimization 

Topology optimization is concerned with material distribution and how the members 

within a structure are connected. It treats the “equivalent density” of each element 

as a design variable. 

The solver calculates an equivalent density for each element, where 1 is equivalent to 

100% material, while 0 is equivalent to no material in the element. The solver then 

seeks to assign elements that have a low stress value a lower equivalent density 

before analyzing the effect on the remaining structure. In this way extraneous 
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elements tend towards a density of 0, with the optimum design tending towards 1. 

As a designer, you will need to exercise your judgment. For example, you may decide 

that you will omit material from all (finite) elements whose density is less than 0.3 (or 

30%). Using an iso-plot of element densities helps to visualize the “remaining” 

structure as elements with a density below this threshold can be masked leaving 

behind the optimum design. Then you will need to take this geometry back to your 

CAD modeler, smooth it out (that is, use geometrically regular edges or surfaces, etc.) 

and re-evaluate the design for stresses, displacements, frequencies etc.. 

The density plots closely follow the flow of forces through a package space, making 

topology optimization a particularly useful tool for designers, enabling them to 

visualize the load paths within a component. 

Another “view” on topology optimization: In classical FEA you ask for loads and test 

the component subsequently. In topology optimization you ask for loads and deliver 

a structure which is capable to carry the loads. 

 

About topology optimization with OptiStruct (from the HyperWorks Help 

Documentation). 

OptiStruct solves topological optimization problems using the density method, also 

known as the SIMP method in the research community. 

Under topology optimization, the material density of each element should take a 

value of either 0 or 1, defining the element as being either void or solid, respectively. 

Unfortunately, optimization of a large number of discrete variables is computationally 
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prohibitive. Therefore, representation of the material distribution problem in terms 

of continuous variables has to be used. 

With the density method, the material density of each element is directly used as the 

design variable and varies continuously between 0 and 1; these represent the state 

of void and solid, respectively. Intermediate values of density represent fictitious 

material. The stiffness of the material is assumed to be linearly dependent on the 

density. This material formulation is consistent with our understanding of common 

materials. For example, steel, which is denser than aluminium, is stronger than 

aluminium. Following this logic, the representation of fictitious material at 

intermediate densities does reflect engineering intuitions. 

In general, the optimal solution of problems involves large gray areas of intermediate 

densities in the structural domain. Such solutions are not meaningful when we are 

looking for the topology of a given material, and not meaningful when considering the 

use of different materials within the design space. Therefore, techniques need to be 

introduced to penalize intermediate densities and to force the final design to be 

represented by densities of 0 or 1 for each element. The penalization technique used 

is the “power law representation of elasticity properties,” which can be expressed for 

any solid 3D or 2D element as follows: 

K(r) = p K 

where K and K represent the penalized and the real stiffness matrix of an element, 

respectively, ρ is the density and p the penalization factor which is always greater 

than 1. 

In OptiStruct, the DISCRETE parameter corresponds to (p - 1). DISCRETE can be defined 

on the DOPTPRM bulk data entry. P usually takes a value between 2.0 and 4.0. For 

example, compared to the non-penalized formulation (which is equivalent to p=1) at 

ρ=0.3, p=2 reduces the stiffness of the element from 0.3 to 0.09 times the stiffness of 

the fully dense element. The default DISCRETE is 1.0 for shell dominant structures, 

and 2.0 for solids dominant structures (the dominance is defined by the proportion of 

number of elements). An additional parameter, DISCRT1D, can also be defined on the 
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DOPTPRM bulk data entry. DISCRT1D allows 1D elements to use a different 

penalization to 2D or 3D elements. 

When minimum member size control is used, the penalty starts at 2 and is increased 

to 3 for the second and third iterative phases. This is done to achieve a more discrete 

solution. For other manufacturing constraints such as draw direction, extrusion, 

pattern repetition, and pattern grouping (details are provided further below), the 

penalty starts at 2 and increases to 3 and 4 for the second and third iterative phases, 

respectively. Obviously, due to the existence of semi-dense elements, the analysis 

results may change dramatically when the design process enters a new phase using a 

different penalization factor. 

Three types of finite elements can be defined as topology design elements in 

OptiStruct: Solid elements, shell elements, and 1D elements (including ROD, 

BAR/BEAM, BUSH, and WELD elements). 

6.1  Responses 
The following responses are currently available as the objective or as constraint 

functions: 

Mass Volume Volume or Mass fraction 

Center of Gravity Moment of Inertia Static Compliance 

Static Displacement Natural Frequency 

Von-mises Stress on 

entire model (only as 

constraint) 

Buckline Factor (special 

case) 

Frequency Response 

Displacement, Velocity, 

Acceleration 

Temperature 

Weighted Compliance Weighted Frequency 
Combined Compliance 

Index 

Function Stress (DRESP1-based) Composite Stresses 

Composite Strains 
Composite Failure 

Criteria 
….. 
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A concern in topology optimization is that the design concepts developed are very 

often not manufacturable. Another problem is that the solution of a topology 

optimization problem can be mesh dependent if no appropriate measure is taken. 

OptiStruct offers several different methods to account for manufacturability when 

performing topology optimization: 

6.2  Member Size Control (MINDIM) 
Controls the smallest dimension to be retained in topology design, as well as 

minimizing the checker board effect caused by the mesh and giving a more discrete 

design. Since the optimization is seeking a discrete value of 1 or 0 for the elements, 

this constraint usually improves the clarity of the design, by penalizing intermediate 

elements that would otherwise form. 

Although minimum member size (MINDIM) control penalizes the formation of small 

members, results that contain members significantly under the prescribed minimum 

member size can still be obtained. This is because a small member in the structure 

can be very important to the load transmission and may not be removed by 

penalization. Minimum member size control functions more as a quality control than 

a quantity control. 

It is recommended that MINDIM be at least 3 times, and no greater than 12 times, the 

average element size. The average element size for 2D elements is calculated as the 

average of the square root of the area of the elements, and for 3D elements, as the 

average of the cubic root of the volume of the elements 

 

 Without Minimum Member Size                          Minimum D=60     Minimum D=90   
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6.3  Maximum Member (MAXDIM) 

Maximum member size control penalizes the formation of large members. The 

control is not directional, meaning that if the thickness of a member is less than 

MAXDIM in any direction, this constraint is satisfied. This reflects the need to control 

the rib thickness of casting parts. 

MAXDIM must be at least twice MINDIM, and hence the minimum mesh requirement 

is that MAXDIM must be at least 6 times the average element size for all elements 

referenced by that DTPL. This constraint is strongly enforced, and an error 

termination will occur when this criterion is not met. In addition, MAXDIM should be 

less than half the width of the thinnest part of the design region. Based on the 

constraints mentioned above, a fine mesh is required to achieve good results with this 

manufacturing constraint. 

It is to be noted that use of the maximum member size control induces further 

restriction of the feasible design space and should therefore only be used when it is 

truly desirable. Also note that this feature is a new research development, and the 

techniques are still undergoing improvement. An undesired side effect that has been 

noticed for some examples is that it might result in more intermediate density in the 

final solution. Therefore, it is recommended that this feature be used sparingly until 

the technology becomes more robust. 

The following examples demonstrate the impact of maximum member size control to 

the design outcome.  

 

   Without Maximum Member Size                                                   With Maximum Member Size 
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6.4   Draw Direction Constraints  

In the casting process, cavities that are not open and lined up with the sliding direction 

of the die are not feasible. Designs obtained by topology optimization often contain 

cavities that are not viable for casting. Transformation of such a design proposal to a 

manufacturable design could be extremely difficult, if not impossible. 

OptiStruct allows you to impose draw direction constraints so that the topology 

determined will allow the die to slide in a given direction. 

There are two DRAW options available. The option ‘SINGLE’ assumes that a single die 

will be used and it slides in the given drawing direction. The bottom surface of the 

considered casting part is the predefined contra part for the die. The option ‘SPLIT’ 

implies that two dies splitting apart in the given draw direction will be used to cast 

the part described in this DTPL card. The splitting surface of the two dies is optimized 

during the optimization process. 

It is often a requirement of certain designs that no through – holes exist. These holes 

can be prevented from forming in the direction of the draw through use of the ‘NO 

HOLE’ option. This parameter is also defined on the DTPL card. With ‘NO HOLE,’ the 

topology can only evolve gradually from the boundary one layer at a time, and in 

certain cases, it may take several iterations to remove one layer. 
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Available with the ‘SINGLE’ draw option is a stamping or sheet metal manufacturing 

constraint. This option forces the evolution of 3D shell interpretable structure from a 

3D design domain. This allows the design of 2D shell or stamped parts from a 3D 

design domain allowing greater design flexibility. 

A casting may contain a non-designable region in addition to a designable region. 

These non-designable regions must be defined as obstacles for the casting process. 

This preserves the casting feasibility of the final structure. 

Also note that there is a default minimum member size for use with draw direction 

constraints. This is determined internally to be three times the average mesh size of 

the relevant components. Therefore, the mesh density of the model and the target 

volume fraction should be chosen so that enough material is available to fill members 

of the default minimum size. The user can specify a desired minimum member size 

for each design part. This value must be bigger than the default value or else it will be 

replaced by the default value. 

 

6.5   Extrusion Constraints  

In some cases, it is desirable to produce a design characterized by a constant cross-

section along a given path, particularly in the case of parts manufactured through an 

extrusion process. By using extrusion manufacturing constraints in topology 
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optimization, constant cross-section designs can be attained for solid models – 

regardless of the initial mesh, boundary conditions or loads. 

Extrusion constraints can also be used for the conceptual design study of structures 

that do not specifically need to be manufactured using an extrusion procedure. Those 

requirements can be regarded as specific geometric constraints and can be used for 

any design that desires such characteristics. For instance, it might be desirable to have 

ribs going through the entire depth of a solid domain. 

As with other manufacturing constraints, extrusion constraints can be applied on a 

component level, and can be defined in conjunction with minimum member size 

control. 

Example 

In this example, a curved beam is considered to be a rail over which a vehicle is 

moving. Both ends of the beam are simply supported. A point load applied over the 

length of the rail as five independent load cases simulates the movement of the 

vehicle. 

 

6.6  Pattern Repetition  
Pattern repetition is a technique that allows different structural components to be 

linked together so as to produce similar topological layouts. 

A “master” needs to be defined, followed by any number of “slaves” which reference 

the master. The master and slave components are related to each other through local 
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coordinate systems, which are required, and through scaling factors, which are 

optional. The solution is mesh independent, so there is no need to match the meshes 

between the master and slave. 

Other manufacturing constraints, such as minimum or maximum member size, draw 

direction constraints or extrusion constraints, can be applied to the master. These 

constraints will then automatically be applied to the slave(s). 

 

6.7   Pattern Grouping  

Pattern grouping options link topographical variables together in such a way that the 

desired reinforcement patterns are formed. Linear, planar, circular, radial, etc. shaped 

reinforcements are controlled by single variables, ensuring that the reinforcements 

follow the desired pattern. One-plane, two-plane, three-plane and cyclical symmetry 

pattern grouping options also use a similar approach to ensure that symmetry is 

created in the solution. 

Example 

In this example, a solid block of material is used. The grids located on the rear of the 

block (in the YZ plane) are fully constrained. Axial loading is applied to the block’s 

upper edge in the direction of the negative Y-axis. The objective is to minimize the 

compliance with a constraint on the volume fraction. Single-die draw direction 

constraints are applied in the direction of the positive Z-axis. 
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The figures below illustrate the results obtained for various symmetry combinations. 

As the loading is not symmetric with respect to the XY and YZ planes, the design is not 

symmetrical about these planes when symmetry constraints are not prescribed. 

Enforcing symmetry conditions about the XY or YZ planes yields significantly different 

results. 

 

 

6.8  Combining Manufacturing Constraints 

It is perfectly acceptable (and general practice) to combine multiple manufacturing 

constraints, though the user should be careful not to over constrain the problem and 
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be aware of the reduction in design freedom that the manufacturing constraints 

bring. 

6.9   Topology Optimization with Manufacturing 

Constraints Using HyperMesh and OptiStruct 

This paragraph was initially written by Prakash Pagadala. 

 

Firstly, why do we need manufacturing constraints? 

Topology Optimization results sometimes give designs which cannot be manufactured 

economically. At this stage we need some constraints to apply on the design so that 

the end design results can be manufactured within the available tools and costs. 

OptiStruct offers such manufacturing constraints to apply for the base design and get 

a concept design which can be easy to manufacture. Few such manufcturing 

constraints are minimum and maximum member size, Draw direction (Dv’s with 

PSOLID), Extrusion (Dv’s with PSOLID), pattern grouping and pattern repetition. 

In the following section we will discuss about a draw manufacturing constraint 

modelled in HyperMesh and solved using Altair OptiStruct. 

Setting Up the Model 

In this example, we will work on a metal roof of 1900x3700mm curved section under 

gravity load which is constrained at four corners. Solid elements are used and draw 

direction constraint can only be applied to design variables referring to solid 

properties. 
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Gravity is applied in –Y direction, so load will be self-weight of the structure. Steel is 

used as the material. 

Create Topology Design Variable and Manufacturing Constraints for The Model 

Since solid elements were used for design space, make sure you switch to PSOLID as 

type and select the design space as the property under props field. (In the topology 

desvar panel) 

 

Use Draw Manufacturing Constraint 

Go to draw subpanel and apply the draw direction. In this example single draw is used. 

You may try with split draw and check the feasibility. No hole option is activated to 

avoid creation of no-through hole from forming. 
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Select the Anchor node and First node as shown: 

 

A vector from the anchor node to first node defines the draw direction. 

Create Load Step for Analysis: 

Create a linear static load step with gravity as the load and constraints created at four 

corners of the roof as boundary condition. 

 

Create Responses, Optimization Objective and Design Constraints: 

Here we have two responses. One is compliance and the other is volume fraction. My 

objective for this model is to minimize the compliance with a constraint on volume 

fraction of 0.6. 

 

First node 

Anchor node 
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Run the analysis and post process the results. If the run is successful you should see 

the following. 

 

By default, OptiStruct performs up to 30 iterations. If the solver doesn’t find a feasible 

design within that, it will return as an infeasible design. Some structures/problem may 

require more than 30 iterations. On how to increase the number of iterations, please 

refer to tip and trick section. 

 

 

Top - View 
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Now we go back to topology > Draw and uncheck no hole option and run the analysis. 

After successful completion of the job, we compare both the designs. 

 

 

“no hole” option (left), with “hole” option (right) 

Depending on the application you may activate the no hole option for optimization. 

In the next section we will discuss about pattern repetition manufacturing constraint 

using modelled in HyperMesh and solved using Altair OptiStruct. 

Setting Up the Model for Pattern repetition manufacturing constraint 

Pattern repetition enforces same topology layout on different parts that can be scaled 

or overlap only partially. For instance, if you have two different components for a 

Iso-Plot 

Iso-Plot 
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model with different loads and boundary conditions and you need a similar topology 

layout for both the components, then pattern repetition comes in handy. 

In this example, we have two plates with different thicknesses, BCs and loading 

conditions. The outer boundary shells are assigned to be a non-design space and the 

remaining is assigned as designable volume for optimization. 

The bottom plate has a thickness of 1 mm and upper plate has a thickness of 0.5mm. 

Material used for both the plates is same.           

             

 

Loads and boundary conditions are defined as shown in the above picture: 

We then create a linear static load case with the above loads and boundary 

conditions. 
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Create Topology Design Variable and Manufacturing Constraints for The Model: 

Create two design variables for top and bottom plate designable spaces with type as 

PSHELL

 

 

First, let us not create any pattern repetition manufacturing constraints and check 

how the topology changes for a given set of responses (objective and optimization 

design constraints) 

Create Responses, Optimization Objective and Design Constraints: 

I have two responses. One is compliance and the other is volume fraction. My 

objective for this model is to minimize the compliance with a constraint on volume 

fraction of 0.3. 
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Run the analysis and post process the results. 

Toggle the result to final iteration and look at the element density change. 

 

Let’s add pattern repetition manufacturing constraint and see how the topology 

changes for both the components. 

Pattern Repetition Manufacturing Constraint 

Go to the topology panel and create pattern repetition manufacturing constraint. 

We have created two DTPL cards (design variables) one is master and the other is 

slave. You can have more than 1 slave DTPL card. 

Switch to Pattern repetition in Topology panel and select master DTPL under desvar 

and select anchor node and click update: 
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Similarly select slave for desvar  and select anchor as shown: 

 

 

The master and slaves are related through local coordinate system associated to 

master and slave DTPL cards. 

Scaling factors can be specified to slave components. For more information on pattern 

repetition manufacturing constraints, please refer to OptiStruct user’s guide: Altair 

OptiStruct > User’s Guide > Design Optimization > Manufacturing Constraints > 

Manufacturability for Topology Optimization: 

Update and run the analysis. If the run is successful you should see the following

 

Post-process the topology results in HyperView and observe the changes in the 

topology of the model. 
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Pattern repetition manufacturing constraint can be used for both solid and shell 

elements and also this can be clubbed with other manufacturing constraints in 

topology optimization. 

In the next section we will discuss about Extrusion manufacturing constraint using 

modelled in HyperMesh and solved using Altair OptiStruct. 
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Setting Up the Model 

In some cases, it is desirable to have a model with constant cross section. Models with 

irregular cross section or free members are difficult to manufacture. In such cases 

extrusion comes in handy to produce a constant cross section when doing a topology 

optimization, saving your time and money. 

Here we have a cube with design space (grey solid elements) and non-design space 

(green solid elements) with steel as material and PSOLID as property type. 

 

Loads and boundary conditions are defined as below: 
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Create a linear static load case with the above loads and boundary conditions. 

 

Create Topology Design Variable and Manufacturing Constraints for The Model: 

Create a design variable for topology optimization. Since solid elements were used for 

design space, make sure you switch to PSOLID as type and select the design space as 

the property under props field. 

 

First, let us not create any extrusion manufacturing and check how the topology 

changes for a given set of responses (objective and optimization design constraints) 

Create Responses, Optimization Objective and Design Constraints: 

I have two responses. One is compliance and the other is volume fraction. My 

objective for this model is to minimize the compliance with a constraint on volume 

fraction of 0.3. 
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Run the analysis and post process the results. 

Toggle the result to final iteration and look at the element density change. 

 

OK, now think about this... Is it easy to manufacture something like above? How much 

time and money you may end up paying to shape this? 

Use Extrusion Manufacturing Constraint: 

Go to the topology panel and create an extrusion path. 
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Update and run the analysis. If the run is successful you should see the following  

 

Post-process the topology results in HyperView and observe the changes in the 

topology of the model. 

 

Look at the changes. Observe the element distribution. A constant element density is 

seen in the above model without any irregular or unbalanced shape. 

The above design is easy to manufacture and it can save lot of time and money in 

terms of manufacturing. 

In the Next Section we will Discuss About Pattern Grouping for Shell Elements. 

It is sometimes desirable to have symmetric design. Even though, the loads and 

boundary conditions are symmetric topology optimization methods do not guarantee 

a symmetric design. In such cases pattern grouping ensures symmetric around a plane 

or angular symmetric. 

Let us take a simple plate model (25X25 size) with constraints at one end of the plate 

and force is applied on few nodes at the other end: 
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The material used is steel and the plate has a thickness of 4mm. The blue region is the 

non-design space and the rest is the design space for topology optimization. Non-

design space is organized with a non-design property and design space with a design 

property. 

Create Topology Design Variable: 

In OptiStruct go to Analysis page>Optimization>Topology and create a design 

variable. Select Designable property for property. 
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Create Pattern Grouping: 

Switch to pattern grouping when you are in still in the same panel and select 1-pln 

sym under pattern type, which means the design will be symmetric in one plane. 

 

Now select the anchor node and first node. Anchor node should be selected in such a 

way that model is symmetric around that node (white node). 

 

 
 

Next select the first node. 

So How Does This Work? 

A vector runs from anchor node to first node. Plane of symmetry will be created 

normal to this vector and runs through the anchor node. 
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Similarly, two plane and three plane symmetry, angular symmetry can be achieved 

using the available pattern types in OptiStruct. 

Angular or cyclic symmetry can be achieved using cyclic symmetric options under 

pattern grouping. This result in a cyclic symmetric around the center axis of the model. 

Example 

 
 

Optimization Responses, Objective and Constraints: 

For this example, the responses are volume fraction and compliance. 

Objective for this optimization is to minimize compliance with a volume fraction 

constraint of 0.3. 
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Result: 

The job completed after 15 iterations. Using HyperView the following pattern is 

obtained and the pattern is symmetric. 

 

6.10 The Topology Optimization Process 

The typical optimization working steps are shown below: 

 

 

I. Sketching of maximum design space (here colored in gray) and non-design areas 

(optionally). Non-design areas, even though part of the optimization problem will not 

be altered during the optimization. The non-design space may be defined in the 

original CAD model (i.e. partitioning), or alternatively in the pre-processor HyperMesh 
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by assigning different properties to the elements belonging to the design and non-

design space (see the example further below for details). 

A kind of thumb-rule: make the initial design space as large as possible; keep its 

internal geometry simple (i.e. don’t include your expectations on how the design may 

look like into the starting design space). This gives the optimizer a maximum of 

freedom ... 

II. Based on the starting geometry (I) take care and build a good FE model (see also 

the Study Guide: Practical Aspects of Finite Element Simulation). Unless the analysis 

that you are performing is meaningful and gives good results, you are not optimizing 

the design, but merely going through the motions. The FE model serves mainly two 

purposes: 1. it provides insight into the overall structural performance of the 

component, e.g. magnitude of displacements, stresses, and location of stress 

concentrations etc. (=base design); 2. it is being used for the optimization. 

III. Once the basic analysis is ready, it is necessary to define the optimization problem. 

The objective (in case of topology optimization) is usually fairly obvious: 

• min. volume/mass; design constraints lower/upper bound on displacement(s) 

• min. compliance/weighted compliance; allow only x % of the initial volume/mass 

Initially, it is better to run the optimization without manufacturing constraints, at 

least until you have a feel for the optimization process and can interpret the 

results well. 

IV. Run the optimization and check that the optimization has converged and that no 

design constraints are violated. 

V. / VI. Post-process the results (e.g. element density contour plots) and interpret and 

understand the design proposal. When you are “satisfied” with the design 

configuration proposed, extract the corresponding new geometry. The new geometry 

is then taken to a CAD system and serves as a reference solution for the CAD design. 
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7  General Optimization Setup 

With HyperMesh 

In general, the optimization set-up (i.e. definition of the optimization problem) takes 

place in HyperMesh. Note, that the terminology used in here is explained in the 

previous chapters already. 

Start HyperMesh and select the User Profile OptiStruct. 

 

Then, within the HyperMesh Menu Bar click on “Optimization” and select “Create”. 

This will prompt a list of options - we just need to work our way from the top down 

to the bottom (not all panels are needed). 
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Most likely you will start with a topology optimization. Below find some common 

formulations. 

7.1   Formulation of Typical Topology Optimization 

Problems 
• Minimize (weighted/total/regional) compliance with constrained (total/regional) 

volume/mass fraction 

• Minimize (total/regional) volume/mass fraction with constrained displacements 

• Maximize (weighted) frequency with constrained (total/regional) volume/mass 

fraction 

• Minimize (total/regional) volume/mass fraction with constrained frequencies 

• Minimize combined compliance and frequencies with constrained (total/regional) 

volume/mass fraction 

• Minimize (total/regional) volume/mass fraction with stress constraints 

Out of the stated optimization problem, it becomes apparent what the design variable 

is and which responses are needed. 
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7.2   Design Variable 
Topology Desvar = Element density of the elements belonging to the design space 

Topography Desvar = Bead width and draw angle 

Size Desvars = shell thickness, cross-sectional properties, and stiffness 

Shape Desvars = vector of nodal coordinates (x) defining the changes of the shape of 

the structural boundary 

The “Topography Desvar” panel is shown below  

 

Simply insert a name of your choice next to “desvar= ….”. The design space is then 

selected (specified) by selecting its corresponding property collector. 

Note: To define a non-design space you need to create an additional property 

collector with just the same attributes as the one used for the design space. Thus, the 

property collector assigned to the design space only differs with respect to its name. 

Then assign this additional property collector to the elements of the non-design 

space. That’s all it takes. 

The same process also applies for topology, free size and gauge optimization. 

7.3   Responses 
• Mass and Volume 

• Fraction of Mass and Fraction of Design Volume 

• Center of Gravity 

• Moments of Inertia 

• Compliance / Weighted Compliance 

• Weighted Reciprocal Eigenvalue (Frequency) 

• Von Mises Stress in a Topology or Free-Size Optimization 
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Mind the “arrows” which allow you to scroll to the following pages 

 

Depending on the selected type of response this panel may then look like: 

 

Here the response type is selected to be “static displacement”. The node(s) of interest 

and the degree of freedom i.e. displacements in x-, y-, or z direction (dof1, dof2, dof3, 

or magnitude), or rotation with respect to x-, y-, z axis (dof4, dof5, dof6 or magnitude) 

needs to be selected. 

7.4   Optimization Constraints 
Optionally, optimization constraints must be employed. Hereto, response(s) defined 

before may be used: 

• Volume/Mass (i.e. use only 30 % of initial mass/volume) 

• Displacement 

• Stress 

• Draw Direction Constraints 

• Extrusion 

• … 



 

81 

 

Then the upper or lower bounds of the design constraints must be specified. 

7.5  Define Objective of Optimization 
Again, a response which was previously defined is now used to formulate the 

objective of the study.  

 

This completes the set-up of a typical optimization run. Once you have reviewed the 

optimization results you may add manufacturing constraints to further improve the 

design. These constraints can be added (i.e. activated) in the panel which was used to 

define the design variable. 

Exemplarily, in the image below the “minimum membersize” option is activated for a 

topology optimization (in the design variable panel)  

 

7.6   Save Your Work 
Save the model as *.hm file, then start the optimization run from within the 

“OptiStruct” panel. Make sure that the file extension reads *.fem (also avoid blanks 

and special characters in the file name and path) and that “analysis type” is set to 

“Optimization”. 
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After the optimization run ended, you’ll find the following files in your working 

directory 

7.7   OptiStruct Files (from the HyperWorks Help 

Documentation) 
*.res HyperMesh binary results file 

*. h3d HyperMesh binary results file 

*.HM.comp.cmf HyperMesh command file used to organize elements into 

components based on their density result values. This file is only 

used with OptiStruct topology optimization runs 

 

*.out OptiStruct output file containing specific information on the file 

setup, the setup of the optimization problem, estimates for the 

amount of RAM and disk space required for the run, information 

for each optimization iteration, and compute time information. 

Review this file for warnings and errors that are flagged from 

processing the *.fem file 

*.sh Shape file for the final iteration. It contains the material density, 

void size parameters and void orientation angle for each 

element in the analysis. This file may be used to restart a run 

 

*.hgdata HyperGraph file containing data for the objective function, 
percent constraint violations, and constraint for each iteration. 

*.oss OSSmooth file with a default density threshold of 0.3. The user 

may edit the parameters in the file to obtain the desired results. 

*_hist.mvw Contains the iteration history of the objective, constraints, and 

the design variables. It can be used to plot curves in HyperGraph, 

HyperView, and MotionView 
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*.stat Contains information about the CPU time used for the complete 

run and also the break up of the CPU time for reading the input 

deck, assembly, analysis, convergence, etc. 

As mentioned earlier, please check especially the *.out file (ASCII) for warnings, errors 

and general information about the optimization run. Also, you may plot the changes 

of the objective function throughout the optimization run using HyperGraph.
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8 Example: Topology 

Optimization of A C-Clip 
In this chapter a very basic topology optimization will be performed with the goal of 

minimizing the amount of material to be used. When reducing material in an existing 

mesh with the same loads and boundary conditions, it follows for the model to be less 

stiff and more prone to deform. Therefore, the optimization process needs to be 

constrained with a displacement so that a balance between material and overall 

stiffness is achieved. 

The forces in the structure are applied on the outer nodes of the opening of the C-

Clip, making those two nodes critical locations in the mesh. We applied a 

displacement constraint on the nodes so that they would not displace more than 0.07 

mm in the y-axis. 

Of course, before looking at the optimized concept design, please think about a likely 

solution yourself. It certainly will help you to better understand (and appreciate) the 

results. 

8.1   Base Design Analysis 

The base design analysis serves at least two needs. First, to check whether the FEM 

model definition is error “free” (note the “ …”) and to understand the basic 

performance (we are primarily interested in displacements and stresses) of the 

component to be optimized. 
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In the image above the geometry of the base design, the applied loads and constraints 

are depicted. Thickness is constant (1 mm), standard material properties of steel are 

used.

 

2D Finite Element Model Employed for the (Linear Static) Base Analysis. 

Note: A comprehensive introduction into pre-processing steps geometry import and 

cleanup, meshing, mesh quality, definition of loads / constraints and loadsteps 

(subcases), materials, and properties are discussed in the free Study Guide “Practical 

Aspects of Finite Element Simulation”. 
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Results of the base design analysis are shown below 

 

Base Design: Volume 7044.58 mm3; Max. Displacements 0.024 mm at the Tips of the C-Clip 

 

A very brief summary on the base design analysis is provided in the video below 

http://altair-2.wistia.com/medias/pze543u2pd 

 

 

 

http://altair-2.wistia.com/medias/pze543u2pd
https://altair-2.wistia.com/medias/pze543u2pd?wvideo=pze543u2pd
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8.2   Design Variable Definition (and Design Space) 

Activating “Topology Desvar” from the Menu Bar ... 

 

opens up the following panel 

 

The design space is defined through its associated property collector. 

Make sure that “type= …” is referencing the appropriate element type: 1D (PBAR, 

PROD, ….), 2D (PSHELL), 3D (PSOLID). 

Here, type is set to PSHELL (Card Image) “base thickness = 0” allows that holes may 

form in the design space. Alternatively, a minimum remaining thickness may be 

requested. 



 

89 

8.3   Definition of Responses 

 

The primary question here is: which responses are needed at all? This question can 

be best answered by looking at the objective and constraints of the optimization. 

The objective is minimizing volume (alternatively mass), thus we need to define a 

response: volume (or mass). 

Since we also need to employ displacement optimization constraints at the tips of the 

clip, a corresponding response is needed.  

8.3.1  Displacement Response 

 

In the response panel, the nodes of interest must be selected. In addition, the degree 

of freedom (here direction of translational displacements) must be defined. 
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Note the two highlighted nodes at the tip of the C-Clip. The response is defined with 

respect to their total displacement magnitude. Alternatively, individual responses 

concerning the y-displacements of the upper and lower node may have been created. 

In simple words – this response just says which nodes and which displacement 

direction is of interest. 

8.3.2  Volume Response 
 

 

The Volume of the Design Space (Here Entire Model) is Defined as Response. 

 

The two newly created responses are listed in the Model Browser 
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8.4   Definition of Displacement Constraints 
As stated earlier the forces in the structure are applied on the outer nodes of the 

opening of the clip, making those two nodes critical locations in the mesh. We 

therefore apply a design displacement constraint on the nodes so that they would not 

displace more than 0.07 mm in the y-axis. 

Question: What would happen if no displacement design constraints are defined*?

  

(*Since the objective is to minimize its volume the optimal solution would be to remove the entire volume …) 
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How to use this panel? 

Just type in a name (constraint = ….), select the response of interest (which was 

previously created) and the corresponding loadstep(s) and finally specify the upper 

(allowable) bound of the displacements at the tip of the C-Clip. 

Recall: The displacement response was defined with respect to the nodes at the tip of 

C-Clip and the direction of displacements. 

Note: In case individual responses of the y-displacements of the upper and lower node 

were created an upper and lower constraint would be needed (mind the negative sign 

as the displacement occurs in negative y-direction). 

8.5   Definition of Objective 
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Eventually, we define the objective. As stated before we intend to minimize the 

volume of the C-Clip. 

Then, before starting the optimization run, save the model as a *.hm file. 

The working steps from above are also summarized in the video below  

http://altair-2.wistia.com/medias/hd08e218fk 

 

 

8.6   Run Optimization 
Note that “run options” is set to “optimization”. Activate “OptiStruct” to fire up the 

optimization run. 

 

The status of the optimization run is displayed in a pop-up window. Once the run has 

ended, a message will be prompted. If the optimization run was successful, you will 

read: Optimization has converged; Feasible Design (all constraints satisfied). 

 

http://altair-2.wistia.com/medias/hd08e218fk
http://altair-2.wistia.com/medias/hd08e218fk
https://altair-2.wistia.com/medias/hd08e218fk?wvideo=hd08e218fk
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8.7   Post-Processing 
Before creating any contour plots we recommend viewing the *.out file (located in 

the directory where the run was executed). In the *.out file the optimization run 

details for each iteration is listed. 

As an example, the final iteration of the C-Clip run is shown below. As listed, the 

objective (min. volume) has changed by 0.39% with respect to the preceding iteration, 

the displacement constraints applied to the nodes at the tip of the C-Clip are not 

violated (current value is 0.06985 mm, constraint is 0.07 mm). The optimized volume 

is 2206 mm3 (base design 7044.584 mm3). 
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Summary of the Final Iteration as Listed in the *.Out File 

In order to view the element densities (recall: density values close to“0” indicate 

that this element is “not” needed, i.e. doesn’t carry loads values close to “1” 

indicate that it is structurally important) the result file *_des.h3d is loaded into 

HyperView (in the file *_s1.h3d displacements and stresses are included) 

 

Element density contour plot of final iteration. Element densities of “1” refer to 

structurally important elements. 
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Based on the “understanding” that elements with small densities are structurally 

“irrelevant”, these elements are subsequently masked from the display.  

In the iso-contour plot shown below, only elements with a density greater than 0.3 

(30%) are shown. 

 

 

 

Iso-Contour Plot of Element Densities Above 0.3 (30%) (Final Iteration) 

Post-processing of topology optimization results is also discussed in the following 

video  

(http://altair-2.wistia.com/medias/zalxaydr8b) 

http://altair-2.wistia.com/medias/zalxaydr8b
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In the image above the change in volume throughout the optimization run is depicted. 

Question: 

Which density threshold is appropriate? 

A good starting value is around 0.3. However, this is not the end of the story. 

Ideally, only elements with densities of either “0” or “1” should exist (which is not the 

case). We therefore agree to the following “deal”: 

All elements below a chosen density threshold will be neglected. This implies that we 

neglect elements which do have some structural relevance! In turn, we “upgrade” all 

remaining intermediate density elements to “1”. With respect to the result shown 

above: all blue, green, yellow, and orange elements are considered to be full density 

elements. 

Quite obviously (but still important to think about) –the mass or volume of this 

“solution” will be different from the mass / volume recorded in the *.out file ! 

https://altair-2.wistia.com/medias/zalxaydr8b?wvideo=zalxaydr8b
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In the next step we attempt to reduce the number of low density elements even 

further (again following the understanding that low density elements are not 

“needed”). 

 

The new density threshold is set to be 0.34. Consequently, more elements are masked 

from the display causing some ribs to be not continuous any more. Is the new shape 

reasonable and desirable? 

 

Iso-Density Contour Plot with Density Threshold Of 0.34. Only Elements with A Density Above 0.34 Are Shown 

Looking at the new “form” it becomes apparent that your engineering skills are 

required to advance from this point onwards. 

In an attempt to create more distinct members (ribs), the “minimum membersize” 

is introduced next: 
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The available design variable is updated by specifying a minimum member size of 8 

mm (min member size should be 2.5-3 times average element size). 

Then the optimization is started again. 

 

Note, the number of iterations went up to 45. Design constraints are not violated (= 

feasible design), total volume is 2217 mm3
 (without minmember size 2207 mm3). 

The density iso-contour plot (threshold 0.38) is shown below: 
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Only Elements with a Density Above the Threshold of 0.38 are Displayed 

 

Increasing the density threshold to 0.43 yields the following concept geometry. 

 

  Only Elements with A Density Above the Threshold of 0.43 are Displayed 

As pointed out above, this interpretation differs from the final iteration (here iteration 

45) not only with respect to the overall volume (or mass). We also must expect that 

the displacements at the tip of the C-Clip will be different. 

8.8   FEA Re-Analysis 
The question is: How good is the interpretation from above? Was the chosen density 

threshold too low or already too high? 
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To answer this question, we run an analysis on the interpreted concept design. At that 

point you need to recall, that in the interpretation above ALL elements are still 

included, i.e. the missing elements are simply masked. 

By employing OSSmooth we can export only the elements above the density threshold 

and set-up quite conveniently a re-analysis. 

 

 

Running OSSmooth creates the FE model shown below. Note that material, 

properties, loads and loadsteps are automatically created. 

In the base design boundary constraints have been applied to nodes along the left 

edge of the model (on the design space; see the base model above). The optimization 

results indicate that no loads are transferred into these nodes/constraints – hence, 

this part of the design space is not needed (=elements with small densities). 

Consequently, these elements are not considered by OSSmooth. The same accounts 

for constraints applied to these “eroded” elements, i.e. in this example constraints 

must be added manually on the exported model. 
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FE Model Created by OSSmooth (Density Threshold 0.43). Note, That the Constraints Along the Left Edge of the C-

Clip are Missing. 

Displacement contour plot of the re-analysis model (constraints and loads are not 

shown) 

 

Re-analysis of the concept design (density threshold 0.43) reveals nodal 

displacements (at the tips) of 0.053 mm, the volume of the concept design is 2537 

mm3. 

From this we learn, that our interpretation “worsened” the optimized result in two 

ways – we added more material and we are below the allowable upper displacement 

limits. Apparently, we are too conservative … 
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At the same time, we need to recall that the re-analysis is based on first order tria 

elements which tend to be stiffer than quad elements (see Study Guide about 

Practical Aspect of FEA). Thus, we should at least run the analysis with quad elements 

(or second order trias) again to verify the results. Also, some ribs are meshed with 

one layer of elements only – better would be to use 2 rows of elements instead. 

Based on the results (paired with the intention to deliver the best solution) we may 

have to increase the density threshold and 

re-enter the process from before; or manually smooth/change the concept design in 

the CAD system according to our knowledge and intuition; or employ a free shape 

optimization with the design variable “width of the ribs” and the objective “minimize 

volume/ mass/. 

The changes of responses, objective etc. throughout the optimization run can be best 

displayed and understood by plotting their changes (with HyperGraph). 

Load the *.hgdata file, select the data of interest (e.g. objective) and plot its changes 

throughout the iterations. 

 

Change of Volume (Objective) Throughout the Optimization 
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8.9   Recommended Tutorials - Topology 

Optimization 
The listed tutorials are included in the HyperWorks Help Documentation 

• OS-2000: Design Concept for a Structural C-Clip 

• OS-2005: Design Concept for a Structural C-Clip with Minimum Member Size 

Control 

• OS-2010: Design Concept for an Automotive Control Arm 

• OS-2020: Increasing Natural Frequencies of an Automotive Splash Shield with Ribs 

• OS-2030: Control Arm Topology Optimization with Draw Direction Constraints 

• OS-2040: Spot Weld Reduction using CWELD and 1D Topology Optimization 

• OS-2050: Pattern Repetition using Topology Optimization 

• OS-2060: Symmetry and Draw Direction Applied Simultaneously in Topology 

Optimization 

• OS-2070: Topology Optimization of a Reduced Model using DMIG 

• OS-2080: Topology Optimization of a Hook with Stress Constraints 

• OS-2090: Topology Optimization with Extrusion Constraints 

• OS-2095: Frequency Response Optimization of a Rectangular Plate 

• OS-2098: Topology Optimization of an Excavator Arm Model
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9  Topography Optimization 
Topography optimization is typically applied to shell and thin-walled structures as a 

means of reinforcing them. A pattern of bead and swage reinforcements within the 

design region is generated using OptiStruct. 

Topography optimization is an advanced form of shape optimization in which a design 

region for a given part is defined and a pattern of shape variable-based 

reinforcements within that region is generated using OptiStruct. 

The approach in topography optimization is similar to the approach used in topology 

optimization, except that shape variables are used rather than density variables. The 

design region is subdivided into a large number of separate variables whose influence 

on the structure is calculated and optimized over a series of iterations. 

The large number of shape variables allows the user to create any reinforcement 

pattern within the design domain instead of being restricted to a few. 

Whilst topography will not give the same clear indication of load paths like a topology 

optimization, it has similar advantages in that a topography result often generates a 

design that is not obvious, and that which a designer would struggle to come up 

without lots of iterative design studies. A good example is a tank with an internal 

pressure load shown below: 

 

  

Topography Optimization 
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Compare the results from the topography optimization (left) with the conventional 

reinforcing pattern on the right. Notice that more ribs do not necessarily equate to 

more stiffness. 

From the HyperWorks Help Documentation: 

9.1  Responses 
The following responses are currently available as the objective or as constraint 

functions: 

Mass Volume Volume or Mass fraction 

Center of Gravity Moment of Inertia Static Compliance 

Static Displacement Natural Frequency 

Von-mises Stress on 

entire model (only as 

constraint) 

Buckline Factor (special 

case) 

Frequency Response 

Displacement, Velocity, 

Acceleration 

Temperature 

Weighted Compliance Weighted Frequency 
Combined Compliance 

Index 

Function Stress (DRESP1-based) Composite Stresses 

Composite Strains 
Composite Failure 

Criteria 
….. 

 

9.2  Design Variables 
OptiStruct solves topography optimization problems using shape optimization with 

internally generated shape variables. 

Basic topography shape variables follow user-defined parameters (minimum bead 

width, and draw angle), they are circular in shape, and they are laid out across the 

design domain in a roughly hexagonal distribution. Each topography shape variable 

has a circular central region of diameter equal to the minimum bead width. 

Pattern grouping options link topographical variables together in such a way that the 

desired reinforcement patterns are formed. Linear, planar, circular, radial, etc. shaped 
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reinforcements are controlled by single variables, ensuring that the reinforcements 

follow the desired pattern. One-plane, two-plane, three-plane and cyclical symmetry 

pattern grouping options also use a similar approach to ensure that symmetry is 

created in the solution. 

 

Although topography optimization is primarily a tool for creating bead type 

reinforcements in shell elements, it can accommodate solid models as well. Many 

pattern grouping options (such as planar and cylindrical) are intended to be used with 

solid models since they effectively reduce 3D problems into 2D ones. 

Variable Generation 

There are three methods of automatically generating shape variables for topography 

optimization. The first two, element normal and draw vector, are performed entirely 

in OptiStruct. The third (user-defined) requires that the input data contain one or 

more shape design variables that are used as the design domain. 

Element normal 

This method is the easiest one to use. When norm is entered for the draw direction, 

the normal vectors of the elements are used to define the draw vector for the shape 

variables. This method is especially effective for curved surfaces and enclosed 

volumes where the beads are intended to be drawn normal to the surface. 
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Draw vector 

This method allows you to define the draw vector that is used for generating the 

shape variables. The X, Y, and Z components of the draw vector in the nodal 

coordinate system are entered. This method is useful when all beads must be drawn 

in the same direction. Note that the draw angle may not be maintained while using 

this method 

 

 

User defined 

This method allows you to set up the vectors and heights for the topography 

optimization. 
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9.3  Manufacturability for Topography 

Optimization 
Manufacturing methods can place constraints on the types of reinforcement patterns 

available for a given part. Some examples of this are: channels, which must have a 

continuous cross-section; discs, which must be turned on a lathe; and stampings, 

which cannot have the die lock conditions. 

These constraints can be accounted for in topography optimization by using Pattern 

Grouping Options, and a design with a manufacturable reinforcement pattern can be 

generated. 

There are over 70 pattern grouping options and variations available for topography 

optimization. 

Some examples are: 
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9.4  Important Files for A Topography Optimization  
(taken from the HyperWorks Help Documentation) 

*.grid  An OptiStruct file where the perturbed grid data is written. 

*.hgdata  HyperGraph file containing data for the objective function, constraint 

functions, design variables, and response functions for each iteration. 

*.hist An OptiStruct output file for xy plotting containing the iteration history 

of the objective function, maximum constraint violation, design 

variables, DRESP1 type responses, and DRESP2 type responses.   

.html   HTML report of the optimization, giving a summary of the problem 

formulation and the results from the final iteration. 

*.out   The OptiStruct output file containing specific information on the file 

set up, the set up of the optimization problem, estimate for the 

amount of RAM and disk space required for the run, information for 

each optimization iteration, and compute time information. Review 

this file for warnings and errors that are flagged from processing the 

torsion_plate.fem file. 

*_des.h3d  HyperView binary results file for information on shape changes. 

*_s1_h3d  

HyperView binary results file for displacement and stress results for 

subcase 1.  

*.sh  

Shape file for the final iteration. It contains the material density, void 

size parameters, and void orientation angle for each element in the 

analysis. The .sh file may be used to restart a run and, if necessary, run 

OSSmooth files for topology optimization. 

*.stat 

Summary of analysis process, providing CPU information for each step 

during analysis process. 
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10  Case Study:  Topography 

Optimization 
As explained in the chapter about optimization techniques,Topography optimization 

generates an optimized distribution of shape based reinforcements such as stamped 

beads in shell structures. It is an advanced form of shape optimization in which a 

design region for a given part is defined and a pattern of shape variable-based 

reinforcements within that region is generated. The approach in topography 

optimization is similar to the approach used in topology optimization, except that 

shape variables i.e. bead width, height and angle are used rather than density 

variables. 

The example shown below illustrates nicely how topography optimization helps to 

increase the natural frequencies of an oil pan. 

 Oilpan cover is subdivided into flange, nondesign and design space 

                  

• The optimization objective is to maximize the 1st  to 6th
 eigenfrequencies 

• The design variable is the bead height of ± 3 mm in the design space 

• Optimization constraints: A two plane symmetry needs to be considered, with 

beadfraction ≤ 50 % (also see the discussion about beat fraction further below) 

The topography optimization proposes the following bead pattern resulting in much 

higher eigenfrequencies. 
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As in the case of topology optimization, the proposed results (here bead structure) 

need further interpretation i.e. one needs to suppress (cancel out) beads with low 

heights and increase the height of other beads instead). OSSmooth (available in 

HyperMesh) offers tremendous help during this phase of the project (see the 

discussion further below related to the optimization of a sheet metal plate). 
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Quite apparent, the interpretation (which represents smoothing of results) is 

accompanied with a loss of performance i.e. the eigenfrequencies after the 

interpretation are lower than the optimized results. 

 

 

Still, topography optimization not only accelerated the design process but also let to 

much higher eigenfrequency results at the end as confirmed by Dr. Tino Fuhrmann, 

Pre-Development,Volkswagen AG 

“The OSSmooth autobead functionality automatically realizes the bead 

pattern found by the topography optimization with OptiStruct. Compared to a manual 

realization only about a tenth of time is needed with the very good automatic 

realization. With version 10 Altair quickly provided additional functionalities like 2-

level autobead and quad remesh that has been proven convenient in our daily hands-

on work.” 
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The “achieved” results in a summary overview 

 

  



 

115 

11  Example: Topography  

Optimization of A Metal 

Steel Plate 
In the below example which was written by Prakash Pagadala, we consider a sheet 

metal plate connected to a concentrated mass of 10 Kgs. The objective is to maximize 

the frequency of the first mode of the plate. 

 

The Design Space is the Center Area of the Plate (Colored In Red); No-Design Area are the 

Flanges (In Green).. 
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11.1  Import Model 

Open HyperMesh and change the user profile to OptiStruct. 

Using Import option, import the file topography.fem 

(http://training.altairuniversity.com/wp-content/uploads/2013/11/topography.zip) 

in HyperMesh and review the model. Material and properties are already assigned 

to the model. Observe that there are four components. Two are rigids, one is Design 

space and the other is non-design space. 

The results of the base design propose that the eigenfrequency of the first eigenmode 

is at 1246.37 Hz. In the image below the 5th eigenmode (f= 1640 Hz) is shown. 

 

 

11.2  Design Variables for Topography 

Optimization 
For topography optimization, a design space and a bead definition needs to be 

defined. The following section outlines how this is done. 

http://training.altairuniversity.com/wp-content/uploads/2013/11/topography.zip
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In here the bead parameters are chosen arbitrarily as: bead width 5mm, a bead height 

of 5 mm, and draw angle of 60 degrees. Symmetry of the bead pattern should be 

forced along the symmetry line of the design space. 

1. From the Main Menu bar select “Optimization” 

2. Click on create --> topography desvar 

3. Select the “create” subpanel using the radio buttons on the left-hand side of the 

panel 

4. Click “desvar=” and type topography. 

5. Click “props” to select the Design Space 

 

6. Check the box next to “Design Space” and click select 

7. Click “create” to create the shape design variables for the selected component 

The design space named “topography”  is created/defined. Note: All elements 

which were previously assigned the property named “Design Space”  are now 

associated with the design area. 

8. Select the “bead params” subpanel using the radio buttons on the left side of 

the panel By default, the field next to “desvar =” should contain the name of the 

newly created design space; if not, click on “desvar =” and select “topography” 

from the list of topographical design spaces 
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9. Click “minimum width=” and enter 5 

This parameter controls the width of the beads in the model. Recommended value is 

between 1.5 and 2.5 times the average element width. 

10. Click “draw angle=” and enter 60 

This parameter controls the angle of the sides of the beads. The recommended value 

is between 60 and 75 degrees. 

11. Click “draw height=” and enter 5 

This parameter sets the maximum height of the beads to be drawn. 

12. Check the box next to buffer zone 

This parameter establishes a buffer zone between elements in the design domain and 

elements outside the design domain 

13. Set “boundary skip:” to “load & spc” 

This tells OptiStruct to leave nodes at which loads or constraints are applied out of 

the design space. Anyway, we are not including the SPC nodes in design space. 

14. Set the “draw direction:” toggle to “normal to elements” (thus make sure and 

know in which direction the element normal are pointing) 

This parameter defines the direction in which the shape variables are created. 

15. Click “update.” 

A bead definition has been created for the design space named “topography”. In the 

context of this project, we request that the evolving beads may form a circular 

pattern. 

16. Select the “pattern grouping” subpanel using the radio buttons on the left-hand 

side of the panel 
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By default, the field next to “desvar =” should contain the name of the newly created 

design space; if not, click on “desvar =” and select “topography” from the list of 

topographical design spaces 

 

17. Click the “pattern type:” switch and select “circular” from the pop-up menu 

18. Click “anchor node” and enter 2814 

19. Click “first node” and enter 1493 

20. Click “update” 

21. Select the “bounds” subpanel using the radio buttons on the left side of the panel 

By default the field next to “desvar =” should contain the name of the newly created 

design space; if not, click on “desvar =” and select “topography” from the list of design 

spaces. 

22. Click “upper bound” and enter 1.0 (default) 

23. Click “lower bound” and enter 0.0 (default) 

The upper bound sets the upper bound on grid movement equal to UB*HGT and the 

lower bound sets the lower bound on grid movement equal to LB*HGT (with HGT = 

draw Height) 

24. Click “update” 

25. Click “return” to go to the “optimization” panel 

11.3  Create Optimization Responses 

1. Select the “responses” panel 

2. Click “response =” and enter FREQ 
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3. Select the switch below “response type” and select “frequency” from the pop-up 

menu 

4. Click “Mode Number:” and enter 1 

5. Click “create” 

A response, FREQ, is defined for the frequency of the 1st mode. 

6. Click “return” to go to the “optimization” panel. 

11.4  Create Optimization Objective 
For this project, the objective is to maximize the frequency of the first mode of the 

model within the design space. 

1. Select the “objective” panel from the optimization panel. 

2. Click the switch in the upper left corner of the panel, and select max from the pop-

up menu. 

3. Click “response =” and select “FREQ” from the response list. 

A loadstep button should appear in the panel. 

4. Click “loadstep” and select “topo” from the subcase (loadstep) list. 

5. Click “create” 

The objective function is now defined. 

6. Click “return” twice to go to the main menu. 

 

11.5  Run The Optimization 
In the Menu Bar select “Optimization”  --> “OptiStruct”  to perform the 

optimization run. Make sure you save the file to a known location. Also take care that 

the file extension is *.fem (avoid any special characters such as !, % & or blanks in the 

file name or directory path) 
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This launches the OptiStruct job. If the job was successful, new results files such as 

*.out, *_des.h3d (shape changes), or *_ s1.h3d (frequency values) can be seen in the 

directory where the OptiStruct model file was written. As with any optimization check 

the *.out file for optimization details (e.g., changes of the responses, objective, design 

variables etc.). 

11.6  Post-Processing in HyperView 
Open the results *_des.h3d file in HyperView for post-processing. 

In the result browser toggle the iteration to the last iteration (here Iteration 7) 

 

Observe the change in the shape of the model. You can see bead formation in the new 

optimized model 
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Proposed Bead Pattern (Final Iteration)  

Click the add page icon             to add another page. Load the *_s1.h3d file to view the 

change in the frequency for the first mode (note, the Student Edition supports only 1 

page. Hence, you need to make the changes in the current window). Toggle the 

iteration to the last iteration in the result browser to see the change in the frequency 

for the first mode. 

 

In the topography optimized plate the frequency associated with the first eigenmode 

went up by 21 % to 1612.7 Hz. 

In next paragraph we will employ OSSmooth to automatically “extract” a smoothed 

bead pattern. 

11.7  Extract Bead Pattern With OSSmooth 
To proceed further in the design process (and project), it is important to get the bead 

geometry or geometry of the optimized results. Let us take advantage of the autobead 
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functionality available in the OSSmooth panel. OSSmooth allows user to extract the 

final design geometry from an optimization analysis in different CAD formats. 

Optionally, OSSmooth also maps the loads and BCs (provided they are still attached 

to the optimized design) from the initial design to the final design for a re-analysis. 

In HyperMesh go to Main Menu bar > OSSmooth panel 

• Select the initial design model (*.fem) if the model is not open 

• Toggle to autobead as shown in the picture below 

 

 

• Reference/load the grid file *.grid 

• The “threshold” option allows to “suppress” small beads, i.e. beads with a height 

(expressed in % with respect to their possible upper bound) will be neglected. 

• “Layers” specifies whether the bead consists of 1 or 2 layers (see images below), 

• Toggle the output format to the desired CAD format or STL format. 

• Click OSSmooth to start the process 

The new geometry will be automatically loaded into the existing HyperMesh file, turn 

off the display of all the elements to view the new concept geometry. 

• Click FE > Surf to generate new geometry from the optimization results. 

• Click save and exit. 

The new geometry file will be written in the working directory along with .OSS file. 

Mask/hide the elements to see the optimized geometry. 
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1 Layer, threshold 0.1 

 

 
 

OSSmooth (from the HyperWorks Help Documentation) 

OSSmooth is a semi-automated design interpretation software, facilitating the 

recovery of a modified geometry resulting from a structural optimization, for further 

use in the design process and FEA reanalysis. 

The autobead feature of OSSmooth allows OptiStruct topography optimization results 

to be interpreted as one or two level beads. The following figure shows the level of 

detail captured in both cases; while the 2-level approach captures more details, it is 

more complicated to manufacture than the 1-level interpretation, often without 

significant performance gain. 
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2 Layer, threshold 0.1 

 

 

 

 

11.8  Some Remarks About “beadfrac”  
(based on a discussion with our colleague Thomas Lehmann) 

 

 

“Beadfrac” defines the initial position of the bead. In other words, by activating 

“beadfrac” the nodes of the design space can be shifted to a different start location 

(in the range between lower and upper bound of the bead height). For instance, 
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beadfrac 1 = nodes are shifted to upper bound, whereas beadfrac -1 implies that 

nodes are moved to the lower bound. 

What is the purpose of “beadfrac”? 

Beadfrac may be used to check whether the initial location of the nodes do 

influence/affect the topography optimized design. 

Moreover, “beadfrac” allows - generally speaking - to identify the most important 

beads of the structure. 

What does it mean? 

The topography optimization run typically proposes a structure which consists of 

small beads (i.e. bead height < upper bound) and well pronounced beads (bead height 

at upper bound). In order to suppress the less pronounced beads (i.e. nodes are 

forced back to their initial position) during the optimization run, the following process 

may be applied: 

1. run optimization with beadfrac = default (=0) 

2. run optimization with beadfrac =1 

Based on 1 and 2 you already have a sound understanding on the performance of the 

optimized structure. 

3a. Define a new response of type: beadfrac  

  

3b. Re-define the objective of the optimization run into: minimize “beadfrac” 
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3c. At the same time introduce new optimization constraints based on the results of 

steps 1 or 2. For instance, allow that the first eigenfrequency is 5% less than the 

optimized value found in the optimization run 1 or 2. 

11.9  Recommended Tutorials - Topography 

Optimization 
(The following tutorials are included in the HyperWorks Help Documentation)   

• OS-3000: Topography Optimization of a Plate Under Torsion 

• OS-3010: Topography Optimization of an L-bracket 

• OS-3020: Automatic Recognition of Bead Results from Topography Optimization 

of an L-bracket 
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12   Size Optimization 
In size optimization, the properties of structural elements such as shell thickness, 

beam cross-sectional properties, spring stiffness, and mass are modified to solve the 

optimization problem. For instance, in a shell element model of a pressure vessel, the 

shell element thickness on the property(s) assigned to the model would be varied and 

optimized. As the optimization takes place on the property, changing of individual 

element thicknesses is not possible, all the elements assigned a property must have 

uniform thickness. It is possible to set discrete values that represent manufacturable 

dimensions. 

In finite elements, the behavior of structural elements (as opposed to continuum 

elements), such as shells, beams, rods, springs, and concentrated masses, are defined 

by input parameters, such as shell thickness, cross-sectional properties, and stiffness. 

Those parameters are modified in a size optimization. Some structural elements have 

several parameters depending on each other; like beams in which the area, moments 

of inertia, and torsional constants depend on the geometry of the crosssection. 

12.1  Responses 
The following responses (see Responses for a description) are currently available as 

the objective or as constraint functions: 

Mass Volume Volume or Mass fraction 

Center of Gravity Moment of Inertia Static Compliance 

Static Displacement Natural Frequency 

Von-mises Stress on 

entire model (only as 

constraint) 

Buckline Factor (special 

case) 

Frequency Response 

Displacement, Velocity, 

Acceleration 

Temperature 

Weighted Compliance Weighted Frequency 
Combined Compliance 

Index 
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Function Stress (DRESP1-based) Composite Stresses 

Composite Strains 
Composite Failure 

Criteria 
….. 
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13  Example: Size Optimization 

of A Bike Frame 
Size optimization defines ideal component parameters, such as material values, cross-

section dimensions and thicknesses. It is used to determine the ideal thickness of a 

material based on the performance goals and the forces expected to be placed on the 

component during its life. In an optimization process, it is generally used after free-

form optimization once the initial geometry of the component has been defined and 

interpreted. 

Earlier in this book our colleague Tony Gray presented a topology optimization study 

of a bike frame. The proposed concept design helps to identify the load bearing areas 

of the bike frame (or more generally speaking, of the structure of interest). However, 

the topology optimization results do not necessarily say anything about their 

(optimal) cross-sectional properties. 

 

The discussion below is about the quest for the “best” cross-sectional properties of a 

(conceptual) bike frame. In the context of this example the conceptual bike frame is 

modeled (represented) by 1D elements with a tube cross-section. The tubes 

properties, namely its inner and outer radius are the design variable of the size 

optimization. 
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(Optionally, the frame may also be modeled by 2D elements which are “coated” on 

the surface of the geometry. The thickness of the 2D elements would then become 

the design variable of the size optimization). 

Note: The working steps associated with meshing (here the frame is meshed with 1D 

elements), material and property definition, loads and constraints and load steps are 

discussed in detail in the free study guide “Practical Aspects of Finite Element 

Simulation” and in a corresponding tutorial available on the Academic Learning 

Library.   

13.1  1D Element Cross-Sections (Property 

Definition) 
A brief summary and recap regarding the definition of 1D elements in HyperMesh and 

OptiStruct is provided next (as the definition of 1D cross-sections plays a key-role in 

this size optimization study). 

For simplicity reasons the frame is modeled with CBEAM elements referencing a 

“tube” cross-section with constant properties. The CBEAM element properties can be 

best created with HyperBeam (integrated in HyperMesh). Once the cross section is 

defined, the cross section information is then stored as a beamsection within a 

beamsection collector. 
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The workflow: 

1. Define the required tube cross-section with HyperBeam and store the respective 

cross section data (area, moment of inertia etc.) in a beamsection collector 

2. Generate a property collector with Card Image PBEAML. Inside this property 

collector the previously defined beamsection and a material collector is 

referenced. Eventually, the property collector is then assigned to all CBAR 

elements 

These steps are briefly explained next: 

1. Definition Of The Tube Cross-Section With HyperBeam 

HyperBeam can be accessed through the Main Menu Bar: Properties -->HyperBeam 

 

Note: As we are using OptiStruct as FEM solver, our lives becomes easier if we make 

use of the 1D section library of OptiStruct. Therefore, the “standard section library:” 

should be “OPTISTRUCT”, the “standard section type:” should be “Tube”. 

 

 

In the graphic editor of HyperBeam, the chosen tube section is displayed. 
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For the base design (it is actually just a “guess”) the tubes radii are assumed to be 

rout= 10 mm, rinside= 8 mm. 

Of course, the tubes inner (DIM2) and outer (DIM1) radii can be easily changed and 

adjusted in HyperBeam. 

Based on the cross- section the additional values such as area, moments of inertia etc. 

are automatically determined and listed in the side bar of HyperBeam. All this 

information is now readily available as a beamsection stored in a beamsection 

collector (Note, that different beamsections with different attributes, names and ID’s 

may reside inside a beamsection collector). 

Once the definition of the cross-section is completed you can return to the 

HyperMesh GUI by clicking the icon beneath “Model” 
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2. Definition of Property Collector 

and specify the Card Image PBEAML as well as the previously defined material. 

 

Alternatively (and much faster) make use of the browser capabilities. 

 You still need to define the cross-section through HyperBeam first. The rest can be 

edited and assigned within the browser directly as shown in the image below. 
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The Card image of the property collector (PBEAML) includes references to: 

• Beamsection (here the ID of the beamsection is 2 (not to be mistaken with 

beamsection collector) of cross section type TUBE. Inner and outer radii are DIM2 

and DIM1 

• Material (MID=1) 

In the next step, this property collector is assigned to the corresponding 1D elements. 

Hereto, the respective functionality available in the Model Browser is used: Right 

mouse button click on the before defined property collector, then select, Assign. 

To better visualize the 1D elements switch from the “Traditional Element 

Representation”  to “3D Element Representation” .  
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From before it is obvious that the design variables are DIM2 and DIM1 of the tubes 

cross-section. Quite obvious, if the frame consists of tubes with different cross-

sections, multiple design variables need to be defined for the size optimization. 

The following image depicts a rather ordinary bike frame (admitting, not really related 

to the proposed concept design shown at the beginning). The dimensions of its 

individual tubes are subjected to a size optimization (the project summary below is 

based on a report partly written by Lena Hartung, Nicolas Torgau, Thomas Lehmann, 

Kristian Holm and Matthias Goelke.) 

 

All respective models (*.hm files) are available on the Academic Blog. 

13.2  Base Design Analysis 
Note: The applied loads and constraints are conceptual. We arbitrarily assume that 

the biker’s weight is 120 kg. In addition, the pedals are “loaded” by another 200 N 

(acting in negative z-direction, respectively). Moreover, a safety factor of 2 is applied. 
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All tube cross-sections are identical:  

       DIM 1 = 10 mm 

       DIM 2 = 8 mm 

 

 

 

 

 

The z-displacement at the “bearing” (node 274) is -0.76 mm, at the top end of the         

“seat tube” (node 279) is -0.854 mm. 
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Contoured z-displacement plot (scaled by factor 50) with undeformed frame (in brown color) 

The *.out file reports a total mass of the base design of 1.43 kg 

Despite the fact that all parameters (geometry, loads, material, cross-sections etc.) of 

this study are arbitrarily chosen one can still wonder whether the dimensions of the 

tubes have been chosen in an appropriate way: 

Question: Would a different combination of inner and outer radius help saving 

material (while achieving the same displacement values)? 

 

13.3  Definition of Design Variables 

The inner and outer radius of the cross-sections (except for the seat post which is kept 

constant) will be varied within user defined lower and upper bounds, respectively. 

In here the outer radius is abbreviated as r1; inner radius as r2. 
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As pointed out before, we need design variables for all frame segments e.g. head tube, 

down tube, top tube etc. 

Outer radius: Top tube 

 

Inner radius: Top tube 

 

 

Outer radius: Chain stay 
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Inner radius: Chain stay 

 

Outer radius: Head tube 

 

Inner radius: Head Tube 

 

Outer radius: Seat stay 

 

 

Inner radius: Seat stay 
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Outer radius: Down tube 

 

Inner radius: Down tube 

 

 

Outer radius: Seat tube 

 

Inner radius: Seat tube 

 

Note: So far we specified the names of the design variables (and a likely range of 

values) only. However, there is no “internal” relationship made to the model yet. 

Next, we define a generic relationship among/between Design Variables i.e. we 

“physically” relate the design variables to the model. 
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Assign a name regarding the “generic relationship” e.g. “g1seattub” in the 

corresponding subpanel 

 

As “designvars”  select the previously defined DesignVariable of interest e.g. 

“r1seattub” 

 

Next, as “prop” select the corresponding property collector e.g. seat_tube 

The GUI is modified and a new selector named “Dimension 1” is displayed: 
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Now, you need to determine whether the relationship is about the outer “1” or inner 

radius “2” by adjusting the selector “Dimension1 / 2”. 

 

In this example “g1seattube” defines the generic relationship of the design variable 

“r1seattube” and the outer radius of the tube cross section. Hence the selector must 

be set to “Dimension 1”. 

In order to check the generic relationship, activate the “review” option and select the 

relationship of interest. 

 

What does it mean? 

In the example above the DesignVariable “r1seatt” refers to the outer radius 

(Dimension 1) of the seat tube. This radius may vary between 5 mm and 20 mm (see 

its definition above). The DesignVariable “r1seatt” references the property collector 

named “seattube”. 

These steps need to be repeated for all design variables. Take care. 
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13.4  Definition of Responses 
Which system results (responses) are of interest? 

Let us investigate whether the mass of the frame can be reduced by keeping the same 

maximum displacements at both the points i.e. -0.761 mm at the bearing (at node 

274) and -0.854 mm at top end of the seat tube (at node 279). 

 

Thus, we need to create the responses: mass and displacements (at node 274 and 

279). 

Response Displacements 
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The response named “r279_disp and r274_disp” are defined for the highlighted (dark) 

node at the “bearing and tope end seat tube” with respect to its displacements in z-

direction. 

 

Response Mass: 

 

13.5   Design Constraints 
Recall: We want to investigate whether the weight of the frame can be reduced while 

allowing the same displacements of node 274 and 279. 
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In the design constraints panel, the before defined response “r274_disp and 

r279_disp” are referenced and its (allowable) lower bound (mind the sign) is set to -

0.761 mm and    -0.854 mm. 

 

 

 

13.5.1   Optimization Objective  

Here the objective is to minimize the mass of the bike 

 

This completes the size optimization set-up. Save the model as a hm binary file next. 

13.6   Optimization Run 
Start the optimization run from within the OptiStruct panel. 

Make sure that “run options” is set to “optimization”, and that file extension reads 

*.fem (avoid extra characters in the file name and directory path). 
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The *.out file reports that optimization has converged. Quite promising! 

 

 

The design constraints are not violated; the mass of the frame after this run is 1.13 kg 

(base design 1.43 kg) which corresponds to 20.97% weight savings. 

Summary of Design Variable (final iteration) 

 



 

149 

 

Contour plot of z-displacements scaled by a factor 25 

.  

 

13.8   Discrete Size Optimization 
As apparent from the Design Variable table from above, the proposed radii are non-

standard ones, e.g. r1head = 8.72 mm, r1stay = 8.079 mm, r2seatt = 7.402 mm etc. 

which clearly cause manufacturing issues. 

In the next step we’ll learn how to define a Discrete Size Optimization with the 

intention to enforce discrete changes of the inner and outer radius in steps of for 

instance 0.1 mm, 0.5 mm, 1 mm etc. 

Note: Other manufacturing constraints exist such as maintaining a constant tube wall 

thickness while the radii are optimized 
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The existing optimization set-up from before will be extended by the definition of 

Discrete Design Values. Here, we are going to enforce the inner and outer radii 

(arbitrarily) to change in steps of 0.1 mm, respectively. 

Two discrete design values (inner and outer radius) are defined: 

 

 

Discrete design value outer radius: 

 

Discrete design value inner radius: 
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Next, the discrete design values need to be referenced by the existing design 

variables: 

Goto: Optimize-Edit-Size Desvars 

 

and update the 12 design variables, respectively i.e. activate “review”, select the 

design variable of interest, reference the discrete 

design value at ddval= …, and hit the “update” button. 

 

 

Note: the discrete design value is selected at “ddval=”  In this way all design 

variables need to be updated. Take care. 

Finally, save your model as *.hm file and run the optimization again. 

The *.out files reports  
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Note, that the radius is now changing in steps of 0.1 mm respectively. 

The design constraints are not violated; the mass of the frame after this optimization 

run is 1.17 kg (base design 1.43 kg). 

 

13.9   Size Optimization with Design Equations 
Above the design variables i.e. inner and outer radii of the tubes have been explicitly 

defined. 

In the following exercise we build a functional relationship between the outer and 

inner radius: 
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Inner Radius r2 = Outer Radius r1 – desired wall thickness 

The overall work-flow may be summarized as: 

1. Create Design Variables and their respective generic relationship (optionally 

employ discrete design values) 

2. Define Design Equation (note, the equation is not “linked” to the model) 

3. Link the Design Variables i.e. the independent r1 and depended r2 design 

variables are linked together based on the design equation 

By now you should be familiar with Step 1. We therefore continue with Step 2: 

 

13.10   Define Design Equation 

 

 

Inner Radius r2 = Outer Radius r1 – 1.5 mm 
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13.11   Link Design Variables 
Next, we relate the equation to the existing design variables 

 

Assign a name, select the dependent design variable (here inner radius r2…) and the 

equation which defines how the design variables are linked together. 

 

Before you hit the “create” button, activate “edit” which opens a pop-up window. In 

here the independent design variable (which is used in the equation) is specified. In 

this example the dependent design variable is r2down, the independent design 

variable is r1down (with the id 6; compare with image of the model browser further 

below).  
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Similarly link all other tubes with the above equation. 

Save the model as *.hm file and start the optimization run. 
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In the *.out file we read: 

 

The mass of the frame after the size optimization is 1.07 kg compared to 1.43 kg of 

the base design (note: r1* refers to the outer radius, r2* inner radius). The tube wall 

after the size optimization is constant (=1.5 mm). 



 

157 

 

Contour Plot Of Z-Displacements Scaled By 25. Undeformed Frame in Brown. 

 

Additional Tasks/Options 

A. Keep the mass constant and maximize the frames’ stiffness. 

Hint: Keep the response “mass” from before, and define a response called 

“compliance”. 

 

In order to keep the “mass” constant it must be defined as a design constraint 
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The previously used response “displacements” and the corresponding design 

constraints are not needed anymore. 

B, Rebuild the frame with shell elements, run the analysis and run a size optimization 

on the wall thickness (thickness of the shell elements) 

13.12   Recommended Study Material 

• Video about “ Size Optimization of a Student Race Car Tube Frame ” 

(http://altair-2.wistia.com/medias/pd927ffnv0) 

 

http://altair-2.wistia.com/medias/pd927ffnv0
https://altair-2.wistia.com/medias/pd927ffnv0?wvideo=pd927ffnv0
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We also recommend the following tutorials which are included in the HyperWorks 

Help Documentation: 

• OS-4000: 3-D Size Optimization of a Rail Joint 

• OS-4010: Size Optimization of a Welded Bracket 

• OS-4020: Composite Bike Frame Optimization 

• OS-4030: Discrete Size Optimization of a Welded Bracket 

• OS-4040: Size Optimization of a Shredder 

• OS-4050: Optimization of a Horizontal Tail Plane 

• OS-4080: Minimization of the Maximum Stress of a Rotating Bar: A Size Optimization
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14   Free Size Optimization 
Free size is limited to shell element thickness, and is effectively the same process as 

size optimization, with the exception that the thickness value is altered on the 

element rather than the property. The element thickness can vary continuously, 

giving a result that is similar to topology optimization. Free size really lies in between 

the concept and fine tuning processes, and when it is effectively a concept tool, the 

topology is not altered. 

Features available for free-size include: minimum member size control, symmetry, 

pattern grouping and pattern repetition, and stress constraints applied to von Mises 

stresses of the entire structure. 

Involving both topology and free-size in the same optimization problem is not 

recommended since penalization on topology components creates a bias that could 

lead to sub-optimal solutions. 

Problem Formulation 

For a shell cross-section (shown below), free-size optimization allows thickness t to 

vary freely between T and T0 for each element; this is in contrast to topology 

optimization which targets a discrete thickness of either T or T0. The differences of 

topology optimization and free-size can be illustrated through a simple example. 

 

Example: Cantilever Plate 

The cantilever plate is shown in the following figure. Base-plate thickness T0 is zero. 

The optimization problem is stated as: 

• Minimize Compliance 

• Subject to Volume fraction < 0.3 



 

162 

 

Cantilever Plate 

The next figure shows the final results of topology and free-size optimization as 

performed on this plate, side by side. As expected, the topology result created a 

design with 70% cavity, while the free-size optimization arrived at a result with a zone 

of variable thickness panel. 

 

                           Topology Result                     Free-Size Result 

The compliance of both designs are compared in the following figure. 

 

It is not surprising to see that the free-size design outperforms the topology design in 

terms of compliance since continuous variation of thickness offers more design 

freedom. 
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It should be emphasized that free-size offers a concept design tool alternative to 

topology optimization for structures modelled with 2D elements. It does not replace 

a detailed size optimization that would fine tune the size parameters of an FEA model 

of the final product. 

To illustrate the close relationship between free-size and topology formulation, 

consider a 3D model of the same cantilever plate shown previously. The thickness of 

the plate is modeled in 10 layers of 3D elements 

 

   

The topology design of the 3D model shown above looks similar to the free-size results 

shown previously. This should not be surprising because when the plate is modeled 

in 3D, a variable thickness distribution becomes possible under the topology 

formulation that seeks a discrete density value of either 0 or 1 for each element. If 

infinitely fine 3D elements are used, a continuous variable thickness of the plate can 

be achieved via topology optimization. The motivation for the introduction of freesize 

is based on the conviction that limitations due to 2D modeling should not become a 

barrier for optimization formulation. In regards to the 3D modeling of shell, topology 

optimization is equivalent to the application of extrusion constraint(s) in the thickness 

direction of a 3D modeled shell. 

It is important to point out that while free-size often creates variable thickness shells 

without extensive cavity, it does not prevent cavity if the optimizer demands it. For 
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the example already shown, we can see cavity in the free-size result in the 45 degree 

region, adjacent to the support, and in the upper and lower corners of the free end. 

If a plate is predominantly under a bending load, free-size design can converge to a 

discrete 0/1 thickness distribution similar, or even identical to, the result of a topology 

optimization. The reason is that bending stiffness is a function of t3 and, therefore, 

maximum thickness is heavily favored. In other words, intermediate thickness is 

naturally penalized for bending performance. In the following figure, the free-size 

result of a plate under bending clearly demonstrates this behavior. 

 

Free-Size Result of a Plate Under Bending 
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15  Exercise: Free-Size 

Optimization of A Plate With 

A Hole 
This exercise shows the process of optimizing a plate designed with a through-hole in 

its basic design.  

Objective :The objective is to determine the optimum plate configuration which 

corresponds to the load paths and handles the loading conditions. 

 

Plate with a hole, constraints along left edge are DOF 1-6 = 0; force in vertical direction and moment are applied on 

the center node on the right side of the plate. 

Model Information 

The left side of the model is constrained in all 6 degrees of freedom along the entire 

edge. The right side of the model is free and loads are placed at the midpoint of the 

free edge. 

Geometry: 

L = 457.2 mm, b = 152.4 mm, Thk = 2 mm, hole diam. = 12.7 mm 

Two load cases: 

Force = -10 N, Z-direction. 

Moment = -250 N mm, X-direction 
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Material: 

Steel (Standard steel properties) 

Process: 

After loading (or creating) the model define the FREE SIZE design variable for the 

design region using the “PLATE” property (defined 

in the model already) as the designable props. 

 

 

Note: It is a good procedure to save the HM database now with the optimization 

suffix. With it the user can always recover the analysis model for further studies. 

Define the FREE SIZE design parameters: set mindim to 4. 
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Note: It is recommended that MINDIM be at least 3 times, and no greater than 12 

times, the average element size. 

Although minimum member size control penalizes the formation of small members, 

results that contain members significantly under the prescribed minimum member 

size can still be obtained. This is because a small member in the structure can be very 

important to the load transmission and may not be removed by penalization. 

Minimum member size control functions more as a quality control than a quantity 

control. 

Define the first of two responses: weighted compliance using loadsteps Twist and 

Cant at a ratio of 1 and 2 respectively. 

 

Inside the response panel select the response type “weighted compliance” 
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give the response a name .... 

 

specify the respective weighting factors 

 

 
 

Define the second response as a volume fraction 

 

Create a constraint for the volume fraction response, setting the upper bound to 0.3. 

 

Define minimize the weighted compliance as the objective 

 

Eventually, we view the element thickness for the final iteration of the optimization. 
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To further postprocess the results from above, for instance, in order to derive the 

geometry of elements with a particular thickness we need to Run the *.HM.comp.cmf 

file in HyperMesh. This command file sorts elements into collectors based on their 

optimized thickness. The *.HM.comp.cmf file is available (actually it was created along 

with several other OptiStruct files) in your working directory. 
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HyperMesh Desktop will process the file and sort all of the elements from the existing 

model into new component collectors based on the final thickness in the last iteration 

of the optimization. New materials are also created which duplicate the existing 

material from which the optimized elements were sorted. 

From here you may simply display the elements of interest and run the elem2surf 

command in order to create the respective geometry. 

Optional: Create new properties of the appropriate thickness which correspond to the 

component thicknesses and rerun the analysis model 

 

15.1  Recommended Tutorials 

• OS-4070: Free-sizing Nonlinear Gap Optimization on an Airplane Wing Rib 

• OS-4090: Manufacturing Constraints in a Free-size Optimization of a Composite 

Structure  
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16   Shape Optimization 
In shape optimization, the outer boundary of the structure is modified to solve the 

optimization problem. Starting with a finite element model, a possible design is 

defined first by morphing the model, then by recording it as a set of node locations. 

The user can define one or more of these perturbations, as well creating combinations 

of multiple shapes, i.e. the shape of a structure is defined by the vector of nodal 

coordinates (x). The solver then modifies the node locations by scaling the shapes 

within the design space. Typical applications are fillet radii and other parameters that 

are traditionally modified by CAD designers. 

Shape optimization requires you to have knowledge of the kind of shape you would 

like to change in the structure. This may include finding the optimum shape to reduce 

stress concentrations to changing the cross-sections to meet specific design 

requirements. 

Therefore, you need to define the shape modifications and the nodal movements to 

reflect the shape changes. 

Example 

The shape of the joint is modified to satisfy stress constraints while minimizing mass. 

   

 

Morphing technology available in HyperMesh is used to create different shapes (here 

only 2 shapes out of 4 shapes are shown)... 
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Note how the von Mises stress “dropped” below 200 MPa after shape optimization 

(initial value 250 MPa). 

16.1   Morphing 
Shape variables are defined in OptiStruct in a way very similar to that of other shape 

optimization codes. The generation of the design variables is facilitated by the 

HyperMorph utility, which is part of the HyperMesh software. 

As morphing plays a major role in shape optimization, we provide a brief introduction 

into this technology first. 

HyperMorph contains a wide array of functionality for morphing the shape of FE 

models. HyperMorph utilizes six exclusive morphing entities; domains, handles, 

morph constraints, morph volumes, shapes, and symmetries. While all the entities 

and functions are fully compatible, and may be used in a complementary fashion, they 

can be divided into three basic approaches to morphing; the domains and handles 

concept, the morph volume concept, and the freehand concept. Each approach has 

its own strengths and weaknesses when dealing with the numerous applications of 

morphing and you are advised to gain a basic understanding of each approach so that 

you can decide which approach is best for your needs. 
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16.1.1   The Three Basic Approaches to Morphing 

1. The Domains and Handles Concept 

When using the domains and handles approach, the model is divided into domains. 

Handles are then used to control the domains shape. When the handles associated 

with a domain move, the shape of the domain changes, which in turn changes the 

positions of the nodes inside those domains. During the morphing process the mesh 

morphs in a logical way with nodes near the moving handles moving more and nodes 

near the stationary handles moving less. In the areas between the handles, the mesh 

is stretched or compressed to match the desired shape. 

 

The amount each node moves with respect to each handle is relative to an internally 

calculated influence coefficient. The process for calculating the influence coefficients 

is somewhat time consuming, but once they are calculated they can be stored and 

applied rapidly. Thus, when handles and domains are initially set up or edited, 

HyperMorph spends an amount of time (proportional to the size of the new domains) 

calculating the handle influences. However, when handles are moved to morph the 

model, no calculations are necessary and the actual morphing occurs quickly. The 

advantage of this approach is that it makes morphing an interactive process, even for 

large models. 
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The domains and handles approach is the most difficult approach to learn but it is also 

the most powerful. This approach is most useful for making detailed changes to any 

mesh (local domains) as well as general changes to space frame type meshes (global 

domains). 

 
 

2. The Morph Volume Concept 

This approach involves surrounding the mesh with one or more morph volumes, 

which are highly deformable six-sided prisms. A number of methods exist to create 

the morph volumes, including single and matrix creation as well as the interactive 

onscreen method. Morph volumes support tangency between adjoining edges and 

allow for multiple control points along their edges. Handles placed at the corners and 

along the edges of the morph volumes allow for the morphing of the morph volumes 

which in turn morphs the mesh inside the morph volumes. The morph volume 

approach is quick and intuitive and is most useful for making large scale changes to 

complex meshes. 
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Video About Morph Volumes (http://altair-2.wistia.com/medias/2ud9r290l5) 

The mesh is surrounded by morph volumes, which are deformable cuboids. All the 

elements/nodes inside a morph volume can change their location during a morphing 

step. The morph volumes can be split, combined and easily adapted to the shape of 

the numerical model. Between two adjacent morph volumes a tangency can be 

defined, which has a strong impact on the morphed mesh between those two morph 

volumes. 

 

By default, handles are defined at the corner of the cuboids. By moving the handles, 

all the nodes and elements in the corresponding morph volumes are moved in a 

smooth manner. 

The morph volume concept is quick, intuitive and very well suited for generating 

smooth shape changes for complex models. 

 

https://altair-2.wistia.com/medias/2ud9r290l5?wvideo=2ud9r290l5
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3. The Freehand Concept 

This approach involves morphing by moving the nodes directly without the need to 

create any HyperMesh morphing entities. You define the nodes which will move, the 

nodes which will stay fixed, and the affected elements, which manually allows for 

rapid changes to any mesh. You have great flexibility in how the moving nodes are 

moved, such as translation, rotation, and projection to geometry as well as using a 

tool to “sculpt” the mesh into the desired shape. You are also able to turn node 

manipulations made in any panel, such as scaling or node projection, into morphs 

using the record subpanel. The freehand approach is an ideal introduction to 

HyperMorph since it allows morphing without the creation of any HyperMesh 

morphing entities while employing the concepts of domains and handles. The 

freehand approach also allows for “customized” morphing, allowing you to do 

virtually any kind of morphing. 

 

Video - Introduction to Morphing (http://altair-2.wistia.com/medias/xycj10c4y2) 

16.1.2   Recommended Morphing Tutorials (included in the 

HyperWorks Help Documentation) 

HM-3510: Freehand Morphing 

HM-3520: Sculpting 

HM-3530: Changing a Curvature Using Map to Geometry 

HM-3540: Changing a Profile Using Map to Sections 

https://altair-2.wistia.com/medias/xycj10c4y2?wvideo=xycj10c4y2
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HM-3550: Morph Volume 

HM-3560: Basics of Domains and Handles 

HM-3570: Altering Cross-Sections Using Domains 

HM-3580: Morphing About an Axis Using Domains 

HM-3590: Morph Adhesive Layers 

HM-3600: Morph Tube to Different Configurations 

HM-3610: Shaping a Dome Using Cyclic Symmetry 

HM-3620: Shaping a Bead Using Cyclic Symmetry 

HM-3625: Morph a Symmetric Part onto a New Geometry 

HM-3630: Morphing with Shapes 

HM-3640: Interpolating Loads Using Shapes 

HM-3650: Creating Shapes Using Record 

HM-3660: Maintaining Area Using Constraints 

HM-3670: Positioning a Dummy Using Limiting Constraints 

HM-3680: Preserving a Shape Using Cluster Constraints 

HM-3690: Remeshing Domains After Morphing 

 

16.2   Responses 
The following responses are currently available as the objective or as constraint 

functions: 
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16.3   Setting Up Shape Optimization 

To create shape variables for an optimization run: 

1. Morph your model into the shape of the first shape variable. 

2. From the HyperMorph module, select the Morph panel. 

3. Select the save shape subpanel. 

4. Save your morph as a shape. 

5. Click undo all to return to your base model shape. 

6. Repeat steps 1 through 4 for each shape variable you want to create. 

7. From the optimization module, select the Shape panel. 

8. Set the toggle to multiple desvars. 

9. Select the shapes for which you want to create shape variables. 

10. Click create. 

A desvar for each shape is created with the initial value and bounds in the panel. Each 

desvar is given a unique name. 

11. Animate the shape variables: 

• Click undo morphing if you did not click undo all after saving the last shape. 

• Click animate. 

The Deformed panel displays, allowing you to view each shape variable by animating 

it. 

Once you have created shape variables for your shapes, you can set up the rest of 

your optimization problem within the optimization module. This will be explained in 

the examples provided below. 
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16.4   Recommended Tutorials 

OS-5000: 2D Shape Optimization of a Cantilever Beam 

OS-5010: Cantilever L-beam Shape Optimization 

OS-5020: Shape Optimization of a 3D Bracket Model using the Free-shape Method 

OS-5030: Buckling Optimization of a Structural Rail 

OS-5040: Shape Optimization of a Rail Joint 

OS-5050: Shape Optimization of a 4 Bar Linkage 

OS-5060: Shape Optimization of a 3D Model using the Free-shape Method with 

Manufacturing Constraints 

OS-5070: Fatigue Optimization of a Torque Control Arm 

OS-5080: Global Search Optimization 

OS-5090: Thermal Optimization on Aluminum Fins  
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17   Example: Shape 

Optimization of A Simple 

Bracket 
In the following example HyperMorph is used to manually create (=shape) a 

conceptual bead on the bracket shown below. This shape will then be used as the 

design variable in a shape optimization. The objective of the optimization is to 

improve the bending stiffness of the bracket using as little material as possible while 

the displacements at the tip of the bracket do not exceed a given threshold value 

(design constraint). 

It all starts with the base design: 

 

Standard values for steel (E, v) are used. Thickness of the sheet metal is chosen to be 

3 mm. The center node of the RBE2 elements (in red, left image) is constrained such 

that all DOF’s are “0”. A conceptual uniform load in negative z-direction is applied 

along the edge of the bracket. 

The displacement at the tip (base design) is 1.04 mm. 

How can the performance of the bracket be improved without adding more material, 

for instance by introducing a supporting rib, or by increasing its thickness etc.? 
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At that point it is important to understand, that shape optimization (in contrast to 

FREE shape optimization) requires user defined shape(s). Thus, you need to have an 

idea on how a better shape may look like. Then, in the optimization run the best 

dimension of the user specified shape is defined If you dislike this approach, because 

you need to start with your own concept then you may employ optimization 

techniques such as free shape, topography or even topology optimization (the latter 

carried out on a bulky / solid volume model). 

In the context of this example we “assume” that adding a bead will improve its 

performance. However, instead of going back to the CAD system to create a new 

geometry which includes a bead, the existing base design (FEM model) is modified 

directly by employing freehand morphing technology. 

Freehand morphing - “introducing” a bead in the bracket 

1. Starting the freehand morphing technology from within the main menu bar 

opens the panel shown below. 

Note, the functionality “sculpting” is activated 
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Freehand Morphing --> Sculpting 

2. The sculpting tool is chosen as “ball”. Its radius is set to 20 mm; offset (defines the 

penetration of the ball into the mesh) is set to 20 mm. Move direction of the “ball” is 

in normal direction of the plane defined through the nodes N1, N2, N3 (recall the right 

hand rule). 

 

For the sake of simplicity (and also since the model is small) all elements are selected 

as: “affected elements” 

“Tool path” is set to “interactive”. Click on the “interactive” panel to open up 

the panel from below 

 

3. Select the node along which the sculpting tool will be moved. Note that the tool 

“jumps” from selected node to selected node. Thus, in the area of the fillet each 

node should be selected. Otherwise the tool would simply take a shortcut across 

the fillet which would allow the tool to heavily penetrate the mesh. 
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4. Once morphing is completed, the shape (i.e. nodal locations) are saved as a shape. 

Here, the shape is called “bead”. 

 

Note, that depending on the relative shape changes elements may become distorted. 

This may be corrected by activating the automatic remeshing option available in the 

morphing panel, or by temporarily (!) deactivating the element check in OptiStruct. 

The automatic element check may be deactivated in the controls cards panel (Main 

menu-->Setup-->Create-->Control Cards): 

 

5. Now, you may start an analysis based on the new shape to see how it affects the 

model performance. 
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Displacements at The Edge Of The Bracket Are 0.5 mm 

Question: 

How should the bead look like (its dimension) if a maximum displacement of, for 

instance, 0.2 mm would be allowed? 

6. Shape Optimization Setup 

Naturally, we could setup something like: 

• design variable: previously created shape scaled by factor x 

• response: compliance 

• objective: minimize compliance 

The optimizer (most likely) would end up with employing the maximum bead size 

(initial shape scaled by factor x; factor x is defined in the “Shape Desvars” panel by 

specifying an upper and lower bound, respectively) 

In this example, we request OptiStruct to propose a bead shape (i.e. initial bead scaled 

by factor x) which meets the requirement that the displacement at the edge of the 

bracket is 0.2 mm. This is a different approach as 0.2 mm are set as a target and not 

a as a design constraint. 
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Design variable: 

 

Note that the initial shape of the bead can be scaled by upper and even reversed by 

the lower boundary option. 

Response(s): 

Displacement at the edge of the bracket (highlighted node in the image) 

 

The before mentioned requirement that the displacement after the optimization 

must be 0.2 mm can be addressed by a DSYSID definition (Design Objective for System 

Identification). 

In the response panel toggle “response type” which then changes the panel to:

 

In the Model Browser, edit this response (right mouse click) --> Card Edit 
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The Card image of the DSYS response is named DSYSID, and references RID(1) the 

displacement response and the load step SID(1). the target value is defined via T(1). 

From the HyperWorks Help Documentation 

If the DSYSID entry is referenced by a DESOBJ subcase entry, a least squares objective 

function is used in the optimization. The objective function is the sum of the squared, 

weighted, normalized differences between the target responses (T) and those 

calculated by the finite element analysis (F): 

 

From this definition it becomes evident that the objective of the optimization run will 

be to minimize the difference between the results of the Finite Element model and 

the target value (specified in the Card Image DSYSID. 

Thus, the objective is to minimize the response named dsys (id=2) 

 

Note: 

Request that shape and results are written into a single *_s1.h3d  file: 
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Optimized bracket design based on the user defined bead shape. 

 

Bracket with optimized bead to meet the displacement requirement of 0.2 mm at the highlighted node 

Example: 

As stated earlier shape optimization requires the input of likely shapes created by the 

user. In the course of this example we are going to look at the bracket again. This 

time, however, 2 different shapes will be used as design variable. 
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The tapered shape of the bracket can be created using the morphing --> domain 

functionality.

 

Just select the elements of the flange area to create a 2 D domain. 

 

The yellow bold nodes at the corners represent “handles”. 

Then, open up the morph-->alter dimensions panel and 
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select the handles located at the free edge of the bracket as “handle-end a” and 

“handle-end b”, Make sure the option “along a to b” is set and “hold middle”. 

The new distance between handle a and handle b after morphing is set to 50 mm. 

Then click “morph”. 

 

Save the new shape in the corresponding subpanel; in here this shape is named 

“width”. 

Looking at the new (suggested) shape of the bracket it becomes apparent that it will 

change the volume of the bracket, i.e. by applying the new shape the system becomes 

sensitive to the changes of the volume. 

Hence, the optimization set-up will be changed to: 

• design variable: previously created shapes scaled by factor x 

• response: displacement at node 1319, volume 

• design restriction: max. displacement at node 1319: 0.2 mm 

• objective: minimize volume 
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The optimization set-up should be rather straight forward as no new panels/functions 

are employed. 

Running the optimization, however, prompts an error message related to mesh 

quality.

 

Quite obviously, morphing (i.e. introducing a bead and changing the brackets width) 

in combination with the optimization constraints (max. allowed displacement of node 

1319) results in a seriously distorted mesh. 

 

Looking at the simple and conceptual bead created (morphed) before, it becomes 

quite apparent that its shape at the hinge/ corner of the bracket is not well 

pronounced. However, the bead was defined as a single shape which implies that 

changing the height of the bead in one place simultaneously increases its height in 

other areas, too. 
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As a consequence another bead was morphed into the hinge area as shown below. 

 
 

The three design variables are defined as: 

 

 

 

The optimization set-up includes now 3 design variables: 
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The additional shape can now be individually scaled during the optimization, allowing 

to create a more pronounced bead in the hinge area. 

In the outfile created by the optimization run we read: 

 

The design variable “bead” and “bead_cen” are at their upper bounds, respectively, 

whereas the design variable “width” only reaches 39% of its maximum value. 
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Optimized (Conceptual) Bead Shape Which Permits a Maximum Displacement of Node 1319 Of 0.2 mm. 



 

197 

18   Free Shape Optimization 

One of the problems associated with shape optimization is the need to define the 

shape perturbations beforehand. Free shape optimization avoids this by having the 

solver automatically move the boundary nodes within a certain distance specified. 

Free-shape optimization uses a proprietary optimization technique developed by 

Altair Engineering Inc., wherein the outer boundary of a structure is altered to meet 

with pre-defined objectives and constraints. The essential idea of free-shape 

optimization, and where it differs from other shape optimization techniques, is that 

the allowable movement of the outer boundary is automatically determined, thus 

relieving users of the burden of defining shape perturbations. 

Design regions are identified by the grids on the outer boundary of the structure (the 

edge of a shell structure or the surface of a solid structure). 

Free-shape optimization allows these design grids to move in one of two ways: 

1. For shell structures; grids move normal to the surface edge in the tangential plane. 

2. For solid structures; grids move normal to the surface. 

During free-shape optimization, the normal directions change with the change in 

shape of the structure, thus, for each iteration, the design grids move along the 

updated normals. 

Ideally, free-shape design regions should be selected where it can be assumed that 

the shape of the structure is most sensitive to the concerned responses. For example, 

it would be appropriate to select grids in a high stress region when the objective is to 

reduce stress. Free-shape design regions should be defined at different locations on 

the structure where it is desired for the shape to change independently. For solid 

structures, feature lines often define natural boundaries for free-shape design 

regions. Containing any feature lines inside a free-shape design region should be 

avoided unless the intention is to smooth the feature lines during an optimization. 
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Likewise for a shell structure, sharp corners should not be contained inside a free-

shape design region unless the intention is to smooth out such corners. 

A free-shape design region is defined on the curved edge of the plate by selecting the 

edge grids; the grids are free to move in the normal direction on the tangential plane. 

 

A free-shape design region is defined on a surface of the solid structure by selecting 

the face surface grids; the grids are free to move normal to the surface. 

 

18.1   Free-Shape Parameters 
The five parameters that affect the way in which the free-shape design region deforms 

are the direction type, the move factor, the number of layers for mesh smoothing, 

the maximum shrinkage, and the maximum growth 
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The maximum allowable movement in one iteration of the grids defining a free-shape 

design region is specified as: 

MVFACTOR* mesh_size 

where “mesh_size” is the average mesh size of the design region. The default value of 

MVFACTOR is 0.5. A smaller MVFACTOR will make free-shape optimization run slower 

but with more stability. Conversely, a larger MVFACTOR will make free-shape 

optimization run faster but with less stability. 
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Number of Layers for Mesh Smoothing 

With free-shape optimization, internal grids adjacent to those grids defining the 

design region are moved to avoid mesh distortion. The number of layers of grids to 

be included in the mesh smoothing buffer may be defined by the NSMOOTH field 

The default value of NSMOOTH is 10. A larger NSMOOTH will give a larger smoothing 

buffer, and consequently will work better in avoiding mesh distortion; however, it will 

result in a slower optimization. 

 

Maximum Shrinkage and Growth 

The maximum shrinkage and growth provide a simple way to limit the total amount 

of deformation of the free-shape design region. 

The design region is offset to form two barriers; MXSHRK is the offset in the shrinkage 

direction and MXGROW is the offset in the growth direction. The design region is then 

constrained to deform between these two barriers. 
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Please also check the HyperWorks Help Documentation for further details. 
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203 

19  Example - Free-Shape 

Optimization of A 

Compressor Bracket 
In this exercise, shape optimization on a solid model will be performed using the free-

shape optimization method along with manufacturing constraints, such as symmetry 

and mesh barrier constraints. The objective of this optimization is to reduce the stress 

by changing the geometry of the model. 

 

  Compressor Bracket. cyan - first order tetrahedral elements; red - rigids (RBE2 and RBE3, purple - barrier 

Objective: Minimize mass 

Constraint: Maximum von Mises stress of the joint < 62 MPa 

Design variables: Shape variables normal to the node set selected 

Model file: freeshape3d_mfg.hm 
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Create Free-Shape Design Variables (DSHAPE Cards) 

Activate “Free Shape Desvar” 

 

In the Create sub-panel, click on desvar=, and enter shape. 

 

 
Click on nodes and select “by sets”  

 

check the box next to shape_nodes click on select 

 

Free shapes will be created with respect to the highlighted nodes in the image below, 

i.e. these nodes will be moved within certain “limits”. The “limits” are defined next. 
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Click on the parameters subpanel and check the box for options and select the 

direction as grow, mvfactor at 0.5 and nsmooth as 10 and click update 

 

Convert the existing shell elements (its component collector is named “Barrier”) to a 

Barrier Mesh Face (BMFACE). Here to open up the “elements type” panel and update 

the corresponding elements to “BMFACE”. 
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The Card Image of the former Tria3 elements now reads as: 

 

Define the 1-Plane Symmetry Constraint 

The manufacturing constraint options for free-shape are: 

• Draw direction constraint 

In the casting process, cavities that are not open and lined up with the sliding 

direction of the die are not feasible. Draw direction constraints may be defined 

for the design region so that the optimized shape will allow the die to slide in a 

prescribed direction. Only a single die is considered for each design region, and 

non-design regions will not be considered for this constraint. 

• Extrusion constraint 

It is often desirable to produce a design with a constant cross-section along a 

given path, particularly in the case of parts manufactured by an extrusion process. 

By using extrusion manufacturing constraints with free-shape optimization, 

constant cross-section designs can be attained for solid models (regardless of the 

initial mesh, loads or boundary conditions). 

• Pattern grouping: 1-plane symmetry constraint 

The 1-plane symmetry constraints in free-shape will produce symmetric designs 

regardless of the initial mesh, boundary conditions or loads. The plane of 

symmetry is defined by specifying the anchor and the first nodes. The plane of 

symmetry will then be perpendicular to the vector from the anchor node to the 

first node and pass through the anchor node. 
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• Maximum growing/shrinking distance control 

GROW – grids cannot move inside of the initial part boundary. 

SHRINK – grids cannot move outside of the initial part boundary. 

BOTH – grids are unconstrained 

• Side constraint 

Similar to the maximum shrinkage and growth parameters, it is possible to limit 

the extent of the total deformation of the design region by way of side 

constraints. Side constraints allow the deformation space to be defined as a 

coordinate range; i.e. between (x1, y1, z1) and (x2, y2, z2). These ranges may be 

with reference to rectangular, cylindrical or spherical systems. 

• Mesh barrier constraint 

Aside from shrinkage and growth parameters and side constraints, a more general 

capability to limit the extent of the total deformation of the design region is 

available by way of defining a mesh barrier constraint. The mesh barrier is 

composed of special shell elements (BMFACE), and in order to keep 

computational effort to a minimum, as few elements as possible should be used 

in its definition. A mesh barrier will constrain the design boundary/surface to 

deform within the restricted design space and never penetrate the barrier. 

In here we will define the 1-plane symmetry constraint and mesh barrier constraint. 

1-Plane Symmetry Constraint 

Click on pattern grouping in the free shape panel and select the pattern type: 1-pln 

sym. 
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Anchor node is node id = 1, first node is node id= 2. Don’t miss to update the changes, 

i.e. the design variable. 

 

The normal of the symmetry points from node 2 to node 1  

Define the Mesh Barrier (Sidecon) Constraint 

 

Click on sidecon in the free shape panel, select desvar = shape (as above). As barrier 

mesh select component = barrier. Again, update the design variable once the 

selection is made. 

Define Responses for Optimization 

Which responses are needed at all? Just go the beginning of this exercise: 

Objective: Minimize mass 

Constraint: Maximum von Mises stress of the joint < 62 MPa 
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Thus, we need to define the responses “Mass” and “von “Mises Stress” 

 

 

 

Regarding the stress response only a small selection of elements (previously stored in 

a “set”) are of interest (see image below) 
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Next we define the Mass response. 

 

Define Constraints for Optimization 

 

 

The upper bound of stress constraint is set to 62 MPa. Also select the corresponding 

load step (previously defined). 
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Define the Objective Function 

 

 

The objective is - as stated earlier - to minimize mass. 

Note: Only displacement and stress results are available in the _s#.h3d file by default. 

In order to look at stress results on top of a shape change that was applied to the 

model in HyperView, a SHAPE card needs to be defined. 
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In the Control Cards panel select SHAPE, set format to h3d and both TYPE and OPTION 

to ALL. 

Now it’s time to launch the optimization run. 

Make sure and save the model as *hm file first. Then in the Analysis panel use the file 

extension *.fem. Set the run options to optimization. 
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View Shape Results 

We now postprocess the optimization results / run in HyperView. First, we look at the 

*_des.h3d file. In this file the design changes (per iteration) are stored. Make sure and 

select with the final (converged) iteration.  

 
Shape Changes After 16 Iteration (Final Iteration) 

 

 

The structural results such as displacements and stresses are stored in the file 

*_s16.h3d. (16 indicates the final iteration). 
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Von Mises Element Stress at Iteration 0 

 

Von Mises Element Stress at Iteration 16 (Final Iteration) 

As we activated the SHAPE parameter in the Controls panel we can display both, the 

optimized shape and the stress at the final iteration 16 in a single contour plot. 
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Von Mises Element Stress and Optimized Shape at Iteration 16 (Final Iteration). Elements in gray 

represent the barrier. 

 

 

Von Mises Element Stress Contour on Final Geometry (Final Iteration) 

 

Even though we stay below the stress limit in the region of interest, the question 

emerges: Is the design objective of minimizing the mass obtained? 
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Change of Mass Throughout the Optimization Run 

The graph above depicts that the mass even increases throughout the optimization. 

Can you explain why? 

Also, what about the design constraints (Hint - have a look at the corresponding *.out 

file)?
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20  Lattice Optimization 

20.1  Overview of the Contents 
1. What is a lattice structure? 

2. The idea 

3. What about the penalty factor? 

4. Why is it implemented in topology optimization? 

5. Optimization in two stages 

6. Tapered beam definition 

7. Is the second stage necessary? 

8. Lattice optimization panel 

9. Stress constraint definition 

20.2  What is a Lattice Structure? 
Imagine a crystal structure and a pattern of bonds connecting the atoms in a specific 

layout. Since the bonds in the material structure are not solid matter, let’s pretend 

the atoms are connected by cylindrical rods. Then forget about the atoms and leave 

out only the connecting rods (the rods have intersection points). Notice that a pattern 

is repeated in every space. This pattern we call the lattice cell and the whole structure 

of rods the lattice structure.  

20.3  The Idea 
The aim of applying the lattice structure optimization technique is to replace the 

elements of intermediate densities, which occur during classical topology 

optimization, with lattice cells. Each finite element with density value fitting into the 

specified bounds (Lower Bound ‘LB’ < x < Upper Bound ‘UB’) is suitable for such 

replacement. The elements with density values above UB are represented as fully 

dense material and the ones with values below LB are completely removed. We then 

have a more accurate solution since in the original topology optimization we transfer 

each element density into either 0 or 1 (we have to decide whether space should be 
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filled with material or not) and that can lead to quite a significant modification of the 

solver’s proposed solution. 

 

20.4  What can be the Application of such Lattice 

Structures? 
Lattice structures are currently the most accurate solution for representing the 

elements with intermediate densities. Since topology optimization results (without 

manufacturing constraints) usually generate shapes suitable only for additive 

manufacturing and given that 3D printers are easily capable of creating lattice 

structures also, it is hence an appropriate solution to apply lattice optimization in 

comparison with just topology optimization results for better accuracy and 

performance.  

20.5  What About the Penalty Factor? - Porosity 

Control 
Since in topology optimization intermediate density elements are limited due to 

penalty factor P (element densities are closer to 0 or 1) which equals to 2 or 3, in 

lattice optimization by default this parameter is 1.0. The penalty factor controls not 

only the intermediate densities, it also defines the stiffness of the topology element: 
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During Phase 1, a modified topology optimization is carried out to generate a structure 

with a range of intermediate densities (0.0 to 1.0). The density of a topology element is 

correlated to its stiffness using the following equation: 

𝐸 =  𝐸0𝜌𝑃 

Where, 

E - is the optimum stiffness of the topology element for the density ρ 

E0 - is the stiffness of the initial design space material (actual material data) 

ρ - is the density (or volume fraction) of a topology element 

P - is the penalty applied to the density to control the generation of intermediate 

density elements 

 

It has been investigated that properly estimated stiffness of the lattice structure 

occurs, when the equation is as follows: 

𝐸 =  𝐸0𝜌1,8 

Values of P lower than 1.8 create a situation where the actual stiffness of the lattice 

is smaller than the calculated one by means of this equation. 
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20.6  Optimization in Two Stages 
To perform a complete lattice optimization, it is recommended to follow two 

subsequent stages: 

1. The first one is a modification of classical topology optimization, where the 

elements with densities varying within certain bounds are replaced by lattice cells. 

In this way, it is possible to imitate more accurately the stiffness of the areas with 

intermediate densities. The lattice cells are modeled by OptiStruct with CBEAM 

tapered beam elements with circular cross sections, after the solver job is 

completed, <filename>_lattice.fem file is created, which contains the optimized 

model with lattice structures. The set up for the phase II is automatically 

generated. 

 

2. The second phase is basically a size optimization performed individually for each 

CBEAM. The file <filename>_lattice.fem must be imported, which contains a full 

readymade setup for the phase II. In this stage, all beams have their diameters 

adjusted so that they meet the design constraints directly. In the end, 

<filename>_lattice_optimized.fem is created, which allows us to view the results. 
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20.7  Tapered Beam Definition 

The tapered CBEAM is defined by two diameters at the nodes. Diameter A (DIM1(A)) 

is obtained from one node and diameter B (DIM1(B)) from the second node. They are 

generated in the file <filename>_lattice.fem during phase I. The radii of the beams are 

proportionally dependent on the density value assigned during the optimization 

process. 
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The beam elements have the property PBEAML and TYPE=ROD is automatically 

assigned for each element. The thickness of this tapered beam element can vary along 

its length and only circular cross-sections are available. The X(1)/XB field on the 

PBEAML entry is always set to 1.0 for tapered beam elements. 

For TYPE=ROD, if X(1)/XB is equal to 1.0, the DIM(1)A references the radius of the beam 

at end A and DIM(1)1 references the radius of the beam at end B. This element is a 

tapered beam formulation, and averaging is not used to determine the average radius 

of the beam. Instead, the true tapered beam formulation is used with the given 

dimensions. The true tapered beam formulation is only available for TYPE=ROD. 

20.8  Is The Second Stage Necessary? 
One might wonder why the proper optimum couldn’t be reached with just the phase 

I of the optimization. In fact, there is a critical reason why size optimization should be 

performed too. 



 

223 

Since in the phase I the lattice structure is only generated at the very end of the 

process, it is not possible to predict the real behavior of lattice structures by retaining 

responses after each iteration. In the phase I of the optimization, responses are 

retained regarding the element densities assigned after each iteration alone, like in 

the classical topology optimization. Therefore, the design constraints are met, but 

only for the solution of normal topology optimization. There are two significant losses 

of stiffness during lattice generation: 

• Elimination of elements with densities below LB cause some loss in stiffness 

(greater compliance, displacements, stresses) 

• The stiffness of the lattice is overestimated when the default penalty factor is 

used (P = 1.0) 

During the second stage design constraints can directly control the optimized model, 

since the actual lattice structure is being optimized. 

20.9  Lattice Optimization Panel 

Version 14.0 of HyperWorks and newer ones already provide a lattice optimization 

option in the panel area, Lattice optimization can be performed as an addition to 

classical topology optimization: panel analysis -> optimization -> topology -> lattice 

optimization. It should be remembered that lattice optimization exists only together 

with complete topology optimization definition (design variable, responses, 

constraints, objective…). After the activation of lattice optimization option following  

sub-options appear: 
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• lattice type – using this option it is possible to choose which type of lattice 

structure should be used to replace elements. However, it should be remembered 

that this parameter is sensitive to element configuration. By now, following types 

of lattice are available for CHEXA elements: 

LT = 1 LT = 2 LT = 3 LT = 4 

 

 CTETRA, CPYRA and CPENTA elements are on the other hand replaced with these 

patterns: 

 

 

• Lower bound – activation of this option allows one to manually control the 

element density threshold, below which elements are replaced with voids, 

• Upper bound – elements with densities higher than the specified value 

remain as solids 

• Stress value – use this option to apply stress constraints for the second phase 

(size optimization), this stress constraint is not active in the topology 

optimization stage. 

Next, you can access further controls for lattice optimization by clicking edit latparm. 

This opens the following panel: 

 

LT = 1 or 2; CTETRA CPYRA CPENTA 
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• CLEAN  - beam cleaning. This option applies to the end of phase II. It deletes 

beams with very small radii, since they are mostly unnecessary in the 

structure. By default, it is set to YES. To switch the beam cleaning off, NO must 

be chosen along with checking the checkbox next to the option.  

 

User can specify the critical beam diameter for beam cleaning manually by 

activating either MINRAD option to type in directly the diameter value or 

R2LRATIO to specify critical value of radius to length ratio (these options must 

be used when CLEAN box is checked) 

 

• LATLB – this option controls the lower bound of the element densities for 

beam removal during lattice generation. By default, USER is chosen, so the LB 

is specified by user in previous panel or, the default value is 0.1.  

 

However, as mentioned before, generation of lattice structure might cause 

significant loss of stiffness due to void generation and replacement of 

intermediate densities with lattice cells. To take control of that, user can set 

LATLB to AUTO.  

OptiStruct will then reanalyze the structure by assigning a very low stiffness value to 

the elements with density values below LB. The compliance performance of this 

reanalyzed structure is compared to the initial structure. If the percentage difference 

in performance is large, the LB value is decreased and the model is reanalyzed. This 

process is repeated until the difference in compliance performance falls below a 

certain threshold. Then the new LB value after the final iteration is used to generate 

the final lattice structure for Phase II. This process aims at generating a model that 
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allows for maximum CBEAM element removal and at the same time retaining 

reasonable model compliance performance. 

• CHECK option will perform single reanalysis, screen the obtained compliance 

difference, but it will not adjust the LB. 

• MAXRAD – controls the maximum radius of the beam during size 

optimization. It should be specified before phase I 

• MINRAD – when the CLEAN box is not checked, it works exactly like MAXRAD, 

but controls the minimum radius 

• OSSRMSH – when activated, turns on the OSSmooth to remesh the model 

during phase I, then elements are split into CTETRA, CPENTA or CPYRA. By 

additionally typing in a target element size the model can be remeshed to 

match this size. 

If the initial input file is called <filename>.fem, then <filename>_oss.fem and 

<filename>_oss_lattice.fem are created at the end of the first optimization 

stage. The <filename>_oss.fem file is used for the second optimization stage. 

 

• POROSITY – with this option the penalty factor P is controlled.  

o HIGH for P = 1.0 (default, highest number of intermediate densities 

and therefore lattice cells),  

o MED: P = 1.25,  

o LOW: P = 1.8 (smallest number of lattice cells).  

As remarked before, besides the amount of lattice cells, this parameter 

influences the stiffness estimation too. POROSITY = LOW uses the natural 

penalty factor of 1.8, so the stiffness is relatively accurate and the chance of 

feasible solution for phase II is greater. Note: for compliance minimization 

objective, it will result with a mostly solid structure. 

• STRMETH – PNORM (default) method is used to specify a stress constraint for 

phase II (stress constraint defined in lattice panel). This allows treatment of 
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the lattice structure as globally constrained, so that there is no individual 

constraint for each design variable (each node thickness).  

 

• TETSPLT - Turns on the splitting of all non-design or solid elements to 

Tetrahedral elements for further usage in 3D print software (this is performed 

during the second optimization stage). 

 

• BUCKSF – it might be activated if user defined buckling safety factor is needed 

for phase II. By default, one value somewhere between 0.5 (rigidly fixed 

beams at joints) and 1.0 (ideally hinged) is used. 

 

20.10  Proper Stress Constraint Definition 

In order to properly define the stress constraints for lattice optimization, one should 

be aware of two types of stress constraint definitions available. Besides the stress 

constraint available in the lattice panel (see the previous chapter), which is applied 

only to phase II, there is also a stress constraint in the topology design variable 

definition, since this latter constraint is commonly used for defining a global stress 

constraint (for design and non-design space), it can be applied for lattice optimization 

too. However, there are two issues, which the user must take care of: 

• It is active only during the phase I. During phase II stress constraint from the 

lattice panel is active. 

 

• Since responses and therefore the global stress constraint are retained for 

topology element densities, the (end generated) lattice structure in most 

cases will not meet these constraints. If stress is a critical constraint for the 

design, user should define slightly lower value of stress constraint for phase I, 

so that in the phase II the solver will achieve feasible solution with the actual 

stress constraint defined in the lattice panel. When POROSITY is set to HIGH 

(default), the initial stress for phase I should be a few times smaller than for 

phase II. 
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20.11  Size Optimization Input File Content 

The <filename>_lattice.fem file, besides the initial analysis setup, contains a few 

additional collectors: 

• Beam Section Collectors -> BEAMSECTCOL_1 – a collector containing all the 

individual lattice beam section definitions, each named 

auto_standardsection_x, where x is the number of sections. For each beam, 

there are two automatically generated beam sections, which are applied to 

the two ends of the beam. 

 

• Design variables – size optimization design variables are created for each 

joint of the lattice structure, since all the beams converging at one joint have 

the same diameter at these ends. Alternatively, such a design variable is called 

joint thickness. Definition of size design variable includes: 

 

o Initial Value (of the joint thickness) 

o Upper bound – maximum allowed value of joint thickness for phase II 

o Lower bound – by default equals  𝑼𝑩/𝟏𝟎𝟔 , of course it can be 

controlled with MINRAD and CLEAN options 

Each design variable is named DV.X, where X stands for a number 

representing specific joints.  

• Design Variable Property Relationships – automatically defined through 

generic relationship panel, available as a supplement to size design variable 

definition in analysis -> optimization -> size.  

 

This is a correlation between the design variable and the property of the 

beam. As can be deduced, such a relationship is created individually between 

each design variable representing one joint and each diameter of the beam 

connected to this joint. For each design variable, there are as many property 

relationships as there are beams converging in the joint. 
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The definition of each design variable to property relationship includes: 

o Property Type – it is always set to PBEAML, since the beams are 

tapered 

o Property Id – Id of the beam property  

o Property Name – to specify which diameter of this beam is related (A 

or B) 

o List of Design Variables – to specify which design variable (joint) is 

related with this beam (and its diameter) 

 

They are named DVPREL1_X, where X stands for a number representing each 

design variable to property relationship. 

 

• Objective – in case of compliance minimization in the first stage, objective for 

the size optimization is always set to minimize total volume (TOTVOL), 

therefore, if another objective is required, it must be defined manually. 

 

• Optimization Constraints are set as defined in the initial model setup 

 

• Optimization Controls: 

o optistruct_opticontrol – includes automatically defined move limit 

for the size optimization, which equals 0.2 

o optistruct_latprm – parameter LATTICE is set to YES – this parameter 

controls the stress constraint calculation (STRMETH), Euler buckling 

constraints (BUCKSF) and beam cleaning (CLEAN), which were 

defined in the initial set up 

 

• Optimization Responses: 

o TOTVOL - newly created response for the default objective is created 

o VMises – this response is created when the stress constraint for 

phase II was defined in the lattice panel, treats whole lattice structure 

at once 
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o VMises.1 – same as above, however treats the solid elements in the 

design space 

o The rest are the responses created in the initial model setup 

 

• Properties – defined as described in Tapered Beam Definition chapter 

(PBEAML property) 
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21  Example: Conceptual Design 

of A 3-Wheeler Motorbike 
Lattice optimization of the bike’s brake pedal  

Prepared by Gabriel Stankiewicz 

The following document provides a brief guide for lattice optimization of the concept 3-

wheeler Bike’s brake pedal. It does not contain a detailed explanation for some of the lattice 

structure parameters, for more information please refer to the HyperWorks Help Home 

documentation or the Optimization eBook, which contains a dedicated chapter for lattice 

optimization. 
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21.1  Topology Optimization Setup 

Since lattice optimization is simply an extension to “normal” topology optimization 

and is defined using the same design variable, first a setup for topology optimization 

must be done. In this model, this setup has already been done, a brief summary of it 

can be viewed below in the table. In the next steps, lattice parameters will be added 

by updating the already existing topology design variable. 

ID Design variable Topology optimization 

Manufacturing constraints 

Pattern grouping 1 pln symmetry YZ plane 

Responses 

1 Mass total 

2 Static displacement Magnitude node ID = 19279 

3 Static displacement Magnitude node ID = 19403 

Design constraints 

1 Response ID = 2 Displacement < 1 mm 

2 Response ID = 3 Displacement < 1 mm 

Objective 

Response = Mass Minimize 

 

21.2  Activating Lattice Optimization 
As mentioned before, lattice optimization is essentially an addition to topology 

optimization. Therefore, since the topology optimization is already defined we can 

start the setup for lattice optimization. 

• Go to analysis panel -> optimization -> topology -> update. Here click on 

review in order to activate the available design variable.  

• Activate lattice optimization panel by checking the box next to it. New 

options show up.  



 

233 

• As lattice type enter 1. There is only one available lattice cell layout for TETRA 

elements.  

• Next user can define the lower and upper bounds for element densities, 

within which the lattice structure should be generated. 

• Check the boxes next to bounds definition and type 0.1 for lower bound and 

0.7 for upper bound. By default, the lattice structure would be generated for 

all element densities. Value of 0.7 for upper bound was chosen in order to 

obtain more solids instead of lattice,  

• Stress constraint for the second phase of (size optimization) should equal 80 

MPa. 

• When everything is defined as on the picture below, click update. 

 

Brief explanation from the theory chapter: 

• Lower bound – activation of this option allows to manually control the 

element density threshold, below which elements are replaced with voids, 

• Upper bound – same as above, elements with densities higher that specified 

value remain as solids 

• Stress value – activate this option to apply stress constraint for the second 

phase (size optimization), this stress constraint is not active in the topology 

optimization stage. 

There are two significant losses of stiffness during lattice generation: 

• Elimination of elements with densities below LB cause some loss in stiffness 

(greater compliance, displacements, stresses) 

• The stiffness of the lattice is overestimated when the default penalty factor is 

used (P = 1.0) 
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21.3  Applying Stress Constraint for Topology 

Optimization Phase 

Since the stress constraint defined in the lattice optimization panel is active only 

during the second phase, we can more or less “introduce” the stress constraint for 

the first phase (topology optimization).  

Why more or less?  

Since in the phase I the lattice structure is only generated at the very end of the 

process, it is not possible to predict the real behavior of lattice structure by retaining 

responses after each iteration. In the phase I of the optimization responses are 

retained regarding only the element densities assigned after each iteration, like in the 

classical topology optimization. Therefore, the design constraints are met, but only for 

the solution of normal topology optimization. 

In order to properly define the stress constraints for lattice optimization, one should 

be aware of two types of stress constraints definitions available. Besides the stress 

constraint available in the lattice panel (see the previous chapter), which is applied 

only to phase II, there is also a stress constraint in the topology design variable 

definition. As it is commonly used for defining global stress constraint (for design and 

non-design space), it can be applied for lattice optimization too. However, there are 

two issues, of which user must take care of: 

• It is active only during the phase I. During phase II stress constraint from the 

lattice panel is active. 

 

• Since responses and therefore global stress constraint are retained for 

topology element densities, the (at the end generated) lattice structure in 

most cases will not meet these constraints. If stress is a critical constraint for 

the design, user should define slightly lower value of stress constraint for 

phase I, so that in the phase II the solver will achieve feasible solution with the 
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actual stress constraint defined in the lattice panel. When POROSITY is set to 

HIGH (default), the initial stress for phase I should be sometimes even a few 

times smaller than for phase II. 

 

Stress constraint for the phase I will be defined through parameters panel available 

through topology panel.  

• First, in order to make sure our design variable is being edited, click on review 

and select the design variable.  

• Turn on the stress constraint option and type in 60. This is a global stress 

constraint for both design and non-design space. 

• Additionally, minimum member size can be specified to omit unnecessary 

occurrences like single solid elements amongst lattice beams (it will increase 

computing time significantly !!) 

• Click on update. 

 

Now there are stress constraints defined for both phases. However, the value for 

topology optimization is smaller by 20 MPa, for the reasons mentioned before. 

21.4  Lattice Optimization Controls 

To define the parameters controlling the lattice optimization process, while being still 

in the topology design variable setup panel go to update -> review. Select the design 

variable and then select edit latparm-> Define the following: 

• CLEAN = YES. This is also automatically used option, so it is not necessary to 

activate it. However, when MINRAD option for beam cleaning is required, 

the box next to CLEAN must be checked. 
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• POROSITY = LOW. By default, HIGH option is used. LOW seems to be the 

best choice in this case, since it applies natural penalty factor for stiffness 

estimation. 

• STRMETH = PNORM is also active by default, therefore it can be left 

unchecked as well. 

 

Sometimes it is recommended to use LATLB = AUTO to automatically specify lower 

bound for lattice generation. However, in this particular case influence of this option 

was tested and it did not change the final results.  

When these parameters have been defined, update the design variable. 

• CLEAN  - beam cleaning. This option applies to the end of phase II. It deletes 

beams with very small radii, since they are mostly not necessary in the 

structure. By default, it is set to YES. To switch the beam cleaning off, NO must 

be chosen together with checked box.  

 

User can specify the critical beam diameter for beam cleaning manually by 

activating either MINRAD option to type in directly the diameter value or 

R2LRATIO to specify critical value of radius to length ratio (these options must 

be used when CLEAN box is checked) 

 

• POROSITY – within this option the penalty factor P is controlled.  

o HIGH stays for P = 1.0 (default, highest amount of intermediate 

densities and therefore lattice cells),  

o MED: P = 1.25,  

o LOW: P = 1.8 (smallest amount of lattice cells).  
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As remarked before, besides the amount of lattice cells, this parameter 

influences the stiffness estimation too. POROSITY = LOW uses the natural 

penalty factor of 1.8, so the stiffness is relatively accurate and the chance of 

feasible solution for phase II is greater. Note: for compliance minimization 

objective, it will result with mostly solid structure 

 

• STRMETH – PNORM (default) method is used for stress constraint for phase II 

(stress constraint defined in lattice panel). This allows treatment of the lattice 

structure as globally constrained, so that there is no individual constraint for 

each design variable (each node thickness).  

21.5  Running the First Stage of the Optimization 

When the model setup is done, run OptiStruct to perform the first stage of the 

optimization. When the solver achieves convergence and feasible design, a new file 

called <file name>_lattice.fem will be generated, which contains lattice structure.  

21.6  Setting Up Second Stage (Size) Optimization 

Next step for the lattice optimization is always setting up the size optimization with 

the automatically generated input file. For that, in a newly opened HyperMesh 

window import the <file_name>_lattice.fem file.  
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Review the input file contents for better understanding of the second stage 

optimization. 

The <filename>_lattice.fem file, besides the initial analysis setup, contains a few 

additional collectors: 

• Beam Section Collectors -> BEAMSECTCOL_1 – a collector containing all the 

individual lattice beams section definitions, each named 

auto_standardsection_x, where x is a number of section. For each beam, 

there are two automatically generated beam sections, which are applied to 

the two ends of the beam. 

 

• Design variables – size optimization design variables are created for each 

joint of the lattice structure, since all the beams converging at one joint have 

the same diameter at these ends. Alternatively, such design variable is called 

joint thickness. Definition of size design variable includes: 

 

o Initial Value (of the joint thickness) 

o Upper bound – maximum allowed value of joint thickness for phase II 

o Lower bound – by default equals  𝑼𝑩/𝟏𝟎𝟔 , of course it can be 

controlled with MINRAD and CLEAN options 

Each design variable is named DV.X, where is X stands for a number 

representing specific joint.  

• Design Variable Property Relationships – automatically defined through 

generic relationship panel, available as a supplement to size design variable 

definition in analysis -> optimization -> size.  

 

This is a correlation between the design variable and property of the beam 

that it should relate to. As can be deduced, such relationship is created 

individually between each design variable representing one joint and each 
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diameter of the beam connected to this joint. For each design variable, there 

are as many property relationships as many beams are converging in the joint. 

 

The definition of each design variable to property relationship includes: 

o Property Type – it is always set to PBEAML, since the beams are 

tapered 

o Property Id – beam property it is related to 

o Property Name – which diameter of this beam is related (A or B) 

o List of Design Variables – which design variable (joint) is related with 

this beam (and its diameter) 

 

They are named DVPREL1_X, where X stands for a number representing each 

design variable to property relationship. 

 

• Objective – objective for the size optimization will be set to minimize total 

volume (TOTVOL) in case of compliance minimization in the first stage, 

therefore, if another objective is required, it must be defined manually. 

 

• Optimization Constraints are set as defined in the initial model setup 

 

• Optimization Controls: 

o optistruct_opticontrol – includes automatically defined move limit 

for the size optimization, which equals 0.2 

o optistruct_latprm – parameter LATTICE is set to YES – this parameter 

controls the stress constraint calculation (STRMETH), Euler buckling 

constraints (BUCKSF) and beam cleaning (CLEAN), which were 

defined in the initial set up 

 

• Optimization Responses: 

o  TOTVOL - newly created response for the default objective 
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o VMises – this response is created when the stress constraint for phase 

II was defined in the lattice panel, treats whole lattice structure at 

once 

o VMises.1 – same as above, however treats the solid elements in the 

design space 

o The rest are the responses created in the initial model setup 

 

• Properties – defined as described in Tapered Beam Definition chapter 

(PBEAML property) 

 

In case the input file needs update (constraints and objective change), it can be 

performed within this model. When the model setup is checked, the second 

optimization can be started.  

• Start OptiStruct with default model setup. 

 

21.7  Check Analysis of the Lattice Model 
In order to check the actual strength parameters of the newly generated lattice 

structure model, user can (besides already started second stage of the optimization) 

start a simple static analysis. For that: 

• Save your file as .hm with different name, for example: 

<file_name>_lattice_ANALYSIS.hm,  

• Go to OptiStruct panel and change run options from optimization to 

analysis. 

This will perform static analysis of the lattice structure, using the load case already 

defined in the model.  
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As it is visible, the maximum displacement that occurs in the model is 1.08 mm. That 

means the loss of stiffness during lattice structure generation was not significant 

(displacement greater by 8%) thanks to the natural penalty factor of 1.8 (POROSTIY = 

LOW) and Upper Bound = 0.7. However, after the first phase the stresses are usually 

a few times overestimated, for that issue size optimization comes in handy, which 

performs local beam diameter changes to meet all the design constraints. 

 

21.8  Size (Second Stage) Optimization Results 

Before opening the model one thing in the output file should be noticed.  

 

 

As can be seen, 104 beams were deleted from the initial lattice, after they were 

assigned with diameter below cleaning threshold. Since in this case this is a relatively 
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small amount it does not influence our final design, but in some cases, when beams 

have their diameters decreased and therefore a large percentage of them are deleted, 

it leads to a critical decrease in component stiffness. Hence, it should always be 

investigated in the .out file.  

New lattice structure can be viewed by importing <file_name>_lattice_optimized.fem 

file into HyperMesh. The final structure is visible on the picture below (detailed beam 

representation). What can be noticed are much thicker beams in comparison to the 

initial ones, this is to meet specified stress constraints. 

 

 

 

 

 

 

 

 

 

 

 

 

 

21.9  Check Analysis After the Size Optimization 

Like in the previous case, static analysis should be performed to check the final 

structure performance. This is only to check element stresses, since in our case 

displacements are directly given in the out file (this is an actual result since the 

responses are retained directly from the lattice structure).  
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The analysis presented following results: 

 

As can be seen, all the design constraints were met thanks to the size optimization. 

 

21.10  Minimum Member Size Manufacturing 

Constraint Influence 

As probably noticed, the solution above ended up with an area of single solid 

elements surrounded by lattice structure. There is however a way to omit that. 

Minimum member size control may not be applied in the direct meaning of its 

function, but can help prevent the dispersion of solid element like in our model. 

Nevertheless, it must be kept in mind that this manufacturing constraint increases the 

size optimization time (in this case even 3 times longer simulation!). Below there is a 

comparison of solutions with and without minimum member size of 6 mm. 
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All the relevant parameters for the design are compared in the table: 

Parameter Units Without MINDIM With MINDIM 

Mass g 253,2  277,4 

Volume cm3 81,38 90,03 

Max. displacement mm 0,997 0,997 

Stress 3D MPa 76,79 78,18 

Stress 1D MPa 79,66 62,07 

CPU time  30:25 1:27:41 

Iterations  20 45 
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22  Multi-Model Optimization 

(MMO) 
 

22.1  What is MMO? 
Multi-Model Optimization (MMO) is available for optimization of multiple structures 

with common design variables in a single optimization run. 

The application of MMO takes place when a specific optimization problem needs to 

be considered in multiple cases: either different model configurations or just being a 

part of different assemblies etc. In other words, MMO comes in handy, when the 

optimization problem requires consideration of a few model set ups that would 

normally produce case specific results, not necessarily useful for other cases. 

Although different load steps can be included in a single optimization problem, one 

can even decide on a different mesh size, when MMO is applied.  

The key for setting up a MMO is a manually created master input file, which contains 

assignments to all necessary input solver decks. In that case, design variables, which 

are  

 

 

 

 

 

 

 

  

Master 
.fem file

Model2.fem . . . Model1.fem Model(n).fem
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assigned with the same ID number (design variables from different .fem files), are 

linked together so that solver seeks for common optimum.  

• One master process handles the optimization tasks 

• Slave processes handle the analysis and sensitivity analysis tasks for each 

model 

• Processes exchange design variables, responses and sensitivities 

 

A short example for better clarification of the MMO idea: 

Given two different configurations of a plate clamped at both ends we are looking for 

a common optimum of the shared part due to manufacturing requirements. 

Normally, these two plates would have been optimized separately, leading to 

independent optima. MMO allows us to link the design variables from both cases and 

enable OptiStruct to achieve common optimum for highlighted parts. 

 

 

 

22.2  Possible Applications 
Besides the application as in the example above, one can find below the most 

common applications of the MMO: 
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22.3  Key Requirements for MMO Setup 

• Local coordinate system for common design variable 

Since the models that are used for MMO can have their linked properties in different 

locations with respect to the global coordinate system, the solver requires an 

assignment of local coordinate system for the common design space in each model. 

The COORD in DTPL card is defined only through pattern repetition manufacturing 

constraint. Therefore, every single case must be specified as master pattern in design 

variable definition.  For more information regarding pattern repetition setup, please 

refer to HyperWorks Help documentation.  

• The same ID for common design variable 

Target design variable, that needs to be linked during MMO, must be assigned with 

the same identification number in each solver deck. One should always review 

whether ID numbers are correct in each model, otherwise OptiStruct will link incorrect 

properties. 
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22.4  Master Input File Definition 
As mentioned before, the master input file for OptiStruct must be created manually. 

The main command contains N lines of ASSIGN definition, where N is the number of 

used input decks. Each line consists of following elements: 

ASSIGN,MMO,<subcase_name>,<fem_file_name>.fem 

So, full definition of master input file looks as follows: 

ASSIGN,MMO,model1,model1.fem 

ASSIGN,MMO,model2,model2.fem 

: 

: 

ASSIGN,MMO,model(N),model(N).fem 

 

For instance, if two model setups are used for MMO, the first one we would like to 

name flat plate and the second bended plate, we will define following master .fem 

file: 

ASSIGN,MMO,flat_plate,flat_surface.fem 

ASSIGN,MMO,bended_plate,bended_surface.fem 

Besides the main input: 

 

The following entries are allowed in the Master deck: 

Control cards:  

SCREEN, DIAG/OSDIAG, DEBUG/OSDEBUG, TITLE, ASSIGN, RESPRINT, DESOBJ, 

DESGLB, REPGLB, MINMAX, MAXMIN, ANALYSIS, and LOADLIB 

Bulk data cards: 

DSCREEN, DOPTPRM (see section below), DRESP2, DRESP3, DOBJREF, DCONSTR, 

DCONADD, DREPORT, DREPADD, DEQATN, DTABLE, and PARAM 
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DOPTPRM parameters (these work from within the master deck – all other 

DOPTPRM’s should be specified in the slave): 

CHECKER, DDVOPT, DELSHP, DELSIZ, DELTOP, DESMAX, DISCRETE, OBJTOL, 

OPTMETH, and SHAPEOPT 

 

22.5  Run Parallelization 

Characteristic thing about Multi Model Optimization is that the solver carries out a 

few processes in parallel, in order to handle more than one input decks 

simultaneously. In addition, user is partly responsible for a proper set up of such a 

process. Therefore, understanding of the solver specifications for MMO is crucial. 

Below is a brief explanation of OptiStruct’s tasks management concepts that are 

applied in MMO. 

• SPMD (Hybrid Shared/Distributed Memory Parallelization) 

While performing MMO, solver splits the task over different hosts/domains. This is 

then called the SPMD method.  

Single Program, Multiple Data (SPMD) is a parallelization technique in computing that 

is employed to achieve faster results by splitting the program into multiple subsets 

and running them simultaneously on multiple processors/machines. SPMD typically 

implies running the same process or program on different machines (Nodes) with 

different input data for each individual task. In this section, discussion about SPMD 

typically includes the application of Shared Memory Parallelization (SMP) in 

conjunction with the MPI-based parallelization. Typically, this combination can be 

termed as Hybrid Shared/Distributed Memory Parallelization, and it will henceforth be 

referred to as SPMD. 

In case of OptiStruct, each model representing a single slave input deck is assigned to 

a single domain. Additional domain is used for the master deck. Therefore, always 

N+1 domains must be used for a MMO, where N stands for the number of single input 

file:///C:/HW2017/help/hwsolvers/shared_memory_parallelization.htm
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decks. In OptiStruct command line, defined as -np [n], where n is the number of 

parallel processes (n = N+1). 

• MPI (Message Passing Interface) 

In order to run SPMD OptiStruct, MPI (Message Passing Interface) runtime software 

is necessary. Within HyperWorks installation files, three MPIs are available for 

Windows, two for Linux platform. 

Application Version Supported 

Platforms 

MPI 

OptiStruct 

SPMD 
2017 

Linux 

(64-bit) 

IBM Platform MPI - 

Version 9.1.2  
(formerly  HP-MPI) 

(or) 

Intel MPI - Version 5.1.3 

(223) 

Windows 

(64-bit) 

IBM Platform MPI - 

Version 9.1.2 
(formerly HP-MPI)  

(or)  

Intel MPI - Version 5.1.3 

(or) 

Microsoft MPI - Version 

5.0.12435.6 

 

 

By default, Intel MPI is used in MMO, therefore -mpi option is not mandatory. 

However, when other MPI must be used, following options allow their activation: 

Option -mpi [MPI_TYPE] is used, where [MPI_TYPE] can be as following: 

o pl for IBM Platform-MPI (Formerly HP-MPI). 

o pl8 for IBM Platform-MPI 

o i  for Intel MPI 

o ms for MS-MPI 
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• SMP (Shared Memory Parallelization) 

In conjunction with SPMD, additional method that is applied within single domains 

(nodes) is called SMP. 

Shared Memory Parallelization (SMP) is a parallelization technique that incorporates 

the usage of multiple threads (or logical processors) in a node to solve problems. SMP 

involves the utilization of a Shared Memory paradigm wherein, multiple threads 

communicate with each other and use a single shared memory space. 

Multiple logical processors (CPUs) within one domain are activated through -nt [x] 

option, where x stands for the number of CPUs available in one node. 

22.6  Running OptiStruct SPMD 

Multi Model Optimization is defined through the solver script (or manager GUI) by 

adding controls: 

-mmo -mpi [MPI_TYPE] -np [N+1] 

As an input solver deck Master must be used. -mpi [MPI_TYPE] is not bolded, as this 

command is optional. 

Complete path: 

[optistruct@host1~]$ 

$ALTAIR_HOME/hwsolvers/scripts/optistruct.bat [INPUTDECK] 

[OS_ARGS] –mpi [MPI_TYPE] -mmo –np [n] 

To better understand the MMO definition, here is an example: 

 

In this case solver gets the following commands: 

• -out – output file is displayed on the screen 

• -mmo – run Multi Model Optimization 
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• -np 3 – use 3 domains (it means we use 2 models to find common optimum, 

1 domain is used for Master input deck) 

• -mpi pl – use IBM Platform-MPI 

• -nt 4 – share the tasks over 4 CPUs 

 

22.7  Supported Design Variables, Objectives and 

Constraints. 
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Objective formulation 

 Single objectives Global objective 

Setup 

User manually defines 

objective in each single 

model. MINMAX or 

MAXMIN objective is 

automatically created 

during MMO run. 

User manually defines 

objective in Master input deck 

file. Objectives are not defined 

within slave input decks. 

Formulation 
MINMAX[Objective(i)] or 

MAXMIN[Objective(i)] 

MIN or MAX referred to global 

DRESP2 or DRESP3 responses. 
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22.8  How to Define a Proper Objective Function 

(and Constraints)? 
There are two main ways to define objective function (and constraints), either by 

assigning them individually to each model or including a global objective in the master 

input deck. Since these two formulations give different results, user should be aware 

Where “i” is the number of 

individual objective 

functions 

Example 

Single objectives defined 

within each of three 

different models: 

• Min(mass1) 

• Min(mass2) 

• Min(mass3) 
Solver formulates following 

general objective: 

MINMAX(mass(i)] 

3 single input decks do not 

contain objective functions. 

In the master input deck, 

global response DRESP2 is 

defined as sum of 3 three 

masses of each model. 

DESOBJ is assigned to DRESP2 

ID. 

Application 
Mostly different 

configurations of the same 

model. 

Mostly different models with 

common designable part. 

Choice 

Decision whether to choose global or individual formulation of 

objective function depends on the actual aim of the 

optimization. Provided the need is to minimize the maximal 

occurrence (e.g. minimize the biggest displacement amongst 

multiple cases, because we optimize the same model but in 

different configurations), the choice will go to MINMAX 

formulation, hence, individual objectives should be created. 

On the other hand, if the MMO concern optimization of 

different models, that will exist simultaneously, but they share 

common designable part, choice will go to global formulation 

(e.g. minimize sum of all the masses). 
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of which way to choose. Hence, a comparison and conclusion on these two 

formulations are given in the table below.  

 

22.9  Setting Up MMO From Scratch – Two Plates 
In order to sum up above presented theory and make it consistent we will go through 

an MMO example setup: 

Two plates are modelled in different configurations. The first one consists of two parts 

which are directly connected. Bending force (distributed over 4 nodes - 250 N each - 

1000 N in total) is applied to one end of the plate, the second is clamped. The second 

one is a modification of the first one – additional curved plate (purple) is added 

between the two parts. Our goal is to topology optimize the plates in such a way, that 

the common parts (green and red) for both plates will be the same in the end (let’s 

say this is a manufacturing requirement).  

 

1)  Topology optimization setups 

Individual setup of these models is the same as for normal topology optimization. We 

should define: 

• Different properties for each part of the plates, so that it is possible to create 

separate design variables for them. 
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• Topology design variables for each property. 

• Mass and static displacement responses (total displacement applied to load 

node). 

• Design constraint for static displacement (0.5 mm for the straight plate, 1 mm 

for the curved one). 

• Objective: minimize mass. 

 

2) Matching DVs’ ID numbers 

Make sure the ID numbers of corresponding DVs are the same (e.g. ID = 1 for green 

parts, ID = 2 for red parts, ID = 3 for purple part) 

3)  Adding local coordinate systems 

Each common part should have the same local coordinate system in each single 

model, since they probably have different locations in space with respect to global 

coordinate system. Therefore, update every common DV in every model through the 

pattern repetition panel, so that they are defined as masters (option coordinates or 

system -> local system). 

4)  Export .fem files 

Create a folder location, in which you will save .fem files from single models and a 

master input file. Then export solver deck of each model to this location, define names 

as flat_surface.fem and bended_surface.fem. 

5)  Create master input deck file 

For more information please refer to: HyperWorks Help Documentation: HyperWorks 

Solvers -> OptiStruct -> Reference Guide -> Input Data: 

• Guidelines for Bulk Data Entries 

• Bulk Data Entries by Function -> DRESP2, DCONSTR 

• Subcase Information Entries by Function -> DESOBJ 

• I/O Options by Function -> DESGLB 
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Create a .txt file in the previously selected folder location. Name it MMO and change 

the extension to .fem. Open the text editor and write following entries. 

 

• Version A: Individual objectives and constraints 

 

• Version B: Global objective and individual constraints 

This time we will delete objective definitions from each model and export new 

versions as straight_surface_noobj.fem and curved_surface_noobj.fem.  

This time we define following master input deck file (named as MMO_globalobj.fem) 

 

DRESP2 - comment: In the bulk section, we created additional response DRESP2, 

which is a sum of masses of each model.  

First line, which we define on our own: DRESP2, ID = 500 (defined on our 

own), Name = MASS (define your name), operation = SUM (must contain valid 

command) 
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Second line, reference values: DRESPM contains reference to single mass 

responses from each model, ID of the response and name of the model 

defined in ASSIGN,MMO lines).  

DESOBJ – comment: referred to DRESP2 ID number. 

 

• Version C: Global objective and constraint 

Go back again to model setup in HyperMesh, delete the constraints for displacements. 

Export the .fem files as straight_surface_noobj_noconstr.fem and 

curved_surface_noobj_noconstr.fem.  

Create another master input deck file named MMO_global_obj_constr.fem. Type in 

the following: 
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DRESP2 – comment: Second DRESP2 entry was added, which contains sum of the 

displacement responses from each model.  

DCONSTR – comment: global constraint added, with own ID = 10, reference to DRESP2 

ID = 600, upper bound = 1.5 mm 

DESGLB – comment: as it is not possible to define DESSUB (constraint reference to 

specific subcase) in the master input for MMO, the constraint is assigned globally, i.e. 

it is subcase independent. 

 

6)  Run the MMO 

Now run the master input file through solver manager GUI with following controls: 

-mmo -np 3 

 

7)  Review and compare the results. 
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Appendix A 
 

Some FAQ’s About Optimization 
The following paragraph is taken from the HyperWorks Help Documentation. 

Some General FAQ’s 

• How Can I Follow the Iteration History While OptiStruct is Running? 

You can open the iteration history file *.hgdata using Altair HyperGraph (or 

HyperView) while OptiStruct is still running and create plots of the Objective, 

Constraints, and Design Variables against Iteration. Using the ‘Apply’ button on the 

Edit Curves panel, the view can be updated periodically. 

• How Do I Optimize an Aerospace Component for Cutouts as Well as Thickness? 

It is recommended to optimize for cutouts first through topology optimization, and 

subsequently for thickness, through free sizing. 

• What Is the Procedure for Restarting an OptiStruct Job? 

To restart an OptiStruct job, two files are needed: filename.fem (containing input 

data) and filename.sh (containing design variable information from the end of last 

complete iteration). 

Please refer to Restarting OptiStruct in the Running OptiStruct section of the 

documentation. 

• Is There a Way I Can Control the Step Size of the Optimization? 

You can change the move limits (the allowable change of the design variable in each 

iteration step) for the first iteration. The move limits are defined for each optimization 

type differently. The parameters are DELTOP, DELSHP, DELSIZ on the DOPTPRM 

statement. They can also be defined for size and shape variables on the DESVAR card. 
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In HyperMesh, use the “opti control” subpanel in the optimization panel on the 

Analysis page. 

• What Is the Difference Between Using Forces and Prescribed Displacements? 

In order to increase stiffness, minimize compliance should be used with forces and 

maximize compliance with prescribed displacements. 

The compliance is defined as: 

Compliance ~ Force · Displacement 

When prescribed displacements are used, the reaction force must be increased to 

increase the stiffness. This means that the compliance has to be maximized. 

In case the forces are given, a stiffer structure means having lower displacements. To 

achieve this goal, the compliance needs to be minimized. 

• How Can the Same Response from Different Loadsteps be Added Together? 

This can be achieved through the use of DEQATN, DRESP2, and DRESP1L cards. A 

DEQATN is defined to sum a number or responses. This DEQATN is referenced on a 

DRESP2 definition, which uses the DRESP1L continuation to select the same DRESP1 

response for a number of different subcases. 

Within HyperMesh, this can be achieved by first defining a “dequation”. Then, in the 

response panel, you select function as the response type, select the already-defined 

dequation, click edit, select Responses_by_loadstep from the available options, and 

select the same response for a number of different loadsteps. 

For example, consider a control arm with three loadsteps. The control arm consists of 

two components; one of which is designable. It is necessary to add the regional 

compliance of the designable component for three loadsteps together, and then 

minimize the resulting compliance. The constraint on the volume fraction is not to be 

more than 0.1. A section of the input file is shown below: 
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$ OBJECTIVES Data 

$$ 

$HMNAME OBJECTIVES 2objective 

$ 

DESOBJ(MIN)=5 

$$ 

DESGLB 9 

$$ 

$HMNAME LOADSTEPS 1brake 

$ 

SUBCASE 1 

SPC = 1 

LOAD = 2 

$ 

$HMNAME LOADSTEPS 2corner 

$ 

SUBCASE 2 

SPC = 1 

LOAD = 3 

$ 

$HMNAME LOADSTEPS 3pothole 

$ 

SUBCASE 3 

SPC = 1 

LOAD = 4 

$ 

BEGIN BULK 
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$HMNAME DESVARS 1topo_arm 

$TPL 1 0.0 0.0 1 1 14 

$ 

$ OPTIRESPONSES Data 

$ 

DRESP1 3 comp COMP PSOLID 14 

DRESP2 5 wcomp 1 

+ DRESP1L 3 1 3 2 3 3 

DRESP1 9 vol VOLFRAC 

$ 

$HMNAME DEQUATIONS 1eq1 

$ 

DEQATN 1 f(a,b,c)=a+b+c 

$ 

$ OPTICONSTRAINTS Data 

$$ 

$HMNAME OPTICONSTRAINTS 8vol 

$ 

DCONSTR 8 9 0.1 

DCONADD 9 8 

Some FAQ’s About Topology Optimization 

• Can I Use the Global Stress Constraint During a Topology Optimization If I Have a 

Mass/Volume Constraint? 

It is not recommended to use the global stress constraint along with a mass/volume 

constraint. The constrained mass/volume may not allow the stress constraint to be 

satisfied 
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• Why Are There Regions in The Model That Violate the Stress Target After Running 

a Topology Optimization Using a Global Stress Constraint? 

The stress constraint definition in a topology optimization is a global constraint and 

does not target local stress concentrations. These areas can be addressed 

subsequently through size, shape, and free shape optimization or a combination 

thereof. Artificial stress concentrations are filtered out during topology optimization 

with stress constraints. These include regions around rigid connections, 

concentrations due to hard geometric features such as corners, etc. 

• Why Do Topology Optimizations with Global Stress Constraints Not Always 

Produce a Meaningful Result? 

Stress constraints may not work well in a model where there is a large differential in 

response values between design and nondesign spaces. In these cases, it is 

recommended to modify the problem formulation to say, compliance based for 

example 

• After Running a Topology Optimization for a Component with Four Mounting 

Locations, What Does It Mean When No Load Path Extends to One of the Mounting 

Locations? 

The reason is that the particular non design part (mounting location) is not needed 

for the optimal load transfer. If there is a connection to adjacent parts, there should 

be some loads. Loads will ensure that the region will not be disconnected from the 

design space. 

• Are There Any Requirements on Mesh Size for Topology Optimization? 

The density method used for topology optimization is mesh-dependent. It also causes 

checkerboarding (density value changing rapidly between elements). Models with 

second order elements do not show this behavior and use of minimum member size 

constraint treats the checkerboarding issue 

• What Is the Difference Between Volumefrac Response and Volume Response? 

Volumefrac response is the material fraction of the designable material volume. The 

volume response is the total volume, which includes design and non-design volume. 
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• Is Minimizing Mass Identical to Minimizing Volume in OptiStruct? 

Both formulations are identical as long as the same density is used for all materials in 

the model. When minimizing the volume, the density value in the material card does 

not have to be given. 

If different densities exist in the design and the non-design space, then the 

optimization result may be different for minimizing mass and minimizing volume. 

In a case where the design mass and the non-design mass are almost identical, but 

the design volume is much smaller than the non-design volume (Vdesign << Vnon-

design), minimizing mass will give better results. 

On the other hand, when the design volume and the non-design volume are almost 

identical, but the design mass is much smaller than the non-design mass (rdesign << 

rnon-design), minimizing volume will yield better results 

• Is it Possible to Obtain Rib Pattern Information on Shell Models Using Topology 

Optimization? 

Yes, but in order to do this, you must define the topology optimization problem 

differently. Instead of defining the complete thickness of the shell element as 

designable, a core non-designable thickness, T0, must be provided in addition to a 

maximum thickness, T, which includes the core thickness and a designable region 

(where the ribs can be grown). The topology optimization can then be performed as 

usual. 

The rib patterns can be interpreted by visualization of the density contour plots. 

Wherever the density values reach 1.0, a rib with the height of the -core plus the 

designable thickness is needed. Where the density values go to 0.0, no rib is required 

and 

it just retains the core thickness 
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Example: 

Component minimum core thickness: 1.5 mm, max thickness with ribs: 3.5 mm 

The thickness on the PSHELL card is set to 3.5 mm and T0 on the DTPL card is set to 

1.5. 

This can lead to 2 mm high ribs (max). 

Note: T0 is the mid-layer thickness. Ribs are placed within [ (T0/2) + (T/2) ] 

and [ (-T0/2) - (T/2) ] about the shell model, (i.e. the shell model coincides with the 

mid-plane of the elements). 

Since shell elements are being used, the aspect ratio has to be taken into account. Do 

not let the expected thickness be greater than the in-plane dimensions of the 

elements. 

• What is the Difference Between Specifying a Constraint on the Designable Volume 

and Minimizing the Designable Volume? 

In the first method, you can tell OptiStruct to use only a certain fraction of the 

designable volume (i.e. constraining the volume). OptiStruct will redistribute and 

reorient the amount of the material within the design domain while optimizing the 

objective function and satisfying any other constraints specified. 
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In the second method, you can choose their objective to minimize the volume. Here, 

OptiStruct will minimize the volume to arrive at a final topology that satisfies other 

constraints. 

• What is the Initial Value of Material Fraction at the Beginning of an Optimization 

Run (Iteration 0)? 

If the objective of the design problem is to minimize volume response or mass 

response, the initial material fraction will be set to 0.9 by default. If a mass or volume 

constraint is used in the design problem, the initial material fraction will be the value 

corresponding to the value defined on the constraint. When mass or volume response 

is not being used to define the objective or the constraint, the material fraction will 

default to 0.6 at iteration 0. 

• The Results of Iteration 0 in an Attempted Topology Optimization are Different 

from the Results of a Run with Analysis. What Is Wrong? 

Nothing is wrong. You have defined a design space for your topology optimization. In 

an analysis-only run, the density of the design space is set to 1.0. In the first iteration 

of the topology optimization, the density of the design space is less than 1.0, unless 

you have expressly set the MATINIT value, defined on the DOPTPRM bulk data entry, 

to 1.0. Therefore, in the first iteration, the structure appears to be not as stiff as in an 

analysis-only run. 

For topology optimization runs with mass (volume) as the objective, the default for 

MATINIT is 0.9. For runs with constrained mass (volume), the default is reset to the 

constraint value. If mass (volume) is not the objective function and is not constrained, 

the default is 0.6. 

To perform an analysis only run with the modal parameters set to the values that will 

be used for the first optimization iteration, do not use the ANALYSIS command, and 

set MAXITER = 0. 
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• Can I Use Stress Constraints with Topology or Free-Size Optimization? 

Von Mises stress constraints may be defined for topology and free-size optimization 

through the STRESS optional continuation line on the DTPL or the DSIZE card. There 

are a number of restrictions with this constraint: 

The definition of stress constraints is limited to a single von Mises permissible stress. 

The phenomenon of singular topology is pronounced when different materials with 

different permissible stresses exist in a structure. Singular topology refers to the 

problem associated with the conditional nature of stress constraints, i.e. the stress 

constraint of an element disappears when the element vanishes. This creates another 

problem in that a huge number of reduced problems exist with solutions that cannot 

usually be found by a gradient-based optimizer in the full design space. 

Stress constraints for a partial domain of the structure are not allowed because they 

often create an ill-posed optimization problem since elimination of the partial domain 

would remove all stress constraints. Consequently, the stress constraint applies to the 

entire model when active, including both design and non-design regions, and stress 

constraint settings must be identical for all DSIZE and DTPL cards. 

The capability has built-in intelligence to filter out artificial stress concentrations 

around point loads and point boundary conditions. Stress concentrations due to 

boundary geometry are also filtered to some extent as they can be improved more 

effectively with local shape optimization 

Due to the large number of elements with active stress constraints, no element stress 

report is given in the table of retained constraints in the .out file. The iterative history 

of the stress state of the model can be viewed in HyperView or HyperMesh. 

Stress constraints do not apply to 1D elements 

• Can I Use Buckling Constraints on a Topology or Free-Size Optimization? 

There are several barriers for buckling constraints in topology optimization: 
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Buckling constraints are conditional, similar to stress constraints (see Can I use stress 

constraints with topology or free-size optimization?). Structural instability does not 

exist when structural parts vanish. This results in the phenomenon of “singular 

topology,” where sudden changes of the feasible design domain occur when the 

density of a design element approaches zero. Gradient based optimization algorithms 

cannot overcome this barrier. For example, structural stability might be most critical 

around an opening in a panel. Instead of removing material from the boundary to 

improve the shape of the opening, the optimization process usually tends to try to 

add material to the boundary to improve the stability. This prevents the finding of 

more meaningful topology and shape. 

Although low density material might have very little impact to structural stiffness, it 

can significantly impact the buckling load limits; often times a small amount of lateral 

support can significantly improve structural stability 

Buckling modes in vanishing areas (low density zones) have no implication to the 

structural integrity. How to effectively filter out these buckling modes remains 

another challenging task for buckling constraints. 

Because of the above reasons, for the time being, reasonable success can only be 

expected for one class of design problems -- shell structures with non-zero base 

thickness. 

Some FAQ’s About Topography Optimization 

• Can Volume or Mass Be Defined as A Response for Topography Optimization? 

The sensitivities of volume are so low for topography optimization that they do not 

make a significant contribution toward the optimization. It is recommended that 

using both volume and mass as responses be avoided. 

• Can I Combine Various Optimization Types (Size with Shape And/Or Topography)? 

Yes, any type of combined optimization can be performed with OptiStruct. It is 

recommended, however, that different types of optimization be performed 
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separately first. This will help you understand the performance of the structure with 

different kinds of optimization before attempting a combined optimization. 

To set up an optimization problem using more than one optimization type, access the 

optimization panel and choose the subpanels for the optimization types to be 

performed (topology, topography, size and/or shape). If more than one subpanel is 

chosen in the optimization panel, (both topology and topography, for example) 

OptiStruct will automatically perform the combined optimization. 

Some FAQ’s About Shape/Free Shape Optimization 

• How Can I Avoid Run Termination Due to Elements with Negative Jacobian During 

Free Shape Optimization? 

It is not unusual to encounter elements with negative jacobian while running a free 

shape optimization. Some ways to minimize the possibility of this failure are: 

When defining free shape variables on a solid face that includes an edge, it is 

recommended to create two separate variables, as opposed to a single variable 

including all grids. The two variables defined will include the two surfaces on either 

side of the edge. Nodes along the edge can be shared by the two variables 

- Improve mesh quality before starting the optimization 

- Increase NSMOOTH value in the free shape definition 

- Modify the design space limits 

- Use the ‘optimized for accuracy’ smoothing method 
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Appendix B 
 

Structural Optimization Background 
This chapter is written by Professor Axel Schumacher* based on the Springer book 

“Optimierung mechanischer Strukturen” from 2013 in German language. The author 

thanks Sandra Richertzhagen, who has supported the work. 

 

Using Structural Optimization Tools 

Optimization tools integrate calculation programs (most finite elements programs) 

and improve based on the calculation results the design. Besides, the following task 

formulation is typical (Schumacher 2013; Schumacher, Schramm, Zhou 2014): 

1. Minimize the weight of a carrying structure, so that the allowed tensions and a 

certain distortion are not crossed. 

2. Maximize the first natural frequency, so that the weight is identical to the initial 

design and higher natural frequencies are not reduced. 

For structural optimization one needs a model of the mechanical behavior. This 

model, below called analysis model, is a central component of the optimization 

process. Only with a verified analysis model an optimization calculation will be 

successful. The structural analysis can be based on different methods. For easy 

problem definitions analytic approaches are enough. Generally numerical methods 

are used, as for example the method of the finite elements. However, an analysis 

model can also exist of an approximation built up from available data points. 

 

 

*Prof. Dr.-Ing. Axel Schumacher, University of Wuppertal, Faculty D, Mechanical 

Engineering, Chair for Optimization of Mechanical Structures, Gaussstr. 20, D-42119 

Wuppertal, Germany, www.oms.uni-wuppertal.de
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In general speaking, it is the aim of the structural optimization to improve the 

component behavior concerning the given requirements. The definition of these 

requirements is the first assignment by a structural optimization. The questions are: 

• What is the objective of the optimization? Is it possible to define for the objective 

functions, depending on the influence parameters, the so-called design variables? 

• Which additional constraints (restrictions) can be defined? Are these constraints 

also dependent on the design variables? 

The second task is the definition of the design variable. Here the following questions 

are important: 

• Which dimensions in the analysis model of the component can be changed? 

• From which dimensions can which influence on the construction element 

behavior be expected? 

Construction of an Optimization Procedure 

Core of the procedure is the coupling of the analysis model with an optimization 

algorithm which changes the design variables in that way, that the component 

behavior is improved. In Figure 1 a simple optimization process is outlined. With the 

values of the design variable from the start design the assignment is analyzed and 

evaluated. The optimization algorithm improves the component. The outlined loop 

has to be gone through again and again until the optimum is reached.   
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The optimization of structural components requires a modular architecture of 

optimization program systems in which different analysis models can be integrated. 

The used optimization procedures must cope to the aimed treatment of component 

designs in teams (e.g. in automotive designs: team 1 for the static dimensioning and 

team 2 for the crash development). Moreover, is to be considered that the works 

occur on different itemization levels. For example, other aims are pursued at the level 

of the concept determination than at the level of the detailed optimization of 

components. These partly conflicting aims are parts of a good optimization process. 

With the help of mathematical optimization algorithms the process of the structural 

improvement should be arranged more effectively. Beside the rise of the 

effectiveness we will come to the results which we would not reach „from hand“. The 

tasks apply from the optimum determination of wall thickness up to the generation 

of new design concepts. Nevertheless, it is fanciful to want to carry out, for example, 

the complete development process of a vehicle with one mathematical optimization 

system. However, mathematical optimization procedures should be an aid for the 

everyday work of the engineers. 
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Classification of The Structural Optimization Tasks 

Structural optimization tasks are divided in the kind of the design variables, because 

afterwards also the applied solution strategies are to be selected (Schmidt and Mallet, 

in 1963) (Figure 2): 

•Dimensioning: Wall thickness and cross section are the easiest design variables. 

•Shape optimization: The design variables describe the shape of the component 

boundary. The geometry of the construction element can be changed. Besides, the 

bringing in of new structural elements like cavities and braces is excluded. 

•Topology optimization: The design variables describe the layout of structural 

elements. 

•Choice of the material behavior (e.g., steel, aluminum, magnesium, composites) 

•Choice of the construction method: It is to be decided whether, e.g., a full wall 

bearer, a truss-like structure or a composite structure should be used. 
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Production of Specification Lists 

The optimization task has to be very exactly defined. The aid to the definition is the 

specification list. It should contain the available possibilities for the change of the 

structure (design variable), the requirements for the component (objective and 

restriction functions) and the load cases to be considered. The specification list has to 

be constructed by all involved functional departments (disciplines). If one or several 

requirements lack in the specification list, we can assume from the fact that an 

optimization algorithm finds an optimum design which does not fulfil these 

requirements. This is valid for constraint functions and load cases equally. 

Details to The Analysis Model 

The information of the specification list act among other things for the production of 

the analysis model. Generally, we deal with analysis models, whose results investigate 

only for single designs. To be able to feel the design space, the analysis model must 

be automatically changeable. This change is steered on the input side with the design 

variables. On the expenditure side the numerical values with which the objective and 

constraint functions are to be evaluated must be able to be selected. The input and 

output of the analysis model occur with variable figures, the parameters. If this is not 

possible directly, the analysis model must become parameterized, i.e. the analysis 

model must be constructed in such a way that it can be steered with parameters. Only 

in this way a universally working optimization algorithm can be applied to special 

tasks. 

The analysis model contains generally a finite elements model. Eventually additional 

programs, as for example to integrate procedures to the flow calculation, to the 

durability calculation or for the production simulation, have to be integrated. 

Moreover, the material behavior and load cases are to be determined (which load 

cases are to be considered? How have these load cases to be combined?). 

The software manufacturers have integrated simple procedures into the finite 

elements programs for the simulation of the different additional effects (e.g., 

acoustics and aeroelasticity) with which the interaction of these effects is described 

with the structural mechanics. If more exact procedures are necessary, however (e.g., 



 

278 

to the flow calculation) or procedures are required which are not coupled yet 

normally, the user must carry out the coupling of the procedures himself what can be 

very complex. 

Usual Goal and Constraint Functions 

All requirements which a product must fulfil are also to be considered in the 

optimization process. Moreover, the requirements must be parameterized and be 

compared with the also parametric structural response. For the requirement “The 

maximum stress in the component have to be up to 100 N/mm2”, all stresses must be 

evaluated in the component and the highest stress value must be compared with the 

stress limit. The parameterization of the requirement is still very simple with this 

example. It becomes more difficult with requirements like appearance, haptic or 

acoustic properties. If, e.g., acoustic requirements, like “not immediately disturbing”, 

have to be considered, these requirements must be described by physical dimensions. 

The parameterizations of subjective assessments are sometimes based on 

experience, sometimes we need survey studies in the field. 

In the simplest case a goal or constraint function corresponds directly to a certain 

parameter in the output file of the simulation program. However, this is rather rare. 

Generally, the output must be processed with additional routines. 

If requirements for the structure can be described as a function value of a domain 

integral, even this function value must be considered in the optimization for this 

requirement. This has a beneficial effect for a good optimization run. Therefore, 

particular importance comes up to these domain integrals. Therefore, they are briefly 

described here. 

For components from the aviation or the car construction the mass has a very 

important meaning. With a constant density the mass correlates with the simplest 

domain integral, the volume of the component: 

                                                                                                                                

(1) 
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Local Failure Criteria 

Failure criteria in the form of strength hypotheses have besides criteria from the 

fracture mechanics (Hahn, in 1976; Gross, in 1992) still great importance to the 

component interpretation, because they are simply to be applied. For the 

determination of the strain, the multi-axial state of stress is reduced with certain 

hypotheses to an equivalent stress and this is compared to measured material 

properties from an attempt with uniaxial state of stress. With ductile materials the v. 

Mises shape alteration hypothesis (v. Mises, in 1913) 

 

with the main stress σ1, σ2 and σ3 has prevailed. With brittle materials still the normal 

stress hypothesis σv = σ1 with the biggest main stress σ1 is often used. Because these 

hypotheses is sometimes far away from the real material behavior, several 

hypotheses were developed (Sauter and Wingerten, in 1990). 

The maximum equivalent stress in the component can be considered by a function in 

the form 

 

The use of this function can lead to the fact that in the course of the optimization 

process the position of the stress maximum jumps. In such a case it can occur that the 

optimization process leads to no clear result. This problem can be overcome, while 

the function G is transferred in a domain integral over the component volume Ω 

(Dems, in 1991): 

 

with the allowed stress value in the component σ0, which can be determined 

according to the kind of the demand from the yield strength, the critical stress 

(2) 

(3) 

(4) 
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intensity factor, etc. This is evaluated in the optimization functional . With n>1 local 

high stresses are stronger weighted, so that the consideration of a stress constraint 

can be guaranteed better. 

“Mean” Compliance 

We recognize the mean compliance as the integral over the product from the 

boundary stress or the volume forces and the corresponding displacements. To the 

description of vectors in this chapter the index spelling and the summation 

convention is used from EINSTEIN. For a component with the given boundary stresses

 and boundary displacements  (Figure 3) the mean 

compliance is: 

  

and f 
i are the volume forces. 

 

The mean compliance can be described by the overall potential Π or by the overall 

complementary potential Π*, and it is valid for linear-elastic material behavior 

(Eschenauer and Schnell, in 1993): 

(5) 
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are the specific strain energy and the specific complementary energy. A minimization 

of the mean compliance is therefore synonymous for a rise of the overall potential or 

a reduction of the overall complementary potential. If no volume forces appear in the 

component and the given movements are on Γv identically zero, a problem can be led 

back to the minimization of the compliance on the minimization of the 

complementary energy. As in the equations (6) and (7) visible, the consideration of 

the medium compliance also corresponds to a consideration of the stress state in the 

component. For a component with one single load point the consideration of the local 

movement of this point is in load direction synonymous with the consideration of the 

deformation or complementary energy of the whole structure (Figure 4a): 

 

In case of two forces the relation is as follows (Figure 4b): 
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Mathematical Background 

What Is Optimization? A Simple Example 

The basic concepts of the mathematical optimization should be explained at a simple 

example. 

It concerns the following task: A container open on top (see Figure 5) with square base 

should be produced from a metal. The question is, how must height (h) and side 

length of the base (a) be calculated, so that the container has a maximum volume 

with a metal demand of 2 m²? 

The volume and the container surface calculate itself from: 

 

The first optimization task is with x = a (design variables are called with x): 

 

 

Moreover, one can derive the function twice. The first derivation is set equal to zero 

(necessary conditions) and with the second derivation is checked whether it concerns 

a minimum or a maximum (sufficiency conditions): 
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Now it is still necessary to define the scope in such a way that no negative side lengths 

appear. With it the maximum of V is reached with x* = a* = 0.8165 m and h* = 0.4082 

m (V* = 0,272 m3). The optimum points are always signed with a star. 

Constraints are still often to be considered. Figure 6 shows the optimization task if 

different constraints must be considered. 

constraint g1(x): x ≤ x → x - x ≤ 0→ g1(x) ≤ 0 

 

The inequality constraint g1(x) splits the solution space in a feasible one and an 

unfeasible area. On the left in the picture the constraint has no influence on the 

optimum, while on the right in the picture the constraint is active, i.e. the optimum 

lies on the constraint border. 

At this point the derivation is not any more equal to zero. For the proof of the 

existence of an optimum in a constraint there are the enlarged conditions. 

The inequality constraint g2(x) limits the goal function and generates two feasible 

areas with an optimum. These optima lie on the constraint border. The equality 
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constraint h(x) admits only two values which are also the optima. Other cases are 

given if different constraints must be considered at the same time. Also, it is 

conceivable that a problem definition is over-constraint, so that no solution exists. 

Formulation of The Optimization Problem 

In general the optimization task consists in minimizing the objective function 

depending on the vector of the design variable 

min f(x)  goal function (objective function)                                                                        (8) 

and to keep, besides, the following restrictions: 

gj(x)≤ 0 j = 1,mg inequality constraints 

hk (x) = 0 k = 1,mh equality constraints 

𝑥𝑖
1 ≤ 𝑥𝑖 ≤ 𝑥𝑖

𝑢  i = 1,n side constraints, upper and lower bounds 

The definition “min f(x)” is no problem in practice because it is easy to reformulate 

the problem for maximization tasks max f(x) = min -f(x) The same one is valid for the 

inequality constraints and equality constraints which should always be defined in the 

form described above. All constraint formulations are transformable on these forms. 

In closed form the optimization task can be expressed as follows: 

 

with the n-dimensional amount of the real numbers ℜn , the feasible design space X, 

to the equality constraint vector h(x) and the inequality constraint vector g(x). 

Global and Local Minimum - Convexity 

According to the state of the important goal and constraint functions a mathematical 

optimization algorithm has more or less good possibilities to find the optimum. If e.g., 

the functions are extremely non-linear, the algorithms will need longer to reach to 

the optimum. For most optimization algorithms another behavior of the functions is 

(9) 
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more problematic: Generally, functions have several local minima, but only one can 

be the global or absolute minimum (Figure 7). 

 

In real optimization tasks the functions are known only at single places, there are no 

statements about the whole course given, a statement whether a problem is convex 

or non-convex, is not possible. The global optimum cannot be found safely. It is helpful 

to start the optimization at different starting points (Jain and Agogino, in 1989). This 

raises the probability to find the global optimum, but there is no guarantee for that. 

Conditions for The Existence of a Local Minimum 

For the existence of a local minimum at the point x* the following necessary condition 

can be stated with the help of the partial derivation of the goal function considering 

the design variables: 

 

A sufficiency condition can be stated with the help of the HESSE matrix which is put 

together from the second derivations. It must be positively definite, i.e. all 

eigenvalues ψ of the following equation must be positive: 

(10) 



 

286 

 

With two design variables these criteria mean that at the point x* the tangential plane 

of the goal function is in parallel with the base and has in both directions a positive 

bend. For example, the minimization of the function  can be 

determined with the help of the necessary condition. The optimum values for x1 and 

x2 are: 

 

This corresponds to a functional value from f* =-0.5. Then as sufficiency conditions 

the eigenvalues ψ of the equation (11) must be greater than zero: 

 

 

Treatment of Constrained Optimization Tasks with The LAGRANGE Function 

A constrained optimization task can be reformulated with the help of the LAGRANGE 

function in such a way that the task is describable with an equation: 

 

The LAGRANGE multipliers 𝜆𝑗and 𝜆𝑘 describe the influence of the constraints gj(x) and 

hk(x) on the minimum of the LAGRANGE function. For non-active constraints the 

LAGRANGE multipliers are equal to zero. With the condition 𝜆𝑗  ≥ 0 and the 

(11) 

(12) 
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introduction of the slack variable 𝜇𝑗
2 which describe the distance of the respective 

boundaries the inequality constraints can be treated like equality constraints. The 

derivations of the LAGRANGE function after the design variables, the LAGRANGE 

multipliers and the slack variables deliver the conditions for the existence of an 

optimum: 

 

These so called KUHN TUCKER conditions (Kuhn and Tucker, in 1951) are necessary 

conditions for the existence of local minima. In equation (14) and (15) the constraints 

are found. With equation (16) it is guaranteed that either the LAGRANGE multiplier 

or the slack variable is equal to zero. With it the treatment of constraint optimization 

tasks is possible. 

In most optimization algorithms the KUHN TUCKER conditions are used not for finding 

the solutions, but to check already found solutions. Therefore, it is absolutely usual 

not to install the boundaries of the design variable in the KUHN TUCKER conditions. 

Deepening representations of the bases are to find in e.g., Himmelblau, 1972; Greig, 

1980; Gill et al., 1981. 
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Optimization Algorithms 

In this chapter well-chosen optimization procedures which are already treated with 

the focus on the optimization of mechanical structures are described. The concept of 

the optimization procedures is the iterative approach to the optimum with following 

expiry (optimization algorithm): 

1. Definition of the initial design x(k) with k = 0 

2. Change of the design according to a certain criterion x(k+1) = x(k)+Δx(k) 

3. Examination of the stop criteria (e.g., KUHN-TUCKER conditions), if not fulfilled, 

go to 2 with x* = x(k+1) 

4. Optimum solution x* = x (k+1) 

The introduced optimization algorithms and optimization approaches are a choice 

from worldwide over 1000 different software programs. First, algorithms of the 

mathematical programming for which mostly a convex optimization problem is 

assumed, are treated in such a way that they do not guarantee to find the global 

optimum. The optimization problems can be classified in constraint problems and 

unconstraint problems. Generally, the unconstraint optimization problems are much 

easier to handle. An important component of many algorithms is the approximation 

of the goal and constraint functions. The approximation methods and the 

approximation-based optimization algorithms are described and afterwards other, 

e.g. stochastic procedures, are introduced. The rule-based search of the optimum 

design can be very efficiently. However, the relevant optimization algorithms are 

specified very much. 

Optimization Without Constraints 

One-Dimensional Optimization 

A sub-step in the solution of problems with several design variables is the line search 

(see Figure 8). 
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Figure 8: One-Dimensional Minimization Along A Straight Line In The Search Direction p(k). (a) Presentation In The 

Design Space, (b) Goal Function f Along The Variables α 

 

The line search takes place in a defined search direction p(k) (see Figure 8a) whose 

calculation is treated later. Within the line search this search direction will not be 

changed any more. The line search task in the k-ten optimization step with the 

temporary design variable α is as follows: 

 

and x(k) is the vector of the design variable and p(k) is the search direction. Result of the 

line search is optimum α*, that is the optimum increment in a given direction. 

The efficiency of the line search is measured by the number of the necessary function 

calls up to achieve the optimum. Two special efficient procedures have asserted 

themselves for the one-dimensional optimization which are described in the 

following. 

A possibility to find the minimum as quick as possible lies in the quick reduction of the 

interval in which the minimum lies with certainty. The method of the golden sections 

is the most actual method of the interval reduction. 

If a function f(α) owns only one minimum (convex problem) in a considered interval, 

the interval reduction can be carried out without consistency and differentiability 

(17) 
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requirements. The reduction of the search interval occurs through a comparison of 

single functional values. In Figure 9a function is outlined for which functional 

evaluations are carried out. Based on the analysis I to IV the interval reduction is 

carried out. If “f(a)>f(b)” and “f(b)<f(c)”, two different cases are given: 

Case 1: f(b) < f(ξ) → use of the interval [a, ξ] for the next search, 

Case 2: f(b) > f(ξ) → use of the interval [b, c] for the next search. 

The question is, how the position x can be determined, so that the interval reduction 

can be realized as fast as possible. For this the interval lengths with the following 

standardizations are considered for the iteration step k: 

 

In case 1 the length of the new search interval is m(K)+z(K), in case 2 it has the length 1-

m(K). To have a reasonable probability that the minimum lies in one of both searching 

intervals, it is the best if the intervals are commensurate. As a result for m(K)<0.5 it has 

the requirement 

1-m(k) = m(k)+z(k)        z(k) = 1-2m(k). 

On the reduction the relation should be commensurate. With it you get: 

 

The length of the interval decreases in every step around the relation m(k)* to 1-m(k)* 

of 0.618 and for every step only one function call is necessary. The relation 0.618 

corresponds to the relation of the golden sections. It is the aspect ratio of the “ideal” 
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rectangle for which is valid: The relation of the short side to the long side is like the 

relation of the long side to the diagonal. 

 
Figure 9: Interval Nesting with The Help of The Relation of The Golden Sections. (a) Iteration Step 1, (b) Iteration Step  

 

Multidimensional Optimization 

Within the multidimensional optimization several blocks of the sub-steps 

determination of the search direction p and “line search” are passed through. A 

programmable algorithm has the following construction: 

1. Definition of the start design x(k) with k = 0, 

2. Determination of the search direction p(k)
 

3. Line search: Min f(α(k)) → α*(k) 
As stop criteria in point 5 the following assessments can be used: 
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An assessment of the changes of the design variable is problematic because by 

existence of narrow valleys without gradient of the valley bottom they are defeated 

also in the optimum deviations. With it the optimization cannot be finalized. 

Based on the sequence described above (points from the 1 to the 6) several methods 

were developed. They differ mainly in the calculation of the search direction. We 

distinguish between methods of the zero order (without use of the derivations) and 

methods of the first order (with use of the first derivations). Methods of the 2nd order 

which use the calculated second derivations additionally, are used quite rarely. 

However, methods are existing, which approximate the second derivations based on 

the first derivations. 

Method of the steepest descent. The obvious approach is the choice of the search 

direction in the direction of the steepest descent whereby the gradient of the function 

points are in the direction of the steepest descent. Therefore, the result for the 

searching direction is: 

 

Then the new vector of the design variable results from x(k+1) = x(k)+α* (k)p(k). At the end 

of the conducted Line Search is valid: 

 

Therefore, a new search direction always stands vertically to the previous search 

direction. This leads above all with narrow valleys to protracted zig-zag-courses. 

An example should make the procedure clear: To minimize is the function 

 

(18) 
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In this search direction the first line search is conducted: 

 

In this case the line search is to be solved analytically with the help of the first 

derivation: 

 

From it results - 0.17 + 0.01285α = 0 , so that α* = 13 .23 . 

 

In Table 1 the other iteration steps are documented (graphical representation in 

Figure 10). 
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Table 1 Iteration history with the method of the steepest descent (example) 

 

Figure 10: Graphical Representation of The Iteration History by The Method of The Steepest Descend (example) 

 

Optimization with Constraints 

Methods with Definition of Penalty Functions 

If Penalty Functions are defined and integrates them into the goal function, the 

constraint optimization problem can be treated with the described methods of the 

unconstraint optimization. The constraint problem min f (x) with the constraints 

gj(x)≤ 0 and hk (x) = 0 and hk (x) = 0 (j=1,mg; k=1,mh) 

with a Penalty Function P  
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The factor r is to be determined by the user. The description of equality constraints            

hk (x) = 0 with the penalty functions is very difficult. An idea for the rough 

consideration of an equality constraint is the definition of two inequality constraints. 

It is distinguished between external penalty functions 

 

which become effective beyond the allowed area, and internal penalty functions 

which become already effective in the allowed area: 

 

With the external penalty functions the exact optimum can be reached only for r →

∞, with the internal penalty functions only for r →0. However, too big or too small 

values of r can cause numerical problems. 

Approximation of The Real Problem 

Basis for most optimization algorithms is an approximation of the goal and constraint 

functions. Based on the approximations the design variables are changed by the 

optimization algorithm and are verified by a functional evaluation, e.g., with the finite 

elements method. A good approximation provides for few iterations of the 

optimization algorithm, but needs many functional evaluations. The choice of the 

approximation function is a compromise from exactness and necessary number of the 

grid points. 

In this chapter the approximation methods at the example of the constraint function 

g are introduced. It is distinguished between local approximation and global 

approximation. The local approximations are used above all in the cases in which the 

local derivations (local sensitivities) can be determined without big expenses. By the 

use of the finite of elements calculation sensitivities can be calculated at least in area 

(19) 

(20) 

(21) 
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of the linear statics and dynamics analytically and also in a short time. If the 

derivations must be determined, e.g., with the forward difference method, additional 

calculations are necessary (Figure 11): 

 

and n is the number of the design variables. 

Local Approximation 

The most simple local approximation is the development of a linear Taylor series 

around the current vector of the design variable x0: 

 

 

 

Figure 11: Calculation of The Derivatives for The Taylor Series 

Qualitative information about the goal and constraint functions often exist. It seems 

reasonable to use these information within the formulation of the approximation. 

Thus, for example, the weight of a sheet metal structure depends linearly on the 

thickness x1. Only the constant c is to be determined in the equation g = cx1. Assuming 

(22) 

(23) 

(24) 
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pure membrane loads, the deformation of the structure depends reciprocally on the 

thickness 

 

If pure bending loads are given, the connection is to be described with 

 

Using the reciprocal terms in the linear Taylor series, there is the following expression: 

 

 

The expression (25) can be described with: 

 

In this formulation a limit value consideration xi →0 is not possible. It makes sense, 

to introduce a constant xmi, which should have a small value: 

 

(25) 

(26) 

(27) 
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This function describes a hyperbola. More interesting than the purely linear or purely 

reciprocal approximation is the hybrid approximation with the following case 

differentiation: 

 

This formulation makes sense, for example, by the disc thickness optimization by 

which the weight (linear approximation) should be minimized and a displacement 

constraint (reciprocal approximation) has to be considered. Due to the technical 

reasons the differentiation of the cases is done with the help of the determined 

gradients. It is assumed that the cases with positive gradients have a linear character 

and the cases with a negative gradient are reciprocal. This is valid of course only within 

the structural optimization and there even in the case of the thickness optimization. 

Not to remain limited on the linear and the reciprocal case, the suggested method of 

the moving asymptotes (“Method of Moving Asymptotes”, MMA) by Svanberg 

(Svanberg, 1987) is helpful. It allows an adaptation of the approximation during the 

optimization: 

 

with the upper asymptote Ui, the lower asymptote Li, the convexity factors 

 

(28) 

(29) 
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The other, previously discussed approximations can be interpreted as special cases of 

the MMA (see Table 3).  

To represent the efficiency of the MMA the functions g = x3 and g = x-3
 at the 

development point x0 = 0,5 approximations for several L and U are done (see Figure 

12 and 13). For the function g = x3, U = 1 provides a very good approximation of the 

real function. For g = x-3
 L = 0.2 is a very good approximation. 

The initial conditions on the asymptotes in the optimization are fixed as follows: 

 and  with the lower and upper 

boundaries of the design variables Xil and Xiu, as well as the factor k (e.g., k=0.1). 

During the optimization process the asymptotes are changed in dependence of the 

course of the values of the design variables. It is distinguished between oscillation and 

monotony. 
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Figure 12: Approximations of The Function g = x3 At The Development Point x0 = 0,5 

 

Figure 13: Approximations of The Function g = x-3 At the Development Point x0 = 0.5 

 



 

301 

 

For example, the factor s is 0.7. This control of the asymptotes causes an adaptation 

of the approximation to the real function course. In case of oscillation, these 

modifications stabilize the optimization process. In case of monotony, these 

modifications accelerate the optimization process. 

Global Approximation 

In contrast to the local approximations the global approximations should have their 

validity in the whole design. Normally, first a design of experiments has to be drawn 

which scans the whole design space. With some methods this design of experiments 

is depending on the approximation function. Based on this design of experiments, the 

coefficients are adapted, e.g., with the help of the least squares solution of the 

approximation function. The generated functions are called meta models, but also 

response surface models (RSM), surrogate models, regression models or substitute 

models. 

At the beginning of the generation of a global approximation stands the definition of 

the type of the approximation function. These approximation functions are in the 

simplest case polynomials. The following definition of the polynomials is particularly 

suitable because of the scaling: 

 

(34) 
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This formulation is chosen in a way that the scaled design variables range between -1 

to +1. The task now is to determine the coefficients of the approximation polynomial 

using the punctual function call (supporting points). The use of clearly more 

supporting points than coefficients to be determined makes sense. The use of 50% 

more supporting points than coefficients is a coarse measure of the minimum number 

of the supporting points. 

The meta models are adapted with the help of the least square method: 

 

and L stands for the number of the supporting points, ᵍ𝑙  for the function value at the 

supporting point 𝑙 ,   for the function value in the model at the supporting point 

𝑙 and Cm is the m-th coefficient of the meta model.  

The quality of the won meta model can be assessed with different quality criterions.  

A quality criterion is the evaluation of the following regression parameter which 

accepts the value 1 in the ideal case: 

  

Here L is the number of the supporting points,  is the function on the meta model 

and is the average value of all the function values. 

Additionally, the corrected regression parameter considers the size of the 

approximation problem by an additional factor: 

 

with M = number of the terms of the meta model. 

(35) 

(36) 

(37) 
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A very clear quality criterion is, e.g., the removing of a single measuring point and the 

rebuilding of the meta model without this measuring point. The result of the 

measuring point on the meta model is compared to the real result. This technique is 

operated for every measuring point automatically. Then the highest divergence is 

interesting, 

but also, the average divergence. This procedure is also called Leave-One-Out-Cross-

Validation: 

 

According to the definition of the type of the approximation function a design of 

experiment is installed, which includes a description how the design space should be 

scanned. Generally, there is no best design of experiments, the designs of experiments 

must be selected referring on the respective system. The choice is often very difficult 

and it requires long studies. In this segment the most frequently used designs of 

experiments are introduced. In Figure 14 the classical designs of experiments are put 

together. 

The consequent realization is the “full factorial”-plan with which all corners of the 

design space are used as supporting points. With this plan linear approximation 

functions can be adapted. These linear approximation functions can also contain 

mixed terms which are put together from two influence dimensions in pairs. By using 

this plan it has to be safe, that no term of a higher level plays a role with the respective 

approximation problem. If this is unsecure, the “3-level full factorial”-plan should 

be used in which a supporting point is spaced between each corner point. With the 

help of this enlarged set of supporting points one can determine a linear 

approximation function which is substantially a secure one. The “3-level full factorial”-

plan provides the maximum possibility to adapt a square initial function. With a bigger 

(38) 
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number of design variables, an extremely high number of supporting points is 

necessary, to generate even simple initial functions. If, for example, 10 design 

variables are given and the calculation of a supporting point lasts, e.g., one hour, the 

whole evaluation with the “full factorial” -plan lasts 1024 hours (approx. 6 weeks) and 

with the “3-level full factorial”-plan 59049 hours (just 7 years). The “fractional 

factorial ” -plans reduce the effort, but also provide less security within the 

generation of the approximation functions. In the cases in which the function values 

at the supporting points can be determined easier and faster, the “adjustable full 

factorial”-plans make sense, with which an arbitrary precise raster of the design 

space can be done. The “central composite design”-plans have proved themselves 

above all with problems with few design variables and square initial function. On this 

occasion, the position of the intermediate points can be slightly staggered. The “Box-

Benhken”-plans center the supporting points on all edges of a n-dimensional cube. 

Besides, a supporting point is positioned at a central point of the cube. 

 

Another class of designs of experiments can be put together as “space filling”. They 

are used if there is only few information about the model. There is a distinction 

between a maximum overlap and maximum distances of the supporting points. The 
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procedures contain generally a random generator. In Figure 15 two common designs 

of experiments are shown. While a pure random generator is used in the „random of 

design“-plan, in the often used “latin hyper-cube”-plan, the random generator is 

channeled in such a way, that in every column and every line only one supporting 

point is positioned. For this, the design space is split in columns and lines depending 

on the elective number of the supporting points. Referring to the several plans there 

is a huge number of further development. 

To all the presented plans so far, it is common that the production can occur with very 

simple mathematic methods. Advanced methods, so called “optimum methods”, 

determine the designs of experiments in dependence of the special circumstances: 

• Which terms should the estimate function contain? If, e.g., from experience 

certain terms of a square estimate function can be excluded, but some cubic 

single terms should be added, this is possible without problems. 

• How is the real boundary of the design space? The up to now introduced plans 

are based on rectangular boundaries. Often it is not rectangular because certain 

areas must be excluded definitively. The definition results from the according 

constraints. 

• Which calculations have already been done? The already calculated supporting 

points are considered by the production of designs of experiments. Other 

supporting points can be selected based on a given amount already of ascertained 

supporting points to make the plan very robust. 
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Approximation-Based Optimization Algorithms 

In this chapter, optimization methods are described, which need analytically 

described goal and constraint functions. The analytic description is attainable by the 

described approximation in Chapter 22.3.3.2. 

Use of The LAGRANGE Function for The Search of The Optimum 

Often the in Chapter 22.2.4 introduced LAGRANGE functions are used for formulation 

of the optimization problem, which contains the goal and constraint functions: 

 

The KUHN-TUCKER criteria derived from the LAGRANGE function are the necessary 

conditions for the existence of an optimum with constraint problems. However, the 

LAGRANGE function is also applicable as a basis for search strategies. These are 

introduced in the following. 

The optimum of the design lies on the LAGRANGE function on a stationary point, 

where 

(39) 
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are valid. However, this place is no minimum or maximum, but a saddle point (Figure 

16). 

To find this saddle point iteratively, two possibilities exist. The first possibility is the 

solution of a Max-Min problem: 

 

In the internal maximization phase the equality constraints and unequal constraints 

occur in the known form and the minimization follows in the usual manner, e.g., with 

direct methods. Clearly spoken the minimization on the ridge follows along down to 

the saddle point. 

 

The optimization problem to be solved (eq. 33) is called primal optimization problem. 

The LAGRANGE function is not used for the optimization process. 

The second possibility is the solution of a Min-Max- problem: 

(40) 
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It is called dual optimization problem. This formulation can only be used, if the 

LAGRANGE function is analytically describable what is reached with the 

approximation pro methods. 

Dual Solution Method (CONLIN) 

Now there is the question, how the LAGRANGE function can be formulated 

analytically for any problems. Because the solution of the dual problem is only 

possible, if a connection of the design variable and the LAGRANGE multipliers can be 

formulated, the functions are approximated with the help of the linear Taylor series 

development (e.g., also MMA). With such an approximation the functions can be 

separated with regard to the single design variables: 

 

The name of the associated optimization algorithm is CONLIN, it stands for convex 

linearization (Fleury, in 1989). The LAGRANGE function with these separated 

functions is: 

 

 

 

 

(41) 

(42) 

(43) 
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With it, the LAGRANGE function is also separable itself: 

 

Inserting now in the concrete approximation approaches, the equations can be 

transformed in such a way that they are to be dissolved directly after the design 

variables. Therefore, an example: The goal function should be approximated linearly 

(reasonable, for example, with weight minimization) and the inequality restriction 

reciprocally (reasonable, for example, for stress constraints). 

For the goal function can be written (cf. Chapter 22.2): 

 

For the constraint function can be written: 

 

With it arises for the LAGRANGE function: 

 

(44) 

(45) 

(46) 

(47) 
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The derivation provides a direct expression for xi: 

 

The derivation is valid for the following maximization 

 

For the decision, whether the found solution is the maximum, the HESSE matrix can 

be evaluated (cf. Chapter 22.2.4).  

As a result of the closed solution of the minimization phase (see equation (48)) this 

part of the optimization is done very fast. Therefore, the dual solution method is 

particularly suitable for task positions with many design variables. With a low number 

of constraints million design variables can be treated. 

The most efficient approximation is the MMA approximation introduced in Chapter 

24.3.1. With it, it is not important any more whether a function is described linearly, 

reciprocally or differently, it already adapts itself from the second iteration to the 

present problem. 

Evolution Algorithms 

Evolution algorithms and genetic algorithms copy the evolution in the biological 

sense. For example mutations (changes), selections (choice) and re-combinations 

(participation of former generations) are possible. The difference between the 

genetic algorithms and the evolution algorithms lies in the description of the designs. 

While the genetic algorithms use chromosome maps for the status description, the 

evolution algorithms work with the description of the design with real values of the 

design variables, which is common for the optimization. The behavioral manners of 

both procedures are very similar, so that here on behalf for both methods the 

evolution algorithms are described. The easiest form proceeds as follows: 

1. Definition from μ to parental designs (initial vectors xE) 

(48) 

(49) 
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2. Calculation of these designs 

3. Generation of λ descendants per parental design by mutation (descendants vectors 

xN) 

4. Calculation of these designs 

5. Acquisition of μ best designs (selection and recombination) 

6. Examination of the stop criteria: if not fulfilled, go to 3 

7. Optimum Solution x* = x (best design)
 

The core of the algorithm lies in point 3. The mutation occurs in an accidental change 

xN = xE + Δx, 

whereby small changes should be often generated and the big ones seldom. This 

demand is realized with the GAUSSIAN Distribution. The corresponding density 

function for the expected value is Δx equal to zero: 

 

and σ is the standard deviation (see Figure 17). As with the Monte Carlo method a 

new design is generated with a random generator and the chance for the choice of 

the position decreases with increasing distance Δxi. 

In comparison to the setting possibilities with the purely mathematical optimization 

algorithms which have usually low influence on the course of the optimization, they 

have an essential meaning with the evolution algorithms. In the following the 

essential setting possibilities are described and some empirical values are stated for 

the setting: 

(50) 
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• Step width determination: With big step width the optimum is approximated only 

roughly, the position of the optimum is found rather global. With a small step 

width the algorithm needs many iterations, but the position of the optimum is 

found more exactly. A control of the step width during the optimization makes 

sense. A possibility to control is the assessment of the number of success, so of 

the improvements in an iteration. Is there a high number, the step width can be 

increased. If it is low, it should be reduced. The step width change can occur, for 

example, with the corrections σN = σE/0,85 for the enlargement and σN = 0,85 σE 

for the reduction. 

• Maximum number of the generations, 

• Initial step width, 

• Number of the parents: μ should lie between the 0.5 and 2 times the number of 

the design variable. 

• Number of the descendants: λ should lie between the 4 and 5 times the number 

of the design variable. 

• Number of the sexualities: In the easiest case the mutation of the descendants is 

conducted based on two sexualities (male / female), but a higher number of the 

sexualities increases the chance to find the global optimum. 

• Criterion for the end of the optimization: Within the evolution algorithms the 

consideration of the last changes of the design variable is the most suitable. 

 

Figure 17: GAUSSIAN Distribution to The Weighting of The Mutation (expected value of zero and the standard 

deviation σ = 1) 
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There are a lot of different variations of the evolution algorithms and the genetic 

algorithms which differ above all in the possibilities to map the special processes of 

the biological evolution (Rechenberg, in 1973; Schwefel, in 1995). 

Optimization Strategies 

Multi Objective Optimization 

Characteristically for optimization problems with several goals is normally the 

appearance of a goal conflict. There is no solution in which all goal functions take their 

single optimum. With those optimization problems, so called vector optimization 

problems (PARETO optimization) have to be solved. Except from this are the cases in 

which no goal conflict is given, so that a solution exists in which all goal functions are 

optimal. For example, Figure 18a points out two goal functions which depend on one 

design variable. Both have in each case an optimum in the allowed design space 

(1<x<8). Both goal functions are plotted in Figure 18b in a polar diagram one upon the 

other and the corresponding values of the design variable are registered. The possible 

optima for the posed problem lie between the optimum of the first function and the 

optimum of the second function. In general, the optimization task can be formulated 

as follows: 

 

with the vector of the goal functions f, to the vector of the design variable x∈ℜn and 

the vectors of the equality and inequality constraints h and g. 

(51) 
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Figure 18: Generation of A Polar Diagram for Two Goal Functions 

The allowed area is therefore X :={x∈X | h (x) = 0; g (x)≤ 0 }. Within these multi 

objective optimizations several optima do exist. A design x*∈X is called PARETO 

optimal or “functional-efficiently”, if no vector x∈X exists with this quality 

 

With all vectors, which are not PARETO optimal, the value of at least one goal function 

can be decreased, without increasing the functional values of the remaining goal 

functions. 

In Figure 19, two goal functions are build up one upon the other. The boundary of the 

allowed design space marked with a solid line is called PARETO optimal boundary. The 

solutions on this boundary are “functional-efficient”. An attempt is to find a good 

compromise between the relevant goal functions. This compromise is not found in 

the areas “*1” or “*2”, but somewhere in between. 

The generation of the PARETO optimum boundaries can be very time-consuming for 

real optimization problems, so that is often necessary to come back on alternative 

problems. These alternative problems should find a compromise solution. The 

optimization problem increases by a so-called preference function p: 
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with the vector of the PARETO optimum design variable and the allowed space 

 

 

Figure 19: PARETO Optimal Boundary for The Goal Functions f1 and f2 

 

Method of the Constraint Oriented Transformation 

The idea with this method is the subdivision of the goal functions in a principal 

purpose f1 and in secondary purposes f2 to fm (Figure 20): 

 

If the optimization is conducted for different values of the defined constraints y j, 

several points are received on the PARETO optimum boundary. This is very time-

consuming, but concerning the multi objective optimization the best approach. The 

goal functions converted to constraints are just active on the boundary. 

(52) 

(53) 
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Consideration of The Scattering of The Structural Parameters (Robust Design) 

Problem Definition 

All structural parameters of real components scatter. Within the manufacturing of 

components, the dimensions scatter, e.g., the thickness of sheet metal. On the 

material side scatter, e.g., the Young´s modules, the density or the strength values. 

Regarding the strength values, a study of Fiat is interesting. A car from only one metal 

coil was built and afterwards the strength was measured at different places. 

Differences came out in the strength from up to 30% (DuBois, in 2012). These 

fluctuations in the strength values are predominantly due to material changes in the 

fabrication process (deformation, warming,…). In addition, uncertainties exist in the 

definition of the load cases. 

These dispersions can influence the optimization result decisively. A simple use of 

safety factors is not enough with such problems any more. First, the value of the 

safety factor is unknown and secondly a very hard structure can occur, which does 

not fulfill the crash requirements. A deterministic approach is not sufficient. 

In that sub-chapter the inclusion of the scatterings in the optimization process is 

described. Besides, the robustness of the structure can be defined as an optimization 

goal. A robust construction has nearly constant qualities in spite of scattering 

influence dimensions. 
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In Figure 21 the constraints to be considered are fulfilled according to a deterministic 

calculation; the design is allowed. A stochastic calculation provides some designs 

which are not allowed any more. It provides statements to the robustness and 

therefore, is called also robust analysis. 

Such a robust analysis is also advisable with the comparison of simulation and hard 

ware experiment, see Figure 22. 

 

Figure 21: Consideration of The Scattering in The Simulation (a) Comparison with The Deterministic Calculation, (b) 

Reproduction of The Scatterings 
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Figure 22: Comparison of The Results from The Simulation (Sketched) and the Hardware Experiment (Solid Line), (a) 
Without Robust Analysis, (b) And (c) On Both Sides Robust Analysis, (d) Simulation-Sided Robust Analysis 
 

In Figure 22a one single result from the experiment is compared to one single result 

from the simulation. There is no information which admits a comparison. Several 

attempts are necessary to be able to conduct a comparison. In Figure 22b the 

GAUSSIAN distributions of the simulations and the hardware tests are highlighted. 

There are large divergences between these functions. In comparison with that, a good 

correspondence is given in Figure 22c. Evidences for a comparison between 

simulation and attempt provides the unilateral robust analysis, which can be 

conducted with the quick and inexpensive simulation (Figure 22d). 

Exceedingly difficult are bifurcation points in mechanical systems. They should be 

preferably avoided. Algorithmic structural optimization can be helpful, too. Figure 23 

gives an example: A buckling bar is able to stabilize itself unilaterally and endures, if 

the stick is buckled in this direction, higher loads. In other cases it endures 

substantially lower loads. 



 

319 

 

Figure 23: Buckling Bar with Bifurcation (a) and Their Remedy (b) 

 

Figure 23b shows a possibility to eliminate the bifurcation problem: The bar gets a 

small curvature which makes sure that it always stabilizes itself in the left direction. 

Involvement of The Robust Analysis in The Optimization Process 

The robust analysis is involved for the robust design in the optimization process. The 

optimization problem 

 

it is extended as follows (Vietor, in 1994; Marti, in 2006): 

 

with 

• the extended goal function fext (z) with the expectation value of the goal function 

E[f (z)] , the variance V[f (z)] and the weighting factors c1 , c2 , 

(54) 

(55) 
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• the vector of the stochastic variables z, with the stochastic design variable x and 

the stochastic parameter p, 

• the vector of the probability for the fact that the structure does not fulfil the 

inequality constraints Pf and 

• the vector of the maximum value of this probability Pfmax . 

Figure 24 illustrates the change of the distribution function in dependence on the in 

equation (55) defined weighting factors. For c1 >> c2 the optimization improves the 

reliability of the structure. For c1 << c2 the optimization improves the robustness of the 

structure. For well-balanced weighting factors the reliability and the robustness are 

improved. 

 

Figure 24: Improvement of The Reliability (a), The Robustness (b) And Their Combination (c) 

Shape Optimization 

Functions for The Geometry Description 

For the description of boundary curves or boundary surfaces, approach functions 

must be used, which ensure a big flexibility with a small number of free parameters. 

The flexibility of the approach functions is important to allow a sufficient design 



 

321 

variety within the optimization. However, the need of the stability against oscillations 

(geometrical resonance) stands in contrast to the wish of flexibility. 

In general, the boundary of three-dimensional components is preferably represented 

with parameterized initial 

functions R(𝜉𝛼,x), which depend on the GAUSSIAN surface parameters 𝜉𝛼 (α = 1,2) 

and the vector of the design variable x. In practice the elected approach functions are 

defined with so called control points, whose coordinates are variable in a shape 

optimization. For example, the parametric representation of a straight line 

connection of two points is in dependence of the GAUSIAN line parameter: 

 

The line is described with ξ∈ [0,1] completely. However, the non-parametric 

representation of a straight line occurs implicitly by the relations of the space 

coordinates x1, x2, x3 to each other: x2(x1), x3(x1) respectively x1(x2), x3(x2) and x1(x3), x2(x3). 

Compared with this non-parametric representation the parametric representation 

has the advantage, that it can also illustrate lines and surfaces which stand in parallel 

with a space coordinates axis. 

In the field of the Computer Aided Geometric Design (CAGD) there is a huge number 

of different approach functions; the BEZIER curves and B Spline curves (De Boor, in 

1972) are the best known ones. Detailed representations to the CAGD approach 

functions are found in (Farin, in 1991; Hoschek and Lasser, in 1989; Walter, in 1989). 

The Non-Uniform-Rational-B-Spline (NURBS) are an enlargement of the B-Spline as 

they are used today in many popular CAD systems. 

The NURBS are a good compromise between both contrary requirements on flexibility 

and stability. By the use of NURBS free shape geometry and regular geometry is 

equally to approximate. The reduction formula is for the NURBS: 

(56) 
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and 

Pi  Vector of the space coordinates of the control point i, 

ξ  GAUSSIAN line parameter, 

Ni, j(ξ)  Basis functions, 

j  Degree of the basis function, 

wi  Weighting factor of the i-th control point, 

ti  Component i of the node vector, 

n+1  Number of the control points. 

Application Examples 

Example 1:  Shape Optimization of a Sheet Metal Strip with Hole 

The shape of the outer boundary of the outlined quarter model in Figure 25 of a sheet 

metal strip with a circular hole should be optimized. The hole should maintain size 

and shape. First, the CAD model is constructed. The outer boundary is approximated 

with a NURBS. For steadiness reasons the gradient is defined in the plane of symmetry 

x = 0 as in parallel with the x axis. As design variables three marked coordinates of the 

(57) 
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control points are used. The initial values and the boundaries of the coordinates of 

the control points are listed in Table 3. 

Mechanically, the boundary conditions are defined for the symmetric conditions on 

the quarter model. The force F is distributed on the surface. The steeled sheet metal 

strip (E = 210000 N/mm2, density ρ = 7.81 kg/dm³, Poisson`s ratio ν = 0.3) and the 

thickness is 5mm. 

Goal is the minimization of the mass, so that the maximum v. Mises stress  𝜎𝑣
𝑚𝑎𝑥= 65 

N/mm2 may not be exceeded. 

 

Figure 25: Form Optimization of a Sheet Metal Strip with Hole 

In HyperStudy® integrated optimization algorithm needs 18 iterations to find the 

optimum. The initial design is unfeasible because the stress constraint is not fulfilled. 

The optimum design is feasible and the mass is less about 8% (see Figure 26). A clear 

undercut (thinning of the shaft) has originated from the definition of the force 

application surface (height of 10 mm). Therefore, the optimization of this problem is 

difficult to solve, because with the simple definition of the stress constraint the 

position of the maximum stress jumps in the course of the optimization (see Figure 

27). With it, all on the original position of the maximum stress built up sensitivities or 

parameters of the used meta models are useless and the optimization algorithm 
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needs other iterations to purchase this again. There are two possibilities to reduce 

the number of the iterations: 

1. Definition of several stress constraints for several areas: With it, the sensitivity 

information does not get lost, although the position of the maximum stress 

changes. 

2. Use of this in Chapter 22.2. introduced approaches which define the stress 

constraints with the help of a domain integral. 

 

 

Figure 26: Optimization History of The Goal Function, The Design 
Variable and The Stress Constraint 
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Figure 27: Optimization History of The Sheet Metal Strip Form 

 

Example 2: Optimization of Hole Shapes 

As shown in the application in Figure 28 the optimum hole shape is searched in 

dependence of the stress state. Goal is the minimization of the complementary 

energy in the disc. This corresponds to the minimization of the mean compliance. If a 

symmetrical stress state is assumed near the hole, a quarter model is enough for the 

geometry description and the calculation. In dependence of different external 

stresses shape optimization is conducted. 

The structural model must be constructed in such a way that the raised stresses in the 

hole boundary have faded away up to the external boundaries. For a relation of length 

or diameter of the hole to the side length of the structural model of 1/7 the hole 

stresses have faded enough. 
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Figure 28: Geometry Description Shape Optimization for The Hole 

The shape of the hole is described with a NURBS which is controlled with four design 

variables, both coordinates xS1 and xS2 as well as both knot vectors xK1 and xK2. The C0- 

and C1- steadiness in both symmetries is guaranteed by the definition of the initial 

gradients. 

In dependence of the present external stresses certain hole shapes are optimum 

(Figure 29): 

• The external stresses are both positive both or both 

• negative with different absolute values:   → ellipse 

• The external stresses are both positive or both 

• Negative with the same absolute values:   → circle 

• • A positive and a negative external stress:   → rectangle (sharp corners) 

• The external stresses have the same absolute values 
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• and have different signs:     → square (sharp corners) 

All the results with the sharp corners show clearly that the adjusted load cases exactly 

must be right. A detuning of the relation σ1/σ2 would lead again to unwanted notch 

stresses. Here once more the possibilities of robust design (Chapter 24.4.2) is pointed 

out. 

 

Figure 29: Optimum Hole Shapes in Dependence of The Different External Stresses 

 

Topology Optimization 

In this chapter the pixel-voxel method of the topology optimization of mechanical 

structures are introduced exemplarily. 

The basic idea of the pixel-voxel method is the subdivision of the allowed design space 

in many small areas. For every single pixel resp. voxel the material behavior should be 

optimized with its material density. In the easiest case single pixels or voxels from the 

structure are removed if their material density goes against zero. In the optimization 

the material densities “0” (no material) and “1” (full material) are intended. Thus a 
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proposal develops for a possible topology which must be realized into a real technical 

structure. 

The homogenization methods (Bendsøe and Kikuchi, in 1988; Bendsøe and Mota 

Soares, in 1993; Hassani and Hinton, in 1998; Bendsøe and Sigmund, in 2003) is one 

of the most successful implementation of this approach. It is assumed that the 

material is porous or perforated and its behavior must be homogenized. For the 

consideration of the material behavior microscopically small cells are considered. 

These microcells consist on the one hand of massive material and on the other hand 

of an area without material (hollow space) whereby a porous material behavior is 

simulated. 

Homogenization of The Porous Material Behaviour 

For the calculation, we need a homogenization of this porous material. The cells can 

have different perforation layouts (see figure 30). The material qualities are 

depending on the perforation layouts, e.g., from the size and orientation of holes 

(Figure 30a) or the qualities of a material from two different orthotropic layers (Figure 

30b). For the theoretical consideration and the installation in an optimization 

procedure, layouts which are easy to describe, are enough. In the two-dimensional 

the quadratic microcells which are provided with a rectangular hole have proved 

themselves very well (Figure 30a). The rectangular hole is variable in the dimensions 

and in the orientation. 

The coefficients of the elasticity tensor in the plane stress state for orthotropic 

material depending on both, on the dimensions of the microcell relating hole 

dimensions a1, a2 and the angle of the hole θ compared to the global coordinate 

system are to be determined: 
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Figure 30: Perforation Layouts of Microcells to Represent the Porous Material Behavior. (a) Rectangular Holes in 
Square Microcells, (b) Orthotropic Material from Two Different Shifts 
 

 

The determination of the homogenized elasticity coefficients in dependence of the 

hole dimensions a1, a2 and the orientation angle of the hole θ can occur, e.g., 

numerically with the finite element method. The calculation is conducted first for θ0 

= 0 and afterwards transformed in the present rotation angle θ. E.g. with a meta 

model of the fifth degree the behavior is approximated. 

For this, the coefficients cnm are to be determined with at least 25 supporting points: 

 

In Figure 31 the mechanical models are shown for the stiffness calculation of a 

microcell. The coefficients of the elasticity tensorare stated exemplarily as a function 

of ρM = 1-a1a2, thus for the simplistic consideration of a hole variation for a1 = a2. This 

homogenization calculation provides a non-linear dependence of the stiffness of the 

homogenized replacement microcell of ρM. However, the weight depends linearly on 

(58) 

(59) 
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ρM = 1-a1a2. A reduction of the hole size with +ΔρM, means an increase of the material 

application, cause with big ρM a strong rise of the stiffness values. Enlargement of the 

hole sizes with -ΔρM, mean a reduction of the material application, causes with small 

ρM only one slight reduction of the stiffness values. However, in both cases the 

amount of the corresponding weight change is the same, so that in the ranges with 

big ρM the stiffness increase costs less weight than in areas with small ρM. The 

combination of non-linear stiffness dependence and linear weight dependence abets 

therefore in the topology optimization the acceptance of the values “0” for no 

material and “1” for full material. The actually discrete optimization task can be 

solved with a continuously working optimization algorithm. 

It can be shown, that the optimization based on easier approaches, like the so-called 

SIMP approach 

 

also provides good results. On this occasion, SIMP stands for solid isotropic material 

with penalization. The advantage of the explicit homogenization lies in the possibility 

of a physical interpretability. 

Goal and Constraint Functions and Their Sensitivity 

The classical topology optimization task with the pixel-voxel method is the 

minimization of the mean compliance. 

 

Considering a weight constraint, the weight constraint can also be described with help 

of the constraint of the fill factor (e.g., 30 %). The vector of the design variable bases 

upon the dimensions of all rectangular hollow spaces and the orientation of the 

(60) 
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hollow spaces in the respective single areas, which are described by finite elements. 

Thereby, the density in the n-th element is true for 

with the density of the non-porous structure . 

In the two-dimensional the density can be calculated with  

 

 

Figure 31: Stiffness Calculation of a Microcell as A Function of The Edge Length of a Square Hole for The Plane Stress 

State 

 

Because of the huge number of the design variables only the optimization functions 

can be considered, for which analytic sensitivity analyses are possible. Either the 

sensitivity analysis occurs directly within the scope of the equation solution of the 
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finite elements program or with the help of the variational sensitivity analysis 

(Schumacher 2013). Involving the elasticity tensor ascertained from the 

homogenization, sensitivities of the mean compliance can be formulated as a closed 

solution. If no temperature loads exist and no variable boundary is loaded, the 

compliance can be expressed by the strain energy: 

 

For the strain energy of the complete system sensitivity equations can be expressed 

analytically with regard to the hole dimensions E𝑎1
, E𝑎2

 of a single element or a 

microcell. They are to be determined and analysed by the evaluation of the local strain 

values EΘ  , the volume of the finite element EΩ  and the partial derivations 

𝜕𝐶𝑖𝑗𝑘𝑙 𝜕𝑎1⁄  and 𝜕𝐶𝑖𝑗𝑘𝑙 𝜕𝑎2⁄  from the homogenization calculation: 

 

The sensitivities with regard to the rotation angle EΘ of the rectangle holes can be 

calculated by the following relationship (Pedersen, in 1989): 

 

(61) 

(64) 
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with the principal strains γ I, γ I and the angle difference ϕ between rectangle 

orientation EΘ and of direction of the largest principal strain. 

The suitable values of the plate bending stiffness of an arched shell are determined 

analogously. In three-dimensional expanded components the approach is extended 

to three hole dimensions and two rotation angles. Otherwise nothing changes. 

A comprehensive description of the works to the theory and use of the pixel-voxel 

method is found in (Bendsøe and Sigmund, in 2003). 

Definition of The Design Space 

The optimum material distribution is searched in the component. Many design 

variables describe this material distribution. In principle three areas are distinguished: 

• The design space in which the optimization should occur. For this purpose, the 

three design variables described outlined above are assigned to every finite 

element. The lower boundaries of the hole dimensions are “0” (full materials). 

The upper boundaries of the hole dimensions Ea1, Ea2 are “1” (no material). 

• Area in which no material may exist (e.g., because of package requirements), 

• Area, in the material must exist. 

To keep the necessary symmetry requirements e.g., partly by the construction 

process, a coupling of design variables makes sense. This is also called design variable 

linking. 

Ideally the definition of the design variable occurs in a finite elements preprocessor. 

For this the already calculable finite elements model is used, so that all definitions can 

be taken over to load and boundary conditions. If the calculation is possible only in 

combination with adjoining components, these are also considered in the 

optimization. If different load cases are given, all load cases must be also considered 

in the topology optimization. A weighting of these load cases makes sense. 
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Approach by The Use of The Pixel-Voxel Method of The Topology 

Optimization 

Practically the topology optimization is conducted according to the following 

procedure: 

1. Identification of the possible design space, 

2. Generation of a FE-model, 

3. Definition of the design variable: Normally every finite element is treated as a 

pixel-voxel and their density is steered with a design variable. It is to be clarified 

which domain should be optimized and which domain should remain untouched. 

Moreover, definitions are to be conducted, e.g., for symmetric reasons to the 

design variable linking. 

4. Formulation of the optimization problem: Maximum stiffness, frequency 

constraints, weight (e.g., how much percent of the topology space should be 

filled), upper and lower boundaries of the design variable, 

5. Optimization process, 

6. Interpretation (if not ok: Back to point 3), 

7. Realization into a component with the help of a CAD system. 

Simple Applications of The Pixel-Voxel Method 

With simple examples topology optimizations are conducted and discussed in this 

sub-chapter. For the introduced examples the program of Sigmund (Sigmund, 2001, 

2013) is used. If it is not stated differently, it concerns the following definitions: 

• Size of the design space: The width is two times bigger than the height. 

• All introduced forces have the same absolute value. 

• Goal function is the minimization of the mean compliance. 

• The weight constraint is defined in that way, that maximum 33% of the design 

space may be filled with material. 

• Design space (in the following pictures shown with dotted lines) is filled out with 

1000 elements of squared base. 
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In Figure 32 optimum topologies are shown for different load application points. The 

single loads in Figure 32a-c are combined in Figure 32d-f. In all cases the same weight 

constraint is defined, so that the structure in Figure 32b becomes very massive. 

Through the design space with limits at the bottom, a supporting structure in the 

upper edge of the construction space develops in Figure 32c. It would be ideal to have 

a simple tension rod. But it is not able to develop axially to the force because of the 

design space definition. Bending deformations arise, which have to be stabilized. The 

results from the combinations of the single loads partly do not have anything in 

common any more with the individual topology optimization results. Both orthogonal 

forces in Figure 32f have a resultant with 45 ° to the right below, so that a relative 45 

°-bar develops. This result is absolutely unacceptable for practical components. A 

small change of one of both forces would create a strong bending situation. 

In Figure 33 a horizontal one and a vertical load are combined. In Figure 33c both loads 

are treated together in a load case. As in Figure 32f a bar develops as a lengthening 

of the resultant force. 

 

Figure 32: Topology Optimization with Different Load Application Points 
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But if both loads a combined as different load cases of a topology optimization, an 

optimum structure arises according to Figure 33d. If loads work individually, they 

must be also considered in single load cases. In Figure 34 only vertical loads are 

treated. The results of the different load combinations are very different (see Figure 

34a-b). However, the results with the separate treatment of the load cases are 

identical (see Figure 34c-d). In Figure 35 two topology optimizations are shown, which 

arise from the consideration of not fillable areas (shaded areas), as they have to be 

defined e.g., for mounting reasons for other components. In Figure 36 the boundary 

conditions are varied, whose correct definition is as important as the correct 

definition of the loads. Now in contrast to the both to up to now used fixed bearing, 

now fixed bearing is converted into a floating bearing. 

 

Figure 33: Topology Optimization with Different Load Cases Consisting of Orthogonal Loads 
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Figure 34: Topology Optimization with Different Load Cases from Parallel Loads 

A vertical bar develops to connect both bearings. With floating bearings always 

structural components arise, which work vertically to the floating bearing. Thus, the 

angular structure in the upper bearing in Figure 10a becomes a horizontal structure 

(Figure 36b). In Figure 37 line loads are treated. If up to now knots of the bar 

structures had often originated in the forces and bearing, the optimization algorithm 

searches for itself now the knot positions at the other places which are not so unique 

any more. 

 

Figure 35: Topology Optimization in Consideration of Not Fillable Areas 
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Figure 37: Topology Optimization with Line Loads 

Depending on whether rather filigree or rather massive structures should arise, it 

makes sense to change the fill factor. In Figure 38 the fill factors 0.25 (Figure 38a) and 

0.1 (Figure 38b) have been defined instead of the up to now used fill factor by 0.33. 

 

Figure 38: Topology Optimization with Different Fill Factors 
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On The Efficiency of Bionic Optimisation 

Procedures 
Gekeler S., Steinbuch R. & Widmann C. 

Reutlingen Research Institute, Reutlingen University, Germany 

Abstract 

Bionic optimisation strategies have proven to be efficient in many applications 

especially if there are many local maxima to be expected in parameter spaces of 

higher dimensions. In structural mechanics, the central question is whether one 

particular procedure is to be preferred generally or if there are different problem 

types where some procedures are more efficient than others. Evolutionary 

optimisation with some sub-strategies, particle swarm optimisation, neural nets along 

with hybrid approaches that couple the aforementioned methods have been 

investigated to some extent. These approaches are not uniquely defined, but rather 

imply many variants regarding the definition and selection of next-generation 

members, varying parameters of the underlying processes and the criteria to switch 

the strategy. To measure the performance of the different approaches some simple 

test examples have been used. The indicator of the procedures performance was the 

number of individuals which needed to be studied in order to come up with a 

satisfactory solution. As our main concern was about problems with many 

optimisation parameters, artificial neural nets do not show sufficient convergence 

velocities in our class of optimisation studies. Evolutionary optimisation, its subclass 

of fern optimisation and particle swarm optimisation prove to be of comparable 

power when applied to the test problems. It should not be disregarded that for all 

these approaches some experience about the optimisation parameters has to be 

gathered. In consequence, the total number of runs or individuals necessary to do the 

final optimisation is essentially larger than the number of runs during this final 
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optimisation. Good initial proposals prove to be the most important source for all 

optimisation processes. 

Keywords: Bionic optimisation, evolutionary optimisation, particle swarm 

optimisation, performance, structural mechanics 

Introduction 

Optimisation deals with the modification of free parameters in given entities in order 

to come up with better values for given objectives or goals. In structural mechanics 

optimisation is often applied by the varying design data, e.g. the dimensions of a 

structure to improve the goal, e.g. to minimize the mass of a part or system or to 

reduce the energy consumption under service conditions. 

The term “Bionic Optimisation” covers all the methods related to natural phenomena 

by which better variants of a given design are found. This implies that most natural 

processes use optimisation to adapt, survive and reproduce at given environmental 

conditions by better adapting to the situation. As there are infinite variants of 

applying this to technical problems, a strong classification of the observed 

phenomena is required in order to provide some understanding of the optimisation 

processes. 

Terms and Definitions 

Before dealing with the different bionic optimisation strategies, some terms and 

definitions will help establish a common language. Care should be taken when reading 

papers by different authors or schools, as one term may be used for different subjects. 

Most authors accept that for an optimisation: 

• We need a given goal or objective z. 

• The objective z depends on a set of free parameters p1, p2, ... pn. 

• There are defined limits and constraints on the parameters values. 

• Restrictions of the parameter combinations or of derived data like stresses or 

displacements exclude unacceptable or unfeasible solutions. 

• We want find the maximum (or minimum) of z(p1, p2, ... pn). 
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Some discussion of the terms helps to better understand the following process. 

• The objective or goal must be uniquely defined. We may not change the definition 

of the goal as this poses a new question and requires a new optimisation process. 

• We need to find all parameters and their acceptable value ranges we might 

modify during the optimisation studies. 

• The parameter range is the span of the free parameters’ values given by lower 

and upper limits. 

• The fewer free parameters we need to take into account, the faster the 

optimisation advances. Consequently, accepting some parameters as constant 

reduces the dimension of the solution space and accelerates the process. 

• Restrictions like unacceptable system responses or unfeasible geometry must be 

taken into account. But occasionally restrictions limit the ranges of parameters to 

be searched. Such barriers have the potential to prevent the optimisation process 

from entering interesting regions. 

• Finding the maximum of z(p1, p2, ... pn) is the same process as finding the 

minimum of the negative goal −z(p1, p2, ... pn). In consequence, there is no need 

to distinguish between the search of maxima or minima. 

Gradient or Derivative Based Optimisation 

Gradient or derivative based optimisation methods are the most popular ways to find 

improvements of given situations. From an initial position, the derivatives of the 

objective z(p1, p2, ... pn) wrt. the free parameters are determined. Moving along this 

gradient has the tendency to yield local maxima in a small number of steps, as long as 

the search does not start to far away from the local maximum. 

Bionic Optimisation Strategies 

Bionic optimisation may be defined by many different approaches. Here we deal with 

some of the most commonly accepted classifications without taking into account all 

the many sub-classifications that might be found in the literature. The central 

approaches we are going to compare are 
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• Evolutionary Strategy (ES) [1, 2] - where paired or crossed parents have children 

by the combination and mutation of their properties. These children, or some of 

them are parents in the next generation (Figure 1). 

• Fern Strategy (FS) - which may be regarded as a simplification of evolutionary 

optimisation. Individuals have offspring by mutation only but not by crossing 

properties with other members of the parent generation. 

• Particle Swarm Optimisation (PSO) [3, 4] - where a population drifts through the 

possible solution space. The swarm’s coherence is given by simple rules about the 

velocity of the individuals (Figure 2). 

• Artificial Neural Nets (ANN) [6, 7, 8] – where training of the net yields an 

understanding of the solution space and allows the prediction of the system’s 

response to given input. As ANN are not very efficient when applied to problems 

with many free parameters, we do not discuss them here [8]. 

 

Figure 1: Evolutionary Optimisation: 2 Parents 4 Kids 
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Figure 2: PSO, new velocity components of a particle 

 

Measuring The Efficiency of Procedures 

To quantify the efficiency of the different optimisation strategies, we have to 

introduce a measure that allows us to uniquely define the amount of work required 

to achieve a predefined quality. From some experience we propose to use the number 

of individuals to be analysed before coming close to an accepted good value. This 

requires the knowledge of what a good solution would be, which is generally not 

known as soon as we start studying new problems. 

Violation of Boundary Conditions 

In all sequences of parameter sets that are based on random input, violations of the 

restrictions or boundary conditions may occur. Some problems are related to the fact 

that parameter combinations cause unfeasible geometries. Exceeding limits on 

physical responses, e.g. maximum stress or displacement have to be taken into 

account as well. There are different ways to deal with these inacceptable parameter 

sets. 

The easiest way is to remove all unacceptable individuals from the list and to continue 

to produce members of the respective set until the required number of acceptable 

individuals is found. There is no reason not to use this selection type unless the cost 
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of a specific function evaluation is too high to produce a number of individuals that 

may be essentially larger than the number of individuals required for the optimisation 

process. 

Another way to keep the population near to the feasible range is to punish all violation 

of the given restrictions. A penalty multiplier weights the goal by the intensity of the 

violation. In consequence, punished individuals are less attractive for further 

reproduction, while the non-punished individuals have better chances to reproduce. 

 A third among many other ideas is to fix the parameters of the individual in violation 

to the border of the allowable space. This may be easily done for geometric input, but 

can be difficult if derived values like stresses or displacement are in question. In such 

cases, a reduction of the difference from a good individual’s data may be used. If the 

parameters change less, the objective and the derived values may change less as well, 

so the violation may be avoided. 

We restrict our present study to the use of penalty functions for violations of the 

restrictions. The geometric input is set to the minimum or maximum value, if the 

randomly produced data exceed the respective limits. For PSO, we invert the particle’s 

old velocity, if it violates given limits in addition to the penalty value. This combined 

approach has the advantage of simple applicability. 

Hybrid Strategies 

In order to accelerate the optimisation process, it is not uncommon to use different 

strategies and to switch between them. This may be very efficient in many cases. We 

could start by using evolutionary optimisation so as to cover a region of the solution 

space and then change to particle swarms as soon as we feel we have reached the 

region of the best proposals [4]. During this study, where the main concern is about 

measuring the speed and efficiency of the different strategies, we avoid these hybrid 

methods, as their inclusion would lead to a large and confusing set of combinations 

and corresponding accelerations of the optimisation process. 
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Application of Bionic Optimisation Strategies 

The description of the approaches in the section before needs to be improved upon 

to impart a qualified understanding of the studies. 

• Individuals are the different elements of the parents and children sets. 

• Generation is one step in the evolutionary processes, given by a set of parents. 

• Mutation is the modification of an individual’s parameters [2]. 

• The mutation radius is the maximum change of a parameter’s value in a mutation 

step. 

There are many other terms used in conjunction with bionic optimisation. As there is 

no generally accepted vocabulary, users are advised to check meanings carefully 

when reading papers from different authors [1, 2]. 

Evolutionary Strategy (ES) 

In Evolutionary Optimisation two parents have one offspring by combining the 

properties of their DNA, here the values of the free parameters. This crossed DNA is 

subject to some random modification, the mutation. Some of the children will be 

better suited to adapt to the environmental challenges. Their chance to survive is 

superior to their siblings, so their genetic code becomes dominant within the 

population. Therefore, these better children will be the next generation’s parents. 

Some important things to note are: 
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Figure 3: History of an evolutionary optimisation 

• The number of parents should be sufficiently large to cover some or many 

possible parameter combinations, e.g. 0.5-5 times the number of parameters. 

• The number of children should be 2-5 times the number of parents. 

• Pairing selects two individuals to produce one common child. 

• Should the parents survive to be parents in the next generation as well or not? 

Both approaches have their advantages and disadvantages. 

• Crossing, the way by which two parents define the properties of one common 

child, and mutation may happen in different ways [2]. 

• The mutation radius may change during the course of the study 

• Selection determines which Children of the current population (including the 

parents or not) should be the parents of the next generation. 

ES tends to converge to the best solution if there are sufficiently large numbers of 

parents, children and generations and if the mutation radius is rather large. The 

number of individuals to be studied may become very large if the values driving the 
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process are not set in a favourable range. Figure 3 plots the history of the goal of the 

three best and the worst parent for example F3. 

Ferns Strategy (FS) 

Fern Optimisation is derived from the fact that ferns reproduce from the spores of 

one single parent. These spores do not have the same genetic properties as the 

parent. A certain mutation happens as in all duplication of the DNA. 

• We define a limited number of initial designs - the parents - each given by a 

specific set of free parameters p1, p2, ... pn. 

• Each parent has a certain number of children, which are defined by a random 

mutation of their parent’s parameters. 

• This mutation radius may decrease during the course of the study. 

• The best of the children will be the next generation’s parents. 

• This process is repeated for a certain number of generations. 

• Sequences of parents and children which fail to come up with relatively good 

results are removed from the population to accelerate the process. 

• The best individual of all offspring is the proposed optimum of the process. 

As the solution space increases in size it becomes less probable that the coverage of 

the initial parts is sufficient to find very good designs. For smaller dimensions, FS is 

able to provide interesting results while remaining very easy to implement. 

Particle Swarm Optimisation (PSO) 

Particle Swarm Optimisation [3, 4] follows the observation that many groups of living 

beings have a tendency to behave like a complex being itself. The basic assumption of 

PSO is that the individuals know their position and velocity. In addition, they know 

where their best position during the process has been, and where the swarm’s best 

position in the parameter space has been Then the process is defined by the following 

(c.f. Figure 2): 

• Each individual continues in its direction of travel: the inertia tendency. 

• It tries to return to the best position it ever assumed: the cognitive tendency. 
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• It tries to approach the best position for all individuals: the social tendency. 

• These tendencies are weighted by some specific (c) and scalar or vector random 

(r) values and added to the inertia vector [4, 5]. 

 

 

Figure 4: Dependency of The Power of PSO of Weighting Factors for Model F3 

The particle’s position in the next step is found by adding the new velocity to its old 

position. This corresponds to the definition of a new generations in the other 

approaches. 

 

PSO has proven to be very successful if an appropriate set of particles and velocity-

weighting factors {cv, ccog, csoc} has been used. Unfortunately, PSO has the tendency 

to stick to local minima if these parameters are not well chosen [5]. Figure 4 compares 

the results found at test example F3 for different weighting factors, cv, and csoc while 

the cognitive weight was ccog = 0.1. There is a valley of efficient combinations of the 

coefficients. This valley is limited by steep hills indicating less efficient progress and 

weaker goals achieved by the PSO studies. 
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Comparing The Efficiency of Bionic Optimisation Strategies 

Optimisation is an expensive and time consuming process. We need to understand 

which procedure and which combinations of parameters may lead to a good and 

acceptable result within a reasonable amount of time. 

Test Examples 

Figure 5 depicts the 5 test examples used while Table 1 summarizes their data. We 

want to minimize the mass of the frames by varying the rods’ cross sections without 

exceeding their maximum stresses and displacements. The grid size of the examples 

is 1000 mm except for example 2 where the grid size is 360 inches. Example F2 used 

imperial units (in, kip) the other frames use mm and Newton. 

To come up with comparable results, we did a series of 20 loops for each problem and 

each strategy to avoid having only one or few very good or very bad results. On the 

other hand, the parameters we used were based on some experience with the 

underlying problems, so the number of runs presented does not come from naïvely 

starting a procedure, but includes some preliminary work which is impossible to 

quantify. 

 

 

params: # of rods in frame 

grid size: horizontal or vertical distance between the nodes 

Amax, Amin: maximum and minimum allowed cross section area of the rods 

E-Mod: Young’s modulus 

max: maximum allowed stress in rod 

max: maximum allowed displacement of nodes 
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Figure 5: Test Frames with Loads and Supports 

Input and Results of The Test Examples 

Table 2 lists the inputs of the test runs used. Table 3 and Figure 6 (individuals per loop) 

summarize the results of the test runs. The most important data are the number of 

individuals analysed to find a sufficient good design labelled as ‘Individuals [1000]’. 

The number given multiplied by 1000 gives the total number of individuals required 

to find the proposed design. mean and stddev (standard deviation) and best are 

related to the results of the 20 runs. The ratio of the difference between the best and 

the average result divided by the standard-deviation (reldev) gives an idea of the 

stability of the strategy. 

Interpretation of The Results 

ES, FS and PSO prove to be of a comparable efficiency when applied to the 4 smaller 

problems (F1, F2, F3, F4). Figure 6 indicates 

that there might be a nearly linear relation between the number of optimisation 

variables and the individuals required to find good proposals. For the largest problem 

F5 FS displays a performance that is essentially weaker than ES and PSO. ES and PSO 

seem to be of comparable power when applied to the problem class which we discuss. 
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FS shows promising results if the number of parameters is not too large, but the 

random search in high dimensional spaces becomes less successful. The scatter 

indicator reldev proposes that PSO has a more stable tendency to find solutions near 

the best while ES and FS show a larger range after the 20 runs. 

Some knowledge may be gleaned from the results of these series of studies. Foremost 

that optimisation, especially bionic optimisation, is a process that consumes large 

amounts of time and computing power. 

 

ES 

 

FS 

 

mutation radius reduced 0% - 25% of generations: rmut = .50 

for ES and FS: 25% - 50% of generations: rmut = .20 

50% - 75% of generations: rmut = .10 

75% - 100% of generations: rmut = .05 
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PSO 
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Figure 6: Efficiency of Optimisation Strategies 

The results presented in section2 would not have been found without a large number 

of preliminary studies providing experience in the field of optimisation of frames. 

The input characteristics used in the test runs is derived from these preliminary 

studies. For example the selection of the 3 weighting factors {cv, cg, cs} for the PSO 

required some 100 000 runs (Figure 4). The proposal of the reduction of the mutation 

range for ES and FS is the result of many studies as well. The proposal to use a number 

of initial parents in the size of free variables for ES and PSO is based on many studies, 

as well as the idea to use a large number of initial parents and a small number of 

children in FS. 

One central fact about all optimisation may be learned from Figure 3. If there is a good 

initial design the number of optimisation runs to be done may decrease significantly. 

If an experienced engineer proposes an initial design with a goal of e.g. 2.6 *106, we 

need only 20 generations or 50% of the workload required to solve the task with a 

random initial design. 
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Conclusions 

The quality of the initial proposals is the most important component of any 

optimisation. If experienced and motivated engineers propose designs that are close 

to the optimal ones there is a good chance that at least a local optimum will be found 

which is not too far away from the best solution possible. If we are close to good 

proposals, gradient methods will improve the parameters in short time and at 

reasonable effort. 

As soon as we doubt that our initial designs are close to the optimal ones, ES or PSO 

have the capacity to propose of better designs. Nevertheless, the number of function 

evaluations may be large. Which of the two is to be preferred must be decided with 

some preliminary test. Often, the particle swarm shows a faster tendency towards the 

assumed best values, but some examples like those shown in Figure 4 indicate that 

the swarm might have the tendency to stick to local maxima like gradient methods. 

Switching to gradient optimisation if a maximum is approached closely is always an 

interesting option. But experience has to be gathered there as well. 

In every case, the optimisation of large problems is a time and resources consuming 

process. There is no way to avoid the evaluation of many individual solutions and 

there is no guarantee that the absolute best solution will be found at all. 
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