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1. Abstract  

In the past 20 years, topology optimization has emerged as both an active research field as well as a powerful 

technology for broad industrial applications. Commercial software plays an important role in transforming an 

emerging technology from research to industry. The authors have previously highlighted various aspects that are 

important for real world applications ([1]-[11]). This paper will revisit some of the most critical aspects from more 

recent experience:  

o General and flexible multiple constrained problem formulation is essential. Efficient analysis and 

optimization process should be implemented to cover large scale problems; 

o Various manufacturing constraints are very important for the realization of the design concept. 

In this paper a comprehensive review of these aspects are provided. Their importance is demonstrated with real 

world industrial applications. Composite concept optimization is also highlighted because fiber reinforced 

composite has become increasingly important for high performance products including next generation airliners. A 

Formula One race car application [12] from Force India F1 team is presented to show case applications in an 

exciting sport industry where vehicles are engineered for extreme performance and optimization has become a 

standard engineering tool for most F1 teams. 
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3. Introduction 

Industrial applications of structural optimization have seen rapid growth in the past decade. Topology optimization 

has been playing the leading role in championing this continuing trend. The most important reason is that product 

design and engineering is about innovation and creativity. Topology optimization can help engineers to think out 

of the box during early stage of concept generation. It has been shown that it can generate surprisingly efficient 

design in engineering fields where products are already considered highly engineered. For example, applying 

topology optimization Airbus achieved over 40% weight reduction on a group of A380 leading edge ribs [13]. 

Successes have been demonstrated across most industries where structures play an important role in product 

design and development. Meanwhile for the past 2 decades research on topology optimization has continued to be 

one of the most active fields of engineering optimization (see [14]-[35] for surveys and select contributions).  

Commercial software plays an important role in transforming an emerging technology into practical engineering 

tools. Within the context of Altair OptiStruct development the authors have discussed in the past various aspects 

that are critical for industrial applications ([1]-[11]). Two major aspects have been highlighted: (1) engineering 

structures are designed for different applications. Therefore the software should provide a rather general 

framework for an engineer to formulate a design problem; (2) For concept design, manufacturing feasibility needs 

to be addressed. Typical manufacturing constraints include casting, extrusion, stamping etc. We also group certain 

design requirements under this category. Those include enforcing design symmetries, repetitive design patterns 

etc. [11]. Note that Free-Size optimization, where thickness of a shell structure is allowed to vary continuously, 

should also be considered as a special type of topology optimization. Free-Size design formulation is qualitatively 

equivalent to topology optimization where the shell structure is optimized as a 3D FEA model. In this paper an 

overview of a general concept design optimization problem is discussed first. Then the formulation of typical 

manufacturing constraints are reviewed and illustrated with examples. Manufacturing constraints for composite 

laminates are also discussed. A Formula One race car application [12] from Force India F1 Team is presented to 

showcase industrial applications in an exciting sport industry where vehicles are engineered for extreme 

performance and optimization has become a standard engineering tool for most F1 teams. 

 

4. Optimization problem 

The general optimization problem can be stated mathematically as follows 
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Where )(xf  represents the objective function, )(x
j

g  and 
U

j
g  represent the j-th constraint response and its 

upper bound, respectively. M is the total number of constraints. For shell topology and Free-Size
i

x is the 

normalized thickness of the  i-th shell element optimization, while for topology optimization 
i

x is the normalized 

material density of the i-th element. The lower and upper bounds of the normalized variables are typically 0 and 1 

except if a minimum base shell thickness is required. Note that this formulation represents a relaxation formulation 

of the topology problem, where the density should only take the value 0 or 1. To enforce the design to be close to a 

0/1 solution, a penalty is introduced to reduce the efficiency of elements with intermediate densities. For the SIMP 

approach [21][22] the penalization is achieved by the following power law formulation: 

              )(  i
p
iii KK xx   (2) 

where Ki and Ki represent the penalized and the real stiffness matrix at full density of the i-th element, 

respectively, and p is the penalization factor that is bigger than 1. Typically p takes value between 2 and 4. 

In general, the optimization problem in Eq.(1) involves a very large number of design variables. However, the 

number of active constraints is usually small, if local constraints such as stress constraints are excluded. Because of 

this characteristic, the problem can be solved very efficiently by the dual method of nonlinear programming ([36], 

[37]). For practical applications it is important to support a variety of common analysis responses. OptiStruct 

provides a wide range responses for topology and Free-Size optimization including compliance, displacement, 

frequency of normal modes, displacement, velocity and acceleration of frequency response analysis etc.[11]. 

Buckling constraints can also be applied to shell topology and Free-Size optimization with a base shell 

thickness[5]. Fatigue constraints can also be applied to topology and Free-Size optimization[9]. Stress constraints 

represent a significant challenge as (1) sensitivity analysis would become prohibitive, and (2) the number of active 

stress constraints are usually in the same order of the number of variables. A proprietary method for stress 

constraints was developed in OptiStruct in Version 8.0 release in 2006 [10]. 

 

4.1. Generic Design and Manufacturing Constraints 

Minimum member size control was the first manufacturing constraints introduce in OptiStruct Version 3.5 

released in 1999. A three phase process was developed in which density slope constraint corresponding to a given 

minimum member dimension is enforced during the first two phases, while during the 3rd phase the density slope 

on the boundary is relaxed to eliminate 'grey' transition layer[1]. Fig.1 illustrates the member size control effect on 

a Michell-Truss like structure. 

 

Figure 1: Michell-Truss (design domain 100x30): Checkerboard control only (left); Dmin=6.0 (right) 

Extensive coverage of geometric constraints under the general terminology pattern grouping and pattern repetition 

were added in OptiStruct Version 7.0 released in 2004. Those include: (1) one, two and three plane symmetry; (2) 

cyclic symmetry; (3) pattern repetition enforces same topology layout on different parts that can be scaled or 

overlap only partially. Fig.2 illustrates effects of various symmetry options. Fig.3 shows an automotive wheel with 

cyclical pattern grouping enforced. Fig.4 demonstrates pattern repetition applied to an aeroplane wing model 

where layout of ribs are synchronized. Details of these examples can be found in [11].  

 

4.2. Casting Manufacturing Constraints 

Considering the finite element model shown in Fig.5, where the mesh is perfectly lined up in the draw direction, to 

prevent formation of cavities blocking drawing the die densities nji
xxx ,...,, along the draw direction need to 

satisfy constraints defined in Eq.3. 
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Figure 2: Cantilever plate: one plane and two plane symmetry 

 

Figure 3: Wheel: draw direction combined with 5 cyclical patterns and planar symmetry within each cycle 

  

Figure 4: Airplane wing: pattern repetition applied to ribs 
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where K represents the number of sets of elements in the draw direction. It can be shown that the additional single 

variable linear constraints can be handled efficiently in the dual optimizer similar to side constraints [36]. The 

simplified formulation on regularized mesh was extended to general irregular mesh as well as handling of two dies 

splitting. This capability was released in 2002 in OptiStruct Version 5.1[4]. It was shown that extrusion constraint 

represents a simplification of the design problem since element density along the extrusion path should be kept 
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constant, hence reducing a 3D material distribution problem into a 2D problem at a cross-section[4]. A new option 

preventing internal holes for casting draw constraint is implemented in OptiStruct 11.0 [11] released in 2011.  

 

 
Figure 5: Illustrative finite element model 

 

4.3. Stamping Manufacturing Constraints 

This manufacturing constraint attempts to enforce constant thickness in the design. With the sliding direction in 

Fig.5 representing die punch direction, the requirement for stamping feasibility is to keep the thickness constant in 

the stamp direction:  
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Figure 6: Automotive bracket: draw constraint with no internal holes (top); Stamping constraint (lower) 
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where T is the target sheet thickness and hk is the average mesh size of the k-th element set. This seemingly simple 

constraints represent a significant challenge as a large number of such constraints are involved. This capability is 

implemented in OptiStruct 11.0 released in 2011 [11]. Images in Fig.6 show application of draw direction 

constraint and stamping constraint to an automotive bracket[11]. 

 

5. Free-Size optimization 

Free-Size optimization is a formulation where thickness of plate/shell elements varies freely. It can be regarded as 

generalized sizing optimization where cavity can develop and hence topology can change if the thickness is 

allowed to approach zero. Free-Size optimization should be regarded as a special case of topology optimization. 

This can be illustrated with the cantilever plate example shown in Fig.6. The right upper image shows results of the 

plate modeled with 10 layers of 3D hexa elements. The result is a plate with variable thickness, which is 

qualitatively equivalent to the Free-Size result shown in the lower right image. Topology optimization shown in 

the lower left image can be regarded a manufacturing constraint enforcing 0/1 thickness distribution. 

 

 
Figure 7: Cantilever plate 

 

5.1. Composite Concept Optimization 

Free-Size optimization is the perfect formulation for composite laminate where variable thickness changes can be 

achieved almost continuously through ply shape variation. The optimization problem can be stated mathematically 

as follows 
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Where NE is the number of elements and Np the number of super-plies; ikx is the thickness of the i-th super-ply of 

the k-th element. The concept of super-ply is introduce to allow arbitrary thickness variation of a given fiber 

orientation at a given stacking location. Typically only one super-ply is needed for each available fiber orientation 

as most shell structures are designed to carry in-plane loading locally, while providing bending capacity as an 

'assembly'. In this case, typically a 'smear' option of shell properties are used at concept design stage to neutralize 

the effect of stacking sequence. However, if bending behavior of the laminate is of particular importance, multiple 

super-plies can be used to allow selection of stacking preference.  

Manufacturing constraints are important for composite design and need to be address right at the beginning of the 

concept design phase. One important constraint is that the number of consecutive plies of the same orientation 

should be limited to prevent manufacturing failure during the curing process (typical limitation is 3 to 4 

consecutive plies). During the concept design phase constraining the percentage of each fiber orientation in the 

overall thickness can ensure that alternative ply orientations are available for breaking consecutive lay-up of a 

single orientation. Another common design requirement is to constrain the total thickness of the laminate. These 

two types of manufacturing constraints can be represented mathematically as follows:  
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Additional design constraints considered include balancing of the thickness of two fiber orientations; zonal pattern 

grouping; ply-dropping rate constraint achieved through thickness slope control. The free-size optimization leads 

to a continuous distribution of thickness for each fiber orientation. A discrete interpretation of the thickness defines 

the shape of plies that stack together to form a given thickness landscape. The ply shape can be simply obtained by 

capturing different level-sets of the thickness field of each fiber orientation. A comprehensive 3 phase 

optimization continuing the process leading the design concept to ply-book details was implemented in OptiStruct 

9.0 released in 2007 [7][9][11]. 

 

6. Composite airplane wing optimization   

The Three-Phase composite design process is demonstrated through the design of the wing of a wide body aircraft 

shown in Fig. 8. Only concept optimization stage is shown in this paper while the ply-bundle sizing and stacking 

optimization details can be found in [9]. Nine load cases of key significance are considered. In this simplified 

concept proof exercise only wing tip displacement constraints are considered, with upper bounds not exceeding 

those of a baseline aluminum wing under each load case. Only carbon fiber composite top and bottom skins are 

optimized. Ply orientations available are 0, +45/-45, 90 plies, with leading edge as reference.  Manufacturing 

Constraints considered include: 

 max. thickness of each fiber orientation ≤ 10 mm 

 +45/-45 plies balanced 

 8 mm ≤ total laminate thickness ≤ 32 mm 

 min. percentage of an available fiber orientation ≥ 10% 

 The thickness distribution of  the four fiber orientation is shown for the upper skin in Fig. 9. It can be seen that 

ply balancing constraints kept the thickness distribution of +45 and -45 orientations identical. The results can be 

interpreted into ply shape definition. Then the number of plies in each play shape can be defined through discrete 

optimization in the second stage, followed by ply stacking optimization to satisfy detailed ply stacking rules[9].   

 
Figure 8: Composite wing model of a wide body aircraft under cruise loading 
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Figure 9: Thickness distribution of the upper skin of the wing 

 

7. Formula One race car application 

Structural optimization has been used extensively within the Force India Formula One team to ensure that the 

structural targets are achieved for a minimal mass design. Another key factor within formula one is being able to 

produce the optimal design in a very short timeframe.  

An application of topology optimization using Altair OptiStruct is in assisting with the design of the principle roll 

structure (Figure 10) to withstand the loading that is described in Article 17.2 of the FIA 2011 Formula One 

Technical regulations [38]. 

The high safety standards within Formula One (F1) have become one of the sport's many trademarks.  Over the 61 

year history, the governing body the FIA have strived to improve the safety afforded to the drivers and are 

constantly looking at ways to further improve the safety to all involved within F1. 

 

 

 

 

 

 
Figure 10: Principle roll structure 

 

 

One of the first and most important safety features introduced into the sport in 1961 was the addition of the 

principal roll over bar.  Since then, the teams have pushed the boundaries of design to ensure the principal roll 

structure is as light as possible with minimal influence on aerodynamic performance whilst providing the best 

protection for the driver in the event of a roll over. 
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In order to ensure the principal roll structure provides the best driver protection, the FIA outlines a number of strict 

regulations governing the design and minimal strength requirements for the structure.  These are described in FIA 

technical regulations[38] article 15.2 Roll Structures, and article 17 Roll Structure Testing, with the main 

regulation concerning the strength of the roll structure outlined below: 

FIA 17.2: Principal roll structure test: 

A load equivalent to 50kN laterally, 60kN longitudinally in a rearward direction and 90kN vertically, must be 

applied to the top of the structure through a rigid flat pad which is 200mm in diameter and perpendicular to the 

loading axis. 

Since the mid 1980’s the principal roll structure has also acted as the air intake for the engine, either as a separate 

metallic component with an aerodynamic shroud, or as an integral carbon structure incorporated directly into the 

chassis laminate.  

As with most areas of a Formula One car the maximum air intake area is governed by regulation and over the past 

few years the design of intakes have varied considerably between the teams (Fig.11). It is normally the role of the 

aerodynamics department to define the external shape of the principal roll structure, and it is then up to the 

structural analysts and design teams to design the primary load bearing structure which will be contained within 

this volume.  

 

 

 
Figure 11: Typical Formula One Air Intake Designs 

 

Due to the high location of the principal roll structure (highest point on a Formula One Car); it is paramount to 

ensure the mass is at a minimum. Mass this high up on the car can have a significant effect on the centre of gravity 

and as a consequence has a negative effect on the handling of the car. As roll structures can weigh anywhere from 

1-3kg a significant amount of mass can be saved within one component. 

Fig.12 shows the initial aerodynamic shape used to encapsulate the principal roll structure.  This surface provides 

the initial design space used to define the topology optimization; the available space in which the final design must 

fit. This volume is meshed using solid elements and loads are applied as per the FIA regulation 15.2.2 & 17.2.  

 
Figure 12: Aerodynamic Surface 

 

A single topology design domain is linked to the solid elements and a symmetry option is applied, which ensures 

that the optimized design generated is symmetrical, even under unsymmetrical loading. The study is set up to 

minimize the mass of the structure whilst meeting stress and displacement limits.  Using this information, Altair 

OptiStruct was able to very quickly produce a concept design by removing over 70% of the mass. After the 

optimization is complete, the optimized shape is used to create a detailed design, as shown in Fig.13. Free-Shape 

optimization on the interpreted concept was carried out allowing nonlinear behavior, utilizing ELS method 
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(equivalent static load [39]) in OptiStruct 11.0 [11]. This lead to a 16% further reduction of weight[12]. 

Using this technique, it is possible to automatically produce a concept design of the structure in a significantly 

reduced timeframe than can be produced using traditional design-evaluation-redesign methods. This is of 

particular importance, as any time saved can be used to look for improvements in other areas of the vehicle.   

 

 
Initial Design Domain 

 
Optimised Topology Results 

 
Detailed Design 

 

Figure 13: Topology Optimization Process & Results 

 

8. Conclusion 

This paper provides a comprehensive overview on important practical aspects of topology optimization for 

industrial applications. The assessments are based on over a decade of accumulation of research and development 

of the commercial software Altair OptiStruct, driven by continuously growing breadth of industrial applications. 

Two aspects are highlighted: (1) A general optimization framework is necessary to accommodate a variety of 

design requirements for different applications; (2) Various manufacturing and geometric constraints are important 

for transforming a design concept into a product within a familiar manufacturing environment and process. 

Examples are given to demonstrate the impact of typical manufacturing constraints. The importance of Free-Size 

optimization as a special form of topology optimization for 2D structures is also discussed. This formulation is 

particularly useful for composite concept design optimization where material distribution can be tailored almost 

continuously through ply shape variation. This is demonstrated on a composite wing of a wide body airliner. 

Finally a Formula One race car application from Force India F1 Team is given to showcase application in an 

extreme sport industry where OptiStruct has become a standard tool for most F1 design teams.      
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