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Abstract 

Structural topology optimization methods have existing and been improving theoretically 
since 1980s; however, in industry, with respect to the certain conditions, proper modification 
is always desired. This study develops a specific method to utilize topology optimization for 
gearbox housing design. Gearbox housing maintains the position of the shafts to ensure the 
precision of gear engagement in all operational states (Naunheimer, et al., 2010). The current 
housing design processing used in Vicura AB, a Swedish powertrain company, is able to 
achieve stiff optimal housing material distribution, but difficult to fulfil gear misalignment 
requirement. This work overcomes the above shortages to develop a new methodology for 
gearbox housing topology optimization concerning the gear misalignment as well. The paper 
is starting with an introduction of the previous method and its defects, followed by a 
discussion of three possible improvements. Only one of them is feasible and two main 
difficulties need to be resolved to make it applicable. One of the difficulties is finding a linear 
assumption of the non-linear components and the other is deriving an approach for topology 
optimization involving both external forces and non-zero prescribed displacements. The 
corresponding solutions are described subsequently in detail both theoretically and practically. 
Then the results by implementing the new method and also the comparison with the results 
getting from the old method are presented. Finally, a validation of the new method is 
discussed and the conclusions and comments are given.        
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1  Introduction 

1.1 Vicura 
Vicura, an engineering company originated from General Motors (GM) Powertrain and Saab 
Automobile Powertrain AB. Started as an independent company VICURA AB on Jan 4th 
2011, majority owned by Fouriertransform AB. Vicura is offering product development with 
focus in transmission, electric drive and control systems and has a global customer base. 

The heritage from the automotive industry gives Vicura the character like: 

 Balancing and optimizing quality, durability and cost in complex systems  

 Strong manufacture footprint, high volume  

 Global markets & requirements  

 OEM experience  

 Complete lifecycle responsibility  

 Manage distributed global project teams  

 Strong math based/simulation based development  

 Structured development process  

1.2 Topology Optimization 

1.2.1 Structure Optimization 

Every mechanism has its own typical structure and a structure in mechanics is defined in J.E. 
Gordon (1978) as “any assemblage of materials which is intended to sustain loads.” 
Optimization indicates to make the structure as light as possible, as stiff as possible and as 
insensitive to buckling or instability as possible with demanded and reasonable constraint 
(Petras, 1998). Most physical quantities that can be set as constraints could also be used as 
objective functions. Chose a plenty of measures on structural performance—weight, stiffness, 
critical load, stress, displacement and geometry—and a structural optimization problem is 
formulated by picking one of these as an objective function that should be maximized or 
minimized and using some of the other measures as constraints (Christensen & Klarbring, 
2008). 

As introduced in Christensen & Klarbring (2008), the general structural optimization problem 
in mathematical form is like this: 
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 Objective function (f): a function that should be maximized or minimized and during 
every optimization iteration, f returns a value which indicates the quality of design. 
Choosing the objective function is a crucial part of the optimization process, in general 
(f) could be weight, displacement in a given direction, effective stress or even cost of 
production.  

 Design variable(x): a function or vector describing the geometry or choice of material 
and allowed to change in order to minimize the objective function. If x refers to 
geometry, it could be the cross section area of bar or the thickness field of a sheet. 

 State variable (y): a function or vector representing the response with given design 
variables of a structure when acted on by certain load. For a mechanical structure, y 
may indicate displacement, stress, strain or force. 

A general structural optimization problem in mathematic form: 

              Minimize f(x, y) with respect to x and y 

design constraints on x  

subject to behavioral constraints on y 

equilibrium constraint. 

Depending on the nature of design variables, Structure Optimization problems can be divided 
into three classes: 

 Sizing optimization: x describes generalized structure thickness, i.e.: cross-sectional 
areas of truss or the thickness distribution of a sheet. 

 Shape optimization: x represents the boundary shape of structural domains. 

 Topology optimization: The variation of x is allowed to lead the changing of 
continuity of structural domain. In a simply word, it can remove material and make 
holes. 

1.2.2 Topology Optimization 

Topology optimization, in simple words, is a method that solves the problem of distributing a 
given amount of material in a design domain subject to load and support conditions, such that 
the stiffness of the structure is maximized. This is introduced by Bendsoe & Kikuchi (1988) 
and nowadays topololgy optimizaion mothed is widely applied in automobile and aircraft 
structure design and all other mechanical industry. 

The general topology optimization has the mathematic form, as introduced in Christensen & 
Klarbring (2008), like this: 
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 Objective function (f):For the most of designs, the goal mainly aims at maximize the 
structure stiffness, so usually the objective function of topology optimization is the 
value of a linear function L for the equilibrium displacement field U, i.e. L(U) . This 
linear function is called compliance and it is the inverse of a global stiffness, so when 
compliance is minimized the structure will meet the maximum stiffness. 

 Constraint:  

 Equilibrium constraint: U∈ K such that a(ρ, U, V) = L(V)for all V ∈ K 

                        Equilibrium constraint can also present as a minimization problem:  

Find U∈ K such that J (ρ, U) ≤ J (ρ, V) for all V ∈ K,  

  where  J(ρ, V) = 
		
 a (ρ, V, V) – L (V) 

a (ρ, V, V) is a symmetric bilinear functional, in which ρ mostly indicate the 
thickness with respect to the certain position variable x and V is displacement 
field belong to a set of admissible displacement K, i.e. longitudinal 
displacement of a rod, transverse displacement of a beam, or the displacement 
vector of a sheet. 

L (V) is a linear functional. 

Perform a Potential Energy Minimization on J (ρ, V) using Gateaux derivative 
of J (ρ, V), then get the first expression: 

Find U∈ K such that a (ρ, U, V) = L (V) for all V ∈ K 

 Design constraint: 
	
Ω  dΩ = V, ρ ≤ ρ(x) ≤ ρ for all x∈ Ω <==> ∈ρ  H 

ρ is a nonzero lower bound and  ρ is the upper bound. 

                  So, summarize in the mathematical expression 

min L(U) 

s.t.    U∈ K such that a (ρ, U, V) = L (V)for all V ∈ K 

∈ρ  H 

There are several ways to solve topology optimization problem. Most of them need firstly to 
perform a finite element discretization or so called sensitivity analysis on objective function 
and constraints, and then use an appropriate method to solve, such as:  

 A sequential explicit convex approximations----Method of Moving Asymptotes 
(MMA) developed by Svanberg (1987) 
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 Optimality Criteria (OC) Method with penalization, such as: SIMP (Solid Isotropic 
Material with Penalization) or other penalizations introduced in Christensen & 
Klarbring (2008). 

1.2.3 Topology optimization benefit in real industry                                            

 Decrease significantly development time   

 Design processing starts with a good design proposal 

 Offer the final design with high quality precondition 

 Efficiency for saving material 

1.3 Software 
There is a lot of CAD&CAE software nowadays has been used in mechanical design, like: 
CATIA, ASNSY, modeFRIONTIER, etc. The software involving in this thesis work and the 
utility of them shows below: 

 CAD model design: Unigraphics NX 

 CAD model modification for FEA: SpaceClaim 2011+ 

 FEA preprocessor: ANSA V13.2.2 

 FEA solver: Abaqus 6.11-1 

 FEA result viewer: META_Post v6.7.2 

 Topology optimization: TOSCA 7.11, Graphical user interface ANSA_TOSCA 
V13.2.2 

 Compiling language: Python 2.7 

 Code editor: Notepad++ ANSI 

 Data analysis: Excel 2010  

1.3.1 Abaqus 

The commercial software “Abaqus” is the FEA solver used in this thesis work. Several 
important files need to be aware of and emphasized (Dassault Systèmes Simulia Corporation, 
2011). 

 INP file 

The input file with extension “inp” contains all the FE data, such as: meshing data, boundary 
data and all other necessary information. This kind of file is not only the input file for Abaqus, 
but also the input file for TOSCA to do topology optimization. 
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 INC file 

The file having the extension “inc” encloses also required input information to avoid having 
too big INP file. By inserting the comment *INCLUDE in INP files, INC files can be called.  

 DAT and MSG files 

The files with extension “dat” and “msg” tracking the whole FEA process is a monitor for 
tracing the solving procedure. If error occurs during calculation, customer can check DAT file 
for help. Also, the DAT file can print out the required solving results, such as: displacement, 
stress and strain energy, etc. 

 ODB file 

The file with extension “odb” encloses entirely the model data and the result data. One can 
import the ODB file into a FEA result viewer, like: Abaqus viewer or META_Post to check 
graphically the calculation result. 

1.3.2 TOSCA 

TOSCA is commercial structure optimization software and ANSA_TOSCA is the graphical 
user interface of it. There are two applicable approaches in TOSCA for topology optimization. 
They are so called controller based design and sensitivity based design (FE-DESIGN GmbH, 
2011). 

 Controller based design 

The theoretical basis for controller based design is the OC method. Due to the limitation of 
the algorithm, in TOSCA 7.11 the setting of objective function should always be compliance 
and volume constraint could be the only constraint. However, Yin & Yang (2001)  developed 
the OC method making it capable to solve toplogy optimization problems under multiple 
constraints.       

 Sensitivity based design 

Sensitivity based design implements MMA to do a mathematical programming optimization. 
This method has more general applicability allowing user to set any reasonable objective 
functions and constraints, but it costs more time to get a converged result.   

The optimization process could be divided into four steps: preprocessing, FEA, optimization 
and post-processing. During preprocessing TOSCA will check all the optimization setting, 
such as: optimization type, objective functions, constraints and etc. After preprocessing 
TOSCA calls the FE solver, which in our case is Abaqus, to calculate all the data needed for 
optimization. Then TOSCA gathers the necessary data from Abaqus to do optimization based 
on certain algorithm. In the end, a smooth processing and a validation of the result could be 
found in the post-processing.  
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Some of the terms typically used in TOSCA should be noted (FE-DESIGN GmbH, 2011).  

 DRESP is the abbreviation of design response which is the specific quantity prepared 
to be set as optimization target or constraints. For instance, it could be displacement, 
stress, or volume.   

 WEIGHT is a weighting factor set as a multiplier for DRESP. The default value is 1, 
but it could be vary and has a physical meaning. For example, if the objective function 
is displacement U, then the weighting factor is setting as 1, but if the objective 
function is the multiplication of force F and the corresponding displacement U, the U 
is set as DRESP and the value of F is set as a weighting factor.  

 

1.3.3 Important tips of TOSCA and Abaqus 

 

 Topology optimization method 

As mentioned in 1.3.2, sensitivity based design is more general. It can handle more objective 
functions rather than compliance and more constraints rather than volume constraint. So, I 
chose sensitivity based design for all the topology optimizations in this thesis work.  

 

 Loadcase 

The optimization results from TOSCA strongly depend on loadcase, thus, the loadcase setting 
in Abaqus INP file is highly concerned. A commend “LC_SET”, the abbreviation of loadcase 
set, defines with respect to which loadcase TOSCA should run. Let’s study an example shown 
below, where F1 is equal to -1000 N and F2 is equal to 1000 N, see Figure 1.1. 

 

 

 

 

 

Figure 1.1: Example settings 

 

As seen in Table 1.1, in Abaqus INP file, if OP equals to NEW, the load in step1 will not take 
into account in step2, on the contrary, if OP equals to MOD, the load in step1 will also be 
introduced into step2. Moreover, in TOSCA, the “LC_SET = ALL,2,,” indicates running 
optimization regarding only to the second loadcase. So, we can tell the apparent difference 

F2

F1
10 mm

100 mm

3 1 2

Y 

X 
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between result 2 and result 4. Since the optimization results from TOSCA are highly 
depending on Abaqus loadcase setting, all the results in this paper will be followed by an 
Abaqus loadcase interpretation.    

 

Table 1.1: Abaqus loadcase and TOSCA settings and topology optimization results 

Abaqus INP file loadcases TOSCA  settings Results 

 
 
 
 
 

(Ⅰ) 
 
 
 
 
 
 

*STEP, NAME=STEP1 
*STATIC 
*CLOAD, OP=NEW 
1,1, -1000. 
*END STEP 
 
*STEP, NAME=STEP2 
*STATIC 
*CLOAD, OP=NEW 
2,2, 1000. 
*END STEP 

Min Compliance 

Volume = 50% 

LC_SET = ALL,1,, 

Min Compliance 

Volume = 50% 

LC_SET = ALL,2,, 

 
(Ⅱ) 
 
 
 
 
 
 
 

*STEP, NAME=STEP1 
*STATIC 
*CLOAD, OP=NEW 
1,1, -1000. 
*END STEP 
 
*STEP, NAME=STEP2 
*STATIC 
*CLOAD, OP=MOD 
2,2, 1000. 
*END STEP 

Min Compliance 

Volume = 50% 

LC_SET = ALL,1,, 

Min Compliance 

Volume = 50% 

LC_SET = ALL,2,, 
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2 Previous Method 

2.1 Working flow 

 

Figure 2.1: Working flow 

Original housing CAD model 

Modified housing CAD model 

Housing FE model

Output an Abaqus INP file

New housing shape 

Output an Abaqus INP file 

New INP file for calculating housing 
substructure 

Gearbox system FEA

Check gear 
misalignment 

  Abaqus Step 5 

Step 4 

Step 3

Step 2 

Step 1 

Notepad++ 

ANSA TOSCA

ANSA 

SpaceClaim 

Step 6  Excel 

NO 
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The working flow above gives an overview of the previous method. At first, modification is 
needed to avoid small tips for high quality meshing. Also, it is convenient to add more 
materials as design area for topology optimization in SpaceClaim. Next, mesh the housing and 
specify boundary conditions which get from the whole gearbox system FEA. Then set up 
topology optimization: choosing compliance as objective function, setting volume as 
constraint and also manufactory constraints. In order to check gear misalignment with the new 
housing after topology optimization, the substructure of new housing needed to be calculated 
and then perform a finite element analysis on whole gearbox. Finally, check the value of gear 
misalignment. If the results are satisfied, the design is accepted, otherwise, back to step 3 to 
change the volume constraint and run a new optimization.  
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2.2 Model  

2.2.1 Outline 

The model used for this work is a “Power take off (PTO)” system. It consists of an integral 
housing, one input shaft and one output shaft and six bearings are connecting the housing and 
the shafts. Specific layout of housing, shafts, and bearings as well as the assembly layout 
present in Figure 2.2 and Figure 2.3 below. The material using for housing is Al-Si alloy and 
for all other parts is elastic steel, see Table 2.1.   

Figure 2.2: Housing, shafts, and bearings layout 

 

 

 
1 Bearing1 (P11): Ball Bearing 

2 Bearing2(P13): Taper Roller Bearing 

3 Input Gear 

4 Input Shaft 

5 Bearing3(P14): needle roller bearing 

6 Bearing4(P21): Cylindrical Roller Bearing 

7 Output Gear 

8 Bearing5(P22): Taper Roller Bearing 

9 Bearing6(P23): Taper Roller Bearing 

10 Output Shaft 
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Figure 2.3: Transmission system layout 
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Table 2.1: Materials 

 Density(ρ) 

g/mm3 

Young’s 
Modulus (E) 

Gpa 

Poisson’s 
ratio (ν) 

Thermal 
Expansion 

Thermal  Expansion   
Coefficient(α)        

°C-1 

GMW5M-AL-C-
D-Si9Cu3-F 

2750 72 0.33 ISOTROPIC 2.28e-05 

Elastic steel 7850 210 0.3 ISOTROPIC 1.25e-05 

 

2.2.2 Bearing 

Bearing is an important mechanical component supporting shafts, maintaining the exact 
position of shafts and reducing rotational coefficient of friction during power transmission 
process. Modeling bearing in an appropriate way is crucial to get an accurate FEA result. In 
the PTO, there are four types of bearing: deep grove ball bearing, cylindrical roller bearing, 
needle roller bearing and tapered roller bearing. The analytical approach using for the 
bearings is developed by L.Houpert (1997) and the numerical code in FORTRAN is 
developed by Pontus Sirkia (1999).  

  

 

Figure 2.4: Bearing layout and Bearing coupling  

Inner surface of 
bearing outer ring

Outer surface of 
bearing inner ring

Roller outer contour 

Node 60011 

Node 51011 

Node 50011 

Roller 

Clearance
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Figure 2.5: Bearing FE model layout 

Before illustrate the bearing model, two involved constraints, which are typically in Abaqus, 
are needed to be clarified. One is kinematic coupling and the other is tie contact (Dassault 
Systèmes Simulia Corporation, 2011). The Kinematic coupling constrains the rigid body 
motion of a set of nodes by defining a connection between these nodes to a reference node. In 
out model there are three kinematic couplings: node 60011 is the reference node for the nodes 
on outer ring, node 50011 is the reference node for the nodes on inner ring and node 51011 is 
the reference node for roller outer contour, see Figure 2.4. The Tie contact ties the surfaces of 
two parts, so that they have the same motion during the simulation. Two tie contacts are 
defined: one is the outer surface of outer ring tied to housing and the other is the inner surface 
of inner ring tied to shaft. It is clear that although node 50011, 51011 and 60011 are in the 
same position, they represent different objectives. Then they need to be connected by certain 
types of element. Bearing element representing the roller connects the inner ring 50011 and 
the roller outer contour 51011, see Figure 2.5. The clearance between roller 51011 and outer 
ring 60011 is represented by gap element and spring element, see Figure 2.5. As a summary, 
the figure below shows the torque transmission processing via bearing from shaft to housing, 
see Figure 2.6. 

 

Figure 2.6: Torque transmission processing 

By utilizing this bearing model, FEA result could be quite accurate, but sacrifices calculation 
time. An iterative calculating strategy is required to get the equilibrium contact position of the 
inner ring and the outer ring. It is clear from Figure 2.7 below, 36 iterations are needed to get 
convergent result and for each iteration, it takes at least 5 minutes to run. Thus, substructure 
introduced in next section is used to reduce calculation time significantly.        
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Figure 2.7: Abaqus calculation data 

2.2.3 Substructure 

For a large FE model with massive nodes, a substructure method (C.S.Krishnamoorthy, 1995) 
can be used to eliminate the great quantity of degrees of freedom to save calculation time. By 
separating the nodes into master nodes and slave nodes, the equilibrium equation K U= F is 
modified as follow: 

   =           (2.1) 

Assume   is non-singular matrix, the second equation in (1)  

 +  =	             (2.2) 

can be solved like follow: 

 = -1 (  - )             (2.3) 

Then insert equation (3) into the first equation in (1), we can get 

(  - -1 )  = - -1        (2.4) 

in which  - -1   and - -1  can be represented in one term 

respectively as  and . 

 =             (2.5) 

Equation (2.5) is the condensed form of equilibrium equation, in which  is called 

condensed stiffness matrix and  is called condensed force vector.  
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By solving equation (2.5), the displacements of master nodes are derived. Then, insert the 
results into equation (2.3) to get the displacements of slave nodes. So, the displacements of all 
nodes are derived. Since, stiff matrix is symmetric, Gauss elimination is used for computer 
application to avoid inverting	 . 

Twelve boundary nodes are retained as master nodes to solve the substructure for housing. 
Similarly, six boundary nodes are revered as master nodes to get substructures for both input 
and output shaft. The substructure solved by Abaqus not only contains the condensed stiffness 
matrix, but also could contain mass matrix, thermal effect and other information. By applying 
substructures, although it still needs 36 iterations to solve due to the non-linear behaving 
bearing, it only needs 30 seconds to get convergent results.      

2.2.4 FE modeling  

 Overview 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Overview of gearbox system FE model 

 

Figure 2.8 above shows the overview of the gearbox system FE model. Housing and shafts are 
preserved as substructures connecting by interactions and also required data are set as 
parameters inputted to substructures and interactions. All these input data are written in 
different INP files, which are called in main INP file. After finite element analysis, all the 
results are written in Abaqus DAT file and will be exported in Excel for checking. Two 

Substructure: 

Housing 

Substructure: 

Output shaft 

Parameters: 
Gear data

Substructure: 

Input shaft 

Interaction: 
Gear	contact		

(node‐node	contact) 

Interaction: 
Housings	–	Input	shaft	

(bearings,	etc.) 

Interaction: 
Housings	–	Output	shaft	

(bearings,	etc.) 

Parameters: 
Clearance	values	 

Parameters: 
Input torque

        Forces:                                                                          

 Gear	forces																																																											

 Bearing	forces	

 Internal	forces	for	component	analyses	

        Displacements:                                                           

 Gear	misalignment	&	Gear	deflections								

 Bearing	misalignment	

 Deflections	for	interference	check 

Parameters: 
Prescribed 

displacement  
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results are mostly concerned: one is the internal forces used as boundary conditions for 
housing topology optimization and the other is the gear misalignments. As Figure 2.9 shows 
below, the displacement differences of contact points on gear and pinion are studied.  There 
are four components are concerned: the linear differences X, Y, Z and the rotation difference 

around Z direction, see Figure 2.10. Generally, the criteria are √   0.5mm and 
Alpha  1 mrad.     

 

Figure 2.9: Gear contact nodes 

 

Figure 2.10: Gear misalignments 

 Mesh 

A FE model with reasonable quality mesh is essential for FEA and topology optimization to 
get good results. In our case, the first order tetra element is chosen for meshing. This choice is 
the best concerning both calculations time and result precision proved by the long term 
practical experience. Table 2.2 below shows the meshing data in detail. 
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Table 2.2: Meshing data 

 Housing Input shaft Output shaft 

Element type 1st order Tetra element 1st order Tetra element 1st order Tetra element 

Element size 2.5mm 2.5mm 2.5mm 

 

 Boundary condition  

Figure 2.11 shows the boundary conditions for gearbox system FEA. There are 8 boundary 
nodes for system FEA. Node 70001, 70003,70002,70101,70102 and 70103 are the fixed ends. 
Input torque is acting on node 101 and a rotational displacement is prescribed on node 201 
against the rotation direction to avoid unnecessary large rotation of output shaft.  

Figure 2.12 shows the boundary condition for housing topology optimization. The fixed ends 
are the same as for system FE model. Node 60011, 60013,60014,60021,60022 and 60023 are 
applied the internal force getting from system FEA. 

 

Figure 2.11: Gearbox system boundary condition 
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Figure 2.12: Housing boundary condition 

 

2.3 Design by Previous method 
It is aimed at finding the optimal material distribution of housing and meanwhile the gear 
misalignment criteria should be fulfilled. Obviously, the more material the housing has, the 
stiffer it will be and smaller gear misalignment will be. Normally, two cases are studied 
before optimization. One is the weakest structure Design_0 with minimum of materials, the 
other is the stiffest structure Design_1 with maximum of materials. As seen from Figure 2.13 
and Figure 2.14, for the TPO model, supporting ribs are removed to get Design_0 and 
Design_1 is added ribs as much as possible. The gear misalignments of those two cases are 
listed in Table 2.3. This thesis aims to developing a new method rather than design a new 
produce, therefore the PTO model is actually a highly designed archetype of a finished project. 
So, even the gear misalignments of Design_0 are far beyond the criteria. However, we can 
still notice an enhancement by adding more materials, especially for the rotational 
displacement.  Next, we will specify the boundary condition for the housing of Design_1 and 
generate an INP file used as the FE model input file for topology optimization.  Then, set up 
topology optimization in TOSCA. The design areas are all the ribs, objective function is 
compliance of whole housing and constraints are the volumes of design areas.  
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Figure 2.13: Design_0 for PTO 

 

Figure 2.14: Design_1 for PTO 

Table 2.3: Gear misalignments of Design_0 and Design_1 

 X (mm) Y(mm) Z (mm) Alpha (mrad) 

Design_0 -0.09 0.09 0.13 -0.24 

Design_1 -0.08 0.09 0.11 -0.15 

 

Since the model is highly designed, we do not need to adjust the volume constraint to get 
satisfied housing. However, two cases still are illustrated: one is 0.3 volume constraint and the 
other is 0.5 volume constraint, see Figure 2.15 and Table 2.4.  
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              Volume constraint: 0.3                                    Volume constraint: 0.5 

Figure 2.15: Result comparison 
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Table 2.4: Gear misalignments of Design_0.3 and Design_0.5 

 X (mm) Y(mm) Z (mm) Alpha (mrad) 

Design_0.3 -0.08 0.09 0.11 -0.16 

Design_0.5 -0.08 0.09 0.11 -0.15 

 

2.4 Summary 
The previous method has been introduced and illustrated by the PTO model. From the 
companion between Design_0.3 and Design_0.5, we can notice that the optimal shapes are 
quite different, but the gear misalignments are lightly changing. This does not only happen to 
a highly designed model but generally it is very hard to predict the gear misalignments 
changing influenced by housing shape changing. In another words, it is difficult to get a 
housing, which satisfies the gear misalignments, by adjusting volume constraints artificially. 
Moreover, even if the satisfied housing can be derived, it probably takes several or even a lot 
of times of running. Moreover, for each running, it could be last for long time. Take 
Design_0.3 for instance, it needs 17 iterations to solve and for each iteration, it takes 7 
minutes to finish. Thus, an automatic and efficient method is desired to get an optimal 
housing satisfying gear misalignment criteria.    

  

 

 

 

 

 

 

 

 

 

 

 

 

 



22 

3 New Method  
A new automatic method is required to guarantee both optimal housing material distribution 
and gear misalignment criteria to be fulfilled together. Intuitively, we can use directly the 
gearbox system model rather than only use the housing model and set up gear misalignments 
as behavioral constraints. However, it not possible only uses substructures for topology 
optimization because topology optimization requires the real elements to calculate 
sensitivities. Moreover, real elements are not practically applicable to be used for system 
model because, as mentioned in section 2.2.2, the nonlinear bearings could lead unacceptable 
long calculation time. Considering both demands and difficulties, there are three ideas to 
improve the previous method. 

 Simplify the housing model. This can be done by modifying irregular parts and 
meshing the housing with much coarser mesh. The simplified model can do decrease 
the calculation time, however it also sacrifices the result accuracy.  

 Establish a design-automation. Use compiling language to control the design process 
from step 3 to step 6 automatically, see Figure 2.1. However, this method is only 
automatic but not efficient.   

 Substitute the nonlinear bearing model with an equivalent linear approximation. In this 
case, the real elements of housing can be used for FEA and topology optimization. 
Then, in topology optimization, displacement constraints can be set up to restrict gear 
misalignments.   

Comparing the three ideas above, the third one is feasible and the most important thing is to 
find out a linear approximation for bearings. 

3.1 Linear approximation for bearings  
Instead of using bearing elements, radial gap and radial spring, as seen in Figure 2.5, 
“connector element” can be used to connect the housing and shafts. Connector element, which 
is a special element in Abaqus, can define a connection between two nodes (Dassault 
Systèmes Simulia Corporation, 2011). The behavior of “connector element” can be described 
by “connector motion”. In this way, it assumes that the housing and the shaft are connected by 
a spring, see Figure 3.1. Since it is hard to get the stiffness matrix of the spring, alternatively, 
use prescribed displacements to describe the behavior of the spring. To get the displacements, 
it needs firstly to run a finite element analysis for the system model using the substructure, as 
seen in Figure 2.8, to get the equilibrium displacements of node 60011 and 50011. Then the 
displacement differences of those two nodes are set as connector motions.  The connector 
element and connector motion settings in INP file are shown in Figure 3.2. Type is 
“CONN3D2”, which indicates connector element, 3D analysis and two nodes included in the 
element. ELSET is “Connector_1” which is the name of the element. “1” indicates the 
element number is one and “50011, 60011” indicates the element is including node 50011 and 
60011. “CONNECTOR SECTION” defines what kind of motion that the connector element 
can have. “CARTESIAN” means the element have three linear DOFs along X, Y and Z and 
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“ROTATION” means the element have three rotational DOFs around X, Y and Z. “Connector 
motion” specifies the values of those six DOFs. 

 

                                                                   

Figure 3.1: Connector Element 

 

    *ELEMENT, TYPE = CONN3D2, ELSET = Connector_1 

     1, 50011, 60011 

    *CONNECTOR SECTION, ELSET = Connector_1 

     CARTESIAN, ROTATION 

    *CONNECTOR MOTION 

Connector_1,  1, 1.95E-02 

Connector_1,  2, 3.93E-02 

Connector_1,  3, -3.22E-02 

Connector_1,  4, 5.99E-04 

Connector_1,  5, 3.75E-02 

Connector_1,  6, 1.39E-04 

Figure 3.2: Connector element and connector motion settings in INP file 

By applying “connector element”, the bearings can have a linear approximation, so the finite 
element analysis of system model can be solved in one increment. Thus, the system model can 
be used for topology optimization with the housing having real elements.     

As introduced above, “connector motion” is prescribed displacement. In addition, there is a 
prescribed displacement on node 201, Figure 2.11. So, the topology optimization will involve 
both input torque and prescribed displacements, which is not a common situation for topology 
optimization problem. Thus, it deserves a further discussion to find out a method for topology 
optimization involving both prescribed displacements and external loadings. 

 

 

Shaft Housing
50011 60011

Connector Element
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3.2 A general method for topology optimization  
Normally, the approach for a linear elastic body subjected to an external loading to get 
optimal material distribution is maximizing the compliance, on the contrary, minimizing the 
compliance is required for a body subjected to a non-zero prescribed displacement to achieve 
optimal shape. However, for the situation involving both prescribed displacements and 
external static loading it is uncertain whether the compliance should be minimized and 
maximized for obtaining a stiff structure. 

In our case, we encounter the ambiguous situation ---- an input torque on input shaft, a 
prescribed rotation on output shaft and twenty-four connector motions describing the bearings 
behavior. So, a suitable approach for topology optimization is needed. Let’s study a more 
simple and general case, see Figure 3.3. A linear elastic body subjected to both external forces 
F and non-zero prescribed displacements δ. δ is associated with displacement vector U by a 
specified matrix e, δ - eT U = 0.  

         

Figure 3.3: A linear elastic body subjected to both external forces F and non‐zero prescribed displacements δ 

For a static analysis, the equilibrium state is compulsory. We use the principle of minimum 
total potential energy to get it and consider the non-zero prescribed displacements as a 
constraint for the minimization.  

 System potential energy: Π (ρ, U) =  UT K(ρ) U - FTU               (3.1) 

 Minimize system potential energy with respect to the non-zero prescribed 
displacements constraint to get equilibrium state: 

Z 

X 

Y 
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             	 Π (ρ, U) =  UT K (ρ) U - FTU     (2) 

             s.t. δ - eT U = 0                     (3) 

Solve this minimization problem by constructing KKT conditions. 

 The relative Lagrangian function: 

L (ρ, U, λ) =  UT K(ρ) U - FTU + λ (δ - eT U)                (3.4) 

 KKT conditions: 
	 , ,

 = 0 => K (ρ) U (ρ) - F - λ (ρ) eT = 0 => K (ρ) U (ρ) = F + λ (ρ) eT            (3.5) 

δ - eT U = 0 => eT U = δ                                                    (3.6) 

Equation (3.5) is the equilibrium state for a body involving both the external forces and non-
zero prescribed displacements. We are noticing that there is one more term “λ (ρ) eT” in 
equation (3.5) than in the equilibrium state, F=K (ρ) U (ρ), where only external forces acting. 
In fact, the lagrangian multipliers λ in equation (3.5) can be interpreted as the reaction force 
with respect to the non-zero prescribed displacement.   

 Insert (3.5) into (3.1) 

	 Π (ρ, U) =  U(ρ)T (F + λ(ρ) eT) - FTU(ρ) = -  FTU(ρ) +  U(ρ) λ(ρ)eT       (3.7) 

	 Π (ρ, U) = Π (ρ, U (ρ))                  (3.8)  

 Insert (3.6) into (3.7) 

	 Π (ρ, U) = Π (ρ, U (ρ)) = -  FTU (ρ) +   λ (ρ) δ               (3.9) 

Equation (3.9) represents the total equilibrium system potential energy. 

Consequently, for a linear elastic topology optimization problem including both external 
forces F and non-zero prescribed displacements δ, chose maximizing the total equilibrium 
system potential energy, which means maximize the total equilibrium system potential energy 
and also means simultaneously minimize the compliance of the external forces and maximize 
the compliance of the prescribed displacement. 

Now we derive the proper objective function for the case containing both external forces and 
non-zero prescribed displacements. We need to move forward to calculate sensitivity.  

E (ρ) = 	 Π (ρ, U)                  (3.10) 

E (ρ) = Π (ρ, U (ρ))                   (3.11) 

For sensitivity analysis, equation (3.10) takes much more advantage than equation (3.11) to be 
the objective function. This is due to the fact that it is much easier to calculate	 C (ρ) /  ρ by 
implementing equation (3.10), based on the Theorem 2.8.6 in Clarke (1983) and the 
simplified and applied version of it, Theorem 1, introduced by Klarbring & Strömberg (2012). 
By utilizing the useful theorems, the derivation of equation (3.10) becomes to: 
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 = 
		 	 , 		

 = 
	 	 , 	

 |U=U (ρ) = 
	 		 	 	 	 	 	

 |U=U (ρ)  

           =   U (ρ)T 
	 	

 U (ρ)                 (3.12) 

Thus, for a linear elastic body subjected to both external forces and non-zero prescribed 
displacements, the topology optimization can be set up as, 

												 	 -  FTU (ρ) +   λ (ρ) δ                                  	   FTU (ρ) -   λ (ρ) δ 

(P1)    s.t     ∑ρ  = V                                OR     (P2)      s.t.   		∑ ρ  = V                                 

                   ρ ≤ ρe ≤ ρ for all elements,                                         ρ ≤ ρe ≤ ρ for all elements. 

The sensitivity required for (P1) is  U (ρ)T 
	 	

 U (ρ), while, correspondingly the sensitivity 

demanded for (P2) is -  U (ρ)T 
	 	

 U (ρ). 

Moreover, equation (3.9) can be modified one more step, 

	 Π (ρ, U) = Π (ρ, U (ρ)) = -   FTU (ρ) +  λ (ρ) δ  

                           = [	   FTU (ρ) +  λ (ρ) δ] - FT U (ρ) = C (ρ) - FTU (ρ),           (3.13) 

in which C (ρ) is the equilibrium strain energy of the body. 

Obviously, we can also directly insert U= U (ρ) in equation (3.1) to get equation (3.13).   

In the similar way, we can derive (P3) and (P4) according to equation (3.13) as shown below.       

													 	 C (ρ) - FTU (ρ)                                             	 	 - C (ρ) + FTU (ρ) 

(P3)    s.t     ∑ρ  = V                                OR     (P4)      s.t.   		∑ ρ  = V                                 

                   ρ ≤ ρe ≤ ρ for all elements,                                         ρ ≤ ρe ≤ ρ for all elements. 

The sensitivities needed for (P3) and (P4) are  U (ρ)T 
	 	

 U (ρ) and -  U (ρ)T 
	 	

 U (ρ) 

respectively. 

 

Up to now, we develop theoretically a way to deal with the topology optimization problem 
involving both external forces and non-zero prescribed displacements. Next, we would like to 
use TOSCA to implement the theory. Let’s study a simple and general 2D case inspired by 
Klarbring & Strömberg (2012), see Figure 3.4 and Table 3.1. 
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Figure 3.4: 2D beam 

Table 3.1: Boundary conditions, material and meshing 

Boundary Condition X1=0,Y1=0; X2=0; δ =2mm ; F = 1000N 

Material E = 21MPa, ν = 0.3 

Meshing 4055 first order tetramesh elements 

Solve this topology optimization problem in TOSCA by using equation (3.9) and (3.13) as 
objective function respectively. Based on equation (3.9), set up U3_Y and RF_2Y as DRESP 

and -  F and  δ as weighting factor corresponding. In the similar way, according to equation 

(13), set C (ρ) and U (ρ) as DRESP and - FT as weighting factor, see Table 3.2 for details.  

Table 3.2: Abaqus INP file and TOSCA setting 

 
-  FTU (ρ) +   λ (ρ) δ (3.9) C (ρ) - FTU (ρ) (3.13) 

Abaqus INP files Both δ and F are set in one step 

Objective function Max (-500U3_Y – 1 RF_2Y) 

LC_SET = ALL,1,, 

Max ( C  – 1000 U3_Y) 

LC_SET = ALL,1,, 

Constraints Volume = 50% Volume = 50% 

As seen from Figure 3.5, the result is quite similar as expected, which proves the topology 
optimization method for a linear elastic body subjected to both external forces and non-zero 
prescribed displacements is theoretically feasible and practically achievable. Nevertheless, it 
is too early to be satisfied. We notice that in this simple example there is only one force and 
one non-zero prescribed displacement; however, for a more complex case, much more loads 
and non-zero prescribed displacements could be involved. In that case, we have to set amount 
of DRESPs and weighting factors to compose objective function. Moreover, once there is one 
more DRESP than compliance, TOSCA will run Abaqus for one more pseudo step, which 
significantly increases the calculation time. Thus, an efficient improvement is necessary and 
valuable. Let’s again study two simply cases: a linear elastic body subjected to only external 
loads and a linear elastic body subjected to only non-zero prescribed displacements. 

F

δ 
10 mm

100 mm

1 23

Y 

X 
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-  FTU (ρ) +   λ (ρ) δ (3.9) 

C (ρ) - FTU (ρ) (3.13) 

Figure 3.5: Result comparison 

 A linear elastic body subjected to only external loads 

																 	 C (ρ) = FTU (ρ) 

(P5)     s.t.  				∑ ρ  = V                                 

                      ρ ≤ ρe ≤ ρ for all elements.         

The sensitivity is derived as:  

	 	
 = 

	 	 	
 = FT 	 	 	

  = UT (ρ) K (ρ)	 	 	 	
                (3.14) 

To calculate	 	 	 	
, we would like to differentiate the equilibrium equation K (ρ) U (ρ) = F.   

	 	 	
 U (ρ) + K (ρ)  

	 	 	
 = 0 => 

	 	 	
 = - K (ρ)-1  

	 	 	
 U (ρ)            (3.15) 

Insert equation (15) into equation (14), we get the sensitivity for (P5): 

 
	 	

 = - UT (ρ)  
	 	 	

 U (ρ)                 (3.16) 

 A linear elastic body subjected to only non-zero prescribed displacements 

																 	 C (ρ) = UT F(ρ) 

(P6)     s.t.  				∑ ρ  = V                                 

                      ρ ≤ ρe ≤ ρ for all elements.         

The sensitivity is derived as:  

	 	
 = 

	 	 	
 = UT 	 	 	

                    (3.17) 
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In the similar way, differentiate the equilibrium equation K (ρ) U= F (ρ) to obtain	 	 	 	
,    

 
	 	 	

  = 
	 	 	

 U                   (3.18) 

Insert equation (3.18) into equation (3.17), we get the sensitivity for (P6): 

 
	 	

 = UT  
	 	 	

 U                   (3.19) 

To observe the equation (3.12), (3.16) and (3.19), we conclude that for the maximizing 
structural stiffness topology optimization problems, the sensitivities have the same archetype  

S (ρ) = -  U (ρ)T 
	 	

 U (ρ).                  (3.20) 

The same conclusion also can be found in Niu, et al. (2011). This is a really beneficial notice. 
The MMA approximation of the objective function is required for a topology optimization 
problem and it is calcuated by utilizting sensitivities. So, if the sensitivities have the same 
archetype, we have a probability to derive a uniform method for the topology optimization 
problem no matter it involves only external loads or only non-zero prescribed displacements 
or both of them. Thus, a further discussion is useful. Let’s also consdier (P1) to (P4) and make 
a summary shown below, see Table 3.3.  

Table 3.3: Objective functions and sensitivities 

 Objective function Sensitivity of objective function 

(P1) 	  -  FTU (ρ) +   λ (ρ) δ   U (ρ)T 
	 	

 U (ρ) 

(P2) 	   FTU (ρ) -   λ (ρ) δ -  U (ρ)T 
	 	

 U (ρ) 

(P3) 	  C (ρ) - FTU (ρ)   U (ρ)T 
	 	

 U (ρ) 

(P4) 	  - C (ρ) + FTU (ρ) -  U (ρ)T 
	 	

 U (ρ) 

(P5) 	  C (ρ) – U (ρ)T 
	 	

 U (ρ) 

(P6) 	  C (ρ)  UT  
	 	

 U   

As seen from Table 3.3, it is clear that (P1), (P3) and (P6) have the same sensitivity in negative 
sign, which means they have the same MMA approximation, and minimization of the 
objective function is required; on the other hand, (P2), (P4) and (P5) have the same sensitivity 
in positive sign, and  maximization is needed. Due to this fact, we dare to assume that 
generally for a topology optimization no matter it involves only external loads or only non-
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zero prescribed displacements or both of them, if the required sensitivity of objective function 

is calculated as -  U(ρ)T 	 	
U(ρ) in negative sign, minimize objective function, conversely, 

if the compulsory sensitivity is calculated as  U(ρ)T 
	 	

U (ρ) in positive sign, maximize 

objective function. According to this assumption, our concern is no longer objective function 
but sensitivity. No matter what the objective function is, as long as the sensitivity is calculated 
properly the result will be convincible.  

To verify this assumption, we continue with the 2D example by implementing TOSCA. As I 
mentioned in section 1.3.3, the optimization results are strongly depending on the loadcase 
setting in INP file. In case the objective function is compliance and if there is only external 
loadings and no non-zero prescribed displacements in one loadcase, TOSCA will use S (ρ) to 
calculate sensitivities with respect to that step, conversely, if in one step that exists prescribed 
displacements, TOSCA is always applying -S (ρ) for the sensitivities, even when external 
loadings are also present. This feature just meets our needs. We can always choose 
compliance as objective function, avoiding the redundancy by implementing equation (3.9) 
and (3.13), to decrease the calculation time. Then the required sensitivity can be derived 

appropriately as -  U(ρ)T 	 	
U(ρ) or 	  U(ρ)T 

	 	
U (ρ) by modifying loadcase setting in 

INP file.  Let’s study this more clearly from Table 3.4 below. 

Table 3.4: Loadcase settings and corresponding sensitivity 

 

In case (Ⅰ) both external force and non-zero prescribed displacement are including in one 

step, so TOSCA calculates the sensitivity of compliance as  U (ρ)T 
	 	

 U (ρ). Thus, based 

on the assumption, we need to set up maximization. For case (Ⅱ), we need more concern, 

 
(Ⅰ)  F and δ in one step   (Ⅱ) δ in step 1 & F in step 2 

Abaqus INP file 

*STEP, NAME=STEP 1 
*STATIC 
*BOUNDARY 
2, 1, , -2. 
*CLOAD 
3, 2, 1000. 
*END STEP 

 

*STEP, NAME=STEP 1 
*STATIC 
*BOUNDARY 
2, 1, , -2. 
*END STEP 

*STEP, NAME=STEP 2 
*STATIC 
*CLOAD 
11, 1, , -2. 
*END STEP 

TOSCA 

Objective 

function 

Max  C (ρ) Min  C (ρ) 

LC_SET = ALL,1,, LC_SET = ALL,2,, 

Sensitivity  U (ρ)T  U (ρ) -  U (ρ)T 
	 	

 U (ρ) 
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since there is a bug in TOSCA. When TOASCA runs preprocessing, it goes through Abaqus 
INP file and tries to identify which loadcase (*STEP) contains non-zero prescribed 
displacements. As no text “* BOUNDARY 2,  1,  , -2.” is in step 2, from the point of view of 
TOSCA, step 2 only contains external force, so the sensitivity of compliance is calculated as   

-  U (ρ)T 
	 	

 U (ρ) according to step2. Thus, according to the assumption, we need to 

minimize the objective function.  

 

(Ⅰ) 

Objective function: Max C (ρ) Sensitivity:  U (ρ)T 
	 	

 U (ρ) 

(Ⅱ) 

Objective function: Min C (ρ) Sensitivity: -  U (ρ)T 
	 	

 U (ρ) 

Figure 3.6: Result comparison 

Check the results shown above in Figure 3.6 and also consider Figure 3.5, we can clearly see 
that they have the same results as expected, thus the assumption is proved. Now we can claim 
a proper and efficient approach for general topology optimization aiming at maximizing the 
structure stiffness by implementing TOSCA, see Table 3.5 below. 

Table 3.5: Summary for topology optimization in TOSCA 

Loading Type Abaqus INP file TOSCA 

Only external force (F) One step with F Min C (ρ) 

 

 

 

 

Only non-zero prescribed 
displacement (δ) 

One step with δ Max C (ρ) 

Both external force (F)        
& non-zero prescribed 
displacement (δ) 

One step with both F and δ Max C (ρ) 

Step1 with δ  Step2 with F Min C (ρ) 
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3.3 Design by new method 

3.3.1 Modification of gearbox system FE model 

Modify gearbox system FE model for topology optimization, see Figure 3.7. According to the 
discussion in section 3.1, substitute bearing elements, radial gaps and radial springs with 
connector elements. Then use real elements housing instead of substructure. The housing 
model is still using Design_1. The system model involves six bearings, so six connector 
elements are set and there are six DOFs for each.   

 

 

 

 

 

 

 

Figure 3.7: Modified gearbox system FE model for topology optimization 

 

3.3.2 Topology optimization settings  

Two cases are studied. The first one uses equation 3.13 as objective function and the second 
applies only compliance as objective function. The constraints, which are the same for these 
two cases, are volume constraint on all the ribs and four relative displacement constraints on 
gear contact point. Moreover, they also have the same Abaqus INP file with two steps. Table 
3.6 shows in detail. 

Table 3.6: Abaqus loadcases and TOSCA settings for two cases 

Load case settings in 
Abaqus INP file 

* STEP, NAME=STEP_1 
* STATIC 
** Output_shaft_Prescribed_displacement: 
 *BOUNDARY, TYPE=DISPLACEMENT, OP=NEW 
    201,4,,-8.32E-03 
** Bearing_Connector_Element  
 *CONNECTOR MOTION, OP=NEW 
Connector_60011,  1, 2.49E-02 
... 
Connector_60023,  6,-3.85E-04 
*END STEP 
 
* STEP, NAME=STEP_2 
* STATIC 
** Input_shaft_Torque: 
 *CLOAD, OP=NEW, AMPLITUDE=Ramp1 

101,5,-1518E3 
*END STEP 

Housing:        
Real elements 

Output shaft: 
Substructure:

Parameters: 
Gear data

Input shaft: 
Substructure

Interaction: 
Gear	contact		

(node‐node	contact) 

Interaction: 
Housings	–	Input	shaft	
(Connector	elements) 

Interaction: 
Housings	–	Output	shaft	
(Connector	elements) 

Parameters: 
Input torque

Parameters: 
Prescribed 

displacement  
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 Maximize C (ρ) - FTU (ρ) Minimize compliance 

Topology 
optimization 
settings in 
TOSCA 

Objective 

function 

Max C (ρ) – (-8.32E-03) URX_201 Min C (ρ) 

LC_SET = ALL,2,, LC_SET = ALL,2,, 

Constraints 

Volume constraint = 0.3 

UX_1101 - UX_2101 ≤ 0.09 mm 

UY_1101 - UY_2101 ≤ 0.10 mm 

UZ_2101 – UZ_1101 ≤ 0.12 mm 

URZ_2101 – URZ_1101 ≤ 0.16 mrad 

3.3.3 Result 

Both of the two cases get convergent results at 21st iteration fulfilling all the five constraints. 
The optimal material distributions are exactly the same for those two cases, see Figure 3.8. 
However, the calculation time is shorter by using compliance as objective function. As 
introduced in section 3.2, there is one more DRESP, “URX_201”, in the objective function for 
the first case, so one more pseudo step is needed and it takes longer calculation time, see 
Table 3.7. Moreover, I also solve substructure for the optimal housing and run system finite 
element analysis to check gear misalignments. As seen in Table 3.8, the values are highly 
consistent with the convergent values from TOSCA. The differences are so small that can be 
tolerant.  

Table 3.7: Calculation time comparison for the two cases 

 Total iterations Total calculation time Calculation time per 
iteration 

Maximize C (ρ) - FTU (ρ) 21 4h 42min 13.4 min 

Minimize compliance 21 4h 25min 12.6 min 

 

Table 3.8: Gear misalignments comparison 

 X (mm) Y (mm) Z(mm) Alpha (mrad) 

Case one TOSCA -0.084853 0.090279 0.116400 -0.149939 

Case one checking -0.082410 0.090246 0.112511 -0.146920 

Case two TOSCA -0.084852 0.090280 0.116400 -0.149937 

Case two checking -0.082961 0.091083 0.117922 -0.150770 
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Minimize compliance Maximize C (ρ) - FTU (ρ) 

Figure 3.8: Result comparison 
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4 New method validation  

4.1 Model 
The “GEC” model, Gearbox for Electric Car, is used for a validation run of the new method. 
The model including a separate housing, three shafts, 6 bearings and 2 gear pairs, see Figure 
4.1, Figure 4.2 and Figure 4.3.    

    

Housing_left_outside Housing_left_inside Housing_right_outside Housing_right_inside 

  

Figure 4.1: Housing layout  
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Figure 4.2: Shafts and gear pairs layouts 

                                

Figure 4.3: Assembly layout 
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4.1.1 Material 

The material using for housing is Al-Si alloy and for all other parts is elastic steel, Table 4.1. 

Table 4.1: Materials 

 Density(ρ) 

g/mm3 

Young’s 
Modulus (E) 

Gpa 

Poisson’s 
ratio (ν) 

Thermal 
Expansion 

Thermal  Expansion   
Coefficient(α)        

°C-1 

GMW5M-AL-C-
D-Si9Cu3-F 

2750 72 0.33 ISOTROPIC 2.28e-05 

Elastic steel 7850 210 0.3 ISOTROPIC 1.25e-05 

4.1.2 Boudary condition 

Housing boundary nodes have been coupled to node 401, which is fixed in all six DOFs. An 
input torque is acting on node 101. The rotational motion around y direction of node 301 is 
fixed, see Figure 4.4. 

 

Figure 4.4: Boundary condition 
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4.1.3 Gear misalignment  

Gear misalignment is illustrating in Figure 4.5. eF is a vector which is perpendicular to the 
prescribed gear contact direction. For both gear and pinion, project the rotational 
displacements of the contact points on eF. The difference of projections is the gear 
misalignment. For gear pair one, the vector eF1 is equate to (-0.698, 0, -0.716) and for gear 
pair two, the vector eF2 is equate to (0.594, 0, -0.804). 

 

 

 

 

Figure 4.5: Gear misalignment 

 

 

 

 

 

Gear misalignment = r
pinion

 – r
gear

  

                = (Rx_pinion - Rx_gear) ·eF + (RY_pinion - RY_gear) ·eF+ (Rz_pinion - Rz_gear) ·eF 
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4.1.4 Model modification  

Desgn_1 is needed as the input model for topology optimization and Design_0 is also studied 
as reference. As seen in Figure 4.6, Design_1 is constructed with blocks rather than ribs. By 
using blocks, the optimal material distribution could be more rational and essential, however 
it sacrifices calculation time. The first order tetra element is chosen for meshing. The element 
size for blocks is 3mm and for all other parts is 4mm. By using substructures, the finite 
element analysis is performed and the gear misalignments are studied. As seen in  

Table 4.2, by using Design_1, gear misalignments decreases significantly 28.7% for gear pair 
one and 47.8% for gear pair two.  

 

Figure 4.6: Design_1 for “GEC” 

 

Table 4.2: Gear misalignments study 

 Gear pair one Gear pair two 

Deisgn_0 -0.94 mrad 0.67 mrad 

Deisgn_1 -0.83 mrad 0.35 mrad 
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4.2 Topology optimization settings 
The six bearings are represented by six connector elements with six DOFs for each. A torque 
is acting on node 101 on input shaft. Objective function is the compliance and constraints are 
the volume constraint and two gear misalignment constraints, see Table 4.3 in detail. As seen 
in Table 4.2, the gear misalignment value for gear pair one is between -0.94 and -0.67 and for 
gear pair two is from 0.67 to 0.35. Therefore, I choose the middle values -0.85 and 0.50 as 
limitations. 

Table 4.3: Abaqus loadcases and TOSCA settings 

Load case settings in 
Abaqus INP file 

* STEP, NAME=STEP_1 
* STATIC 
** Bearing_Connector_Element  
 *CONNECTOR MOTION, OP=NEW 
Connector_60011,  1, 1.95E-02 
       ... 
Connector_60032,  6,9.07E-04 
*END STEP 
 
* STEP, NAME=STEP_2 
* STATIC 
** Input_shaft_Torque: 
 *CLOAD, OP=NEW, AMPLITUDE=Ramp1 

101,5,-1510E3 
*END STEP 

Topology 
optimization 
settings in 
TOSCA 

Objective 
function 

Min C (ρ) LC_SET = ALL,2,, 

Constraints 

Volume constraint = 0.3 

-0.698 (URx_2001 – URx_1101) – 0.716 (URZ_2001 – URZ_1101) ≤ 0.85 mrad 

0.594 (URx_2002 – URx_3002) –0.804 (URZ_2002 – URZ_3002) ≤ 0.50 mrad 
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4.3 Result 
The convergent result is achieved at 43rd iteration fulfilling all the three constraints. The 
optimal material distributions are shown in Figure 4.7. I also checked the gear misalignment 
values by performing the finite element analysis using the system model with substructures.  

  

Figure 4.7: Topology optimization results 

Table 4.4: Gear misalignments check 

 Gear pair one Gear pair two 

Design_1    -0.827428 mrad   0.335978 mrad 

TOSCA_Result -0.799988 mrad   0.136662 mrad 

Checking_Result -0.833409 mrad   0.200450 mrad 

 

As seen from Table 4.4, the optimal shape after topology optimization has even smaller gear 
misalignments than the full marital shape “Design_1” for both gear pair one and gear pair 
two. This is because gear misalignments are relative displacements. Therefore, they are not 
changing correspondingly along with the housing materials increase or decrease.  For 
example, if only enhance the housing by adding a block on the right hand side, see Figure 4.8. 
Due to the unbalance enhancement, the gear misalignment value for gear pair two is bigger 
than Design_0 has, see Table 4.5. 
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Figure 4.8: Housing with only one block 

 

Table 4.5: Gear misalignments with only one block 

 Gear pair one Gear pair two 

Deisgn_0 -0.94 mrad 0.67 mrad 

Deisgn_one_block -0.89 mrad 0.86 mrad 

 

Another thing can be noticed from Table 4.4 is that the gear misalignments differences 
between topology optimization results and checking results are no longer acceptable. This is 
due to the connector motions setting. The connector motions describing the bearing behaviors 
are written in Abaqus INP file as constant values and could not change during the topology 
optimization process. However, the connector motion values are actually changing along with 
the housing stiffness changing in every iteration. As seen in Table 4.6, for the PTO model, the 
strain energy is changing slightly during the topology optimization process, so the impact on 
the connector motion values caused by the housing stiffness changing are quite small. Thus, 
the gear misalignment results from TOSCA are the same as the results solving by system 
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model with substructures, see Table 3.8. On the other hand, for the GEC model, the strain 
energy is changing evidently during the topology optimization process. So, the initial 
connector motion values are no longer suitable for each iteration. Thus, the gear misalignment 
results from TOSCA are much more different from the results solving by system model with 
substructures, see Table 4.4, and the optimal material distribution is not qualified. The 
feasible improvement is automatically updating the connector motion values each iteration. 
After get a new housing shape, solve the substructure of it. Then perform the system finite 
element analysis to derive the new connector motion values. If do so, the result will be 
precise, but it could almost double the whole calculation time.  

Table 4.6: Strain energy [N∙mm] 

Model First iteration Last iteration Difference 

PTO 7689.18 7691.20 0.026% 

GEC 1830.53 1983.11 8.335% 

5 Conclusions  
In this thesis work, I develop a methodology for gearbox housing topology optimization, 
which guarantees both optimal housing materials distribution and gear misalignment criteria 
to be fulfilled simultaneously. Two main difficulties are resolved: one is finding a linear 
assumption of the non-linear bearings and the other is deriving an approach for topology 
optimization involving both external forces and non-zero prescribed displacements. 

 The connector elements are used to represent bearings and connector motions describe 
the motions of the connector elements. The connector motion values vary with 
housing stiffness changing. In case, the variation of housing stiffness is small during 
topology optimization and would not affect the result too much, the initial connector 
motion values could keep remain. Otherwise, the connector motion values are needed 
to be updating each iteration. However, the updating could almost double the 
simulation time. 

 Using TOSCA and Abaqus to solve a topology optimization problem involving both 
external forces and non-zero prescribed displacements, the compliance can always be 
chosen as the objective function and choose to maximize or minimize it according to 
the “STEP” settings in Abaqus INP file.     
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