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Nomenclature

The following symbols will be used within the body of the document:

Subscripts

be Bearing

f b Fixed bushing (bushing between sliding bushing and outer lug)

i l Inner Lug (also referred to Central or male lug)

i n Refers to inner dimension, closer to bolt axis (e.g., rbe,i n in figure 1.4)

ol Outer Lug (also referred to Clevis or female lug)

out Refers to outer dimension, further from bolt axis (e.g., rbe,out in figure 1.4)

sb Sliding bushing (bushing between bolt and fixed bushing)

tot al Total attribute of the hinge, e.g. mtot al = mbol t +mbe +mi l +mol +msb +m f b +mnut

Other Symbols

p Optimization parameters

x Design vector

D Diameter code (integer variable to lookup characteristics)

n Index of a data structure (integer variable to lookup characteristics)

Superscripts

∗ Optimized design variable

c Continuous design variable

i Integer design variable

L Lower bound of a design variable

U Upper bound of a design variable

Hinge variables

α In-plane load angle (see figure 2.2) [°]

β Taper angle of the lug (see figure 2.2) [°]

σ Material ultimate tensile strength [MPa]

θ Out-of-plane load angle (see figure 2.3) [°]

c Cost [euros]

eax Axial lug eccentricity [mm]

etr Transverse lug eccentricity [mm]

F Radial load [kN ]
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g Gap between the bearing and the fixed bushing (see figure 2.19) [mm]

m Mass [g]

mat A material with given properties (yield strength, density, cost density, etc.)

r Radius [mm]

t Lug thickness (see figure 2.3) [mm]

tsb Thickness (dout −di n) of the sliding bushing [mm]

v Volume [mm3]
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1
Introduction

1.1. Design of control surfaces at Fokker

Figure 1.1: Elements of the Airbus A380 designed and/or manufactured by Fokker [9].

Original Equipment Manufacturer (OEM) companies such as Airbus and Boeing outsource part of the
manufacturing and design work to subcontractors, called Tier-1 suppliers [1]. For Tier-1 companies, such
as Fokker, the development of a product, from the OEM proposal to the first delivery, is a crucial step of the
Product Development Process (PDP) [37]. Those months of development work determine if the product will
be profitable during the aircraft’s lifetime. In this context, the objectives of Fokker are as follows:

• Increase the quality and reduce the cost of their products

• Shorten the product design time

• Convince the OEM that the product will perform as planned

Fokker Aerostructures designs movable surfaces (rudders, elevators) for business jets and transport air-
crafts. The vertical tail is composed of a fixed part (the fin or vertical stabilizer, for lateral stability) and of
a movable part (the rudder, for lateral control). Those two elements are linked together with the so-called
“rudder-fin interface”, (or "hinge system" [18]). The interface includes several hinges that, together, enable
the rotation and actuation of the rudder around the vertical axis (see figure 1.2).

The hinges need to carry internal loads to sustain the deflection during various flight maneuvers. The
development of a single hinge may take up to six weeks [18, 33]. The internal loads on the hinge depend on
the external loads on the rudder, as well as on the numbering and positioning of the hinges. The design of
the hinges is limited by the rudder Outer Mold Line (OML). The hinges must fit within the available space to
avoid intersection with the OML geometry.
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4 1. Introduction

Figure 1.2: The rudder-fin interface consists of several hinges. The surface rotates around the rotation hinge line (hinges in blue) when
the actuators push or pull the actuator hinge line (hinges in red) [16].

The vertical tail design is decomposed into subsystems (fin, rudder, interface) and into sub-disciplines
(design; stress, cost and mass analysis) in order to enable the repartition of the workload within different
team members at Fokker. This approach results in different professionals (engineers, designers) working in
separate teams, each on a different sub-problem. This organizational structure creates dependencies. For
instance, the fin team needs to know the location and number of hinges, which is determined by the hinge
system team. This has two consequences:

1. Obtaining an optimal design is possible, but (a) only on a sub-system and (b), generally, the result is
only optimal with respect to only one criterion (mass or cost).

2. The workflow needs to be structured in a way that enables the different teams to work concurrently,
without having to assume too many design parameters.

The vertical tail design process starts with the high-level definition of the rudder-fin interface. From the
given interface plane, the position and number of hinges are approximated, based on experience and previ-
ous rudder design cases. Then, the detailed hinge design can be carried out concurrently to tailor the hinge
for the the given fin and rudder designs. The rudder-fin interface might be optimal by itself (e.g., minimum
mass for the given loads), but might lead to a heavier (or worse, unfeasible) structure for both the fin and the
rudder. In that case, the process has to be started all over again. As a result, the completion of a single feasible
rudder design can take up to 24 months.

Since 2010, the Tools and Methods department at Fokker Aerostructures, together with researchers from
the Aerospace Engineering faculty at the TU Delft, have been investigating the application of advanced de-
sign methodologies such as Knowledge Based Engineering (KBE) and Multidisciplinary Design and Opti-
mization (MDO) to the design of movable surfaces [32, 36]. In 2017, a drastic decrease in rudder design-
time has been achieved in the context of the Integrated & Distributed Engineering Services Framework for
MDO (IDEALISM) cooperation [34]. The development of the Rudder Generator KBE application enables to
automate many parts of the rudder design process.

1.2. The hinge front-loading problem
With the current rudder design process at Fokker, the interface needs to be determined first before detailed
design steps can be carried out. Minimizing the time required to execute this first step would enable Fokker
to reduce the design-time of the whole vertical tail.

Since each hinge of the interface must be analyzed for different requirements (loads to carry, available
space, and fail-safe functionality), several hinge optimizations must be executed for each interface design it-
eration. Instead of repeating this search several times for each hinge, engineers at Fokker have been planning
to run the hinge optimization before handling the rudder-fin interface problem. All the hinge optimization
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results would be stored, in order to be able to instantly obtain an optimal hinge "off-the-shelf " in the course
of the movable surface design. This way, the optimal hinge is obtained in an instant, whatever the require-
ments on the hinge in the given rudder-fin interface design iteration. In the literature, this methodology is
called front-loading, which is defined as identifying and solving problems early in the PDP [31].

Product 
maturity

Development time

(1) Concurrent PDP

(2) Automation with KBE

(3) Optimization with MDO

KBE lead-time gain

OEM request

(4) Front-loaded PDP

OEM request

Delivery

Delivery

Front-loading lead-time

Front-loaded engineering work

Additional lead-time required

MDO quality gain

Figure 1.3: Effects of front-loading on product quality and lead-time. Front-loading is achieved by developing a KBE application - (1) to
(2) - and an optimization workflow - (2) to (3). Then, the optimization is repeated for different requirements, before the OEM request is
known (4).

Figure 1.3 explains the front-loading methodology adopted by Fokker. Four different PDP approaches are
represented in terms of their development time (horizontal axis) and their maturity (vertical axis). The first
(uppermost) process is the conventional, concurrent PDP methodology. The second is the result of automat-
ing the design process, and the third of optimizing the design. The fourth process is similar to the third one,
but it optimizes various designs before the design process even starts (see “OEM request” marker in figure
1.3). This approach reduces the lead-time even further compared to the other approaches. Only the front-
loading approach enables to achieve Fokker’s ambitious objective in terms of quality and lead-time, because
the optimal product is instantly selected off-the-shelf.

1.3. Use-cases and research questions
The previous subsection introduced the benefits of using front-loading on the hinges of the rudder. In the
light of those advantages, the main research question is:

How to implement the front-loading methodology for a hinge assembly?

The first use-case for a hinge front-loading methodology is the rudder-fin optimization:

During a rudder-fin optimization, the hinge surrogate model can be executed over a million times. Obtain-
ing the optimal hinges very quickly (10 ms) would enable a relatively short (3 hours) rudder-fin optimization
with a Genetic Algorithm.

This instantaneous availability of the results is crucial during a rudder optimization, which can require the
hinge optimization to be executed a large number of times. Even a reasonably short hinge analysis run-time
will generate an impractical rudder-fin optimization run-time. Kulkarni has already tackled the optimization
problem in [18], and then with Hoogreef in [16]. In [26], a Genetic Algorithm (GA) was used on the rudder-fin
interface optimization, with a population of 20 interfaces per generation and 30 iterations, which took about
50 hours. A near instant optimization could drastically reduce this run-time. A shorter run-time can also
be leveraged to run further iterations, or into a higher fidelity rudder optimization. Being able to store and
retrieve the optimal hinges, or to approximate them quickly would, therefore, be a significant improvement.
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This project contributes to the research of Kulkarni and Hoogreef on three aspects:

1. Improvements on the hinge analysis and design space by using a more extensive standard parts database,
completing the stress analysis offered by the Hinge-System Design and Optimization Tool (HDOT) de-
veloped by Kulkarni in 2015 [18].

2. Development of an efficient, scalable and multi-objective search algorithm to solve the hinge optimiza-
tion problem.

3. Development of a method to front-load the hinge optimization problem by using the two previous
items.

This third item enables the near instantaneous selection discussed earlier. This requirement can be
rephrased as the first sub-question:

How to obtain Pareto-optimal hinges as quickly as possible? (< 10 ms)

Second, the results can be used to gain insight into the functioning of the system and its design space
through data visualization. It would allow engineers to discuss and to justify trade-off decisions, within the
multidisciplinary design team and during the discussions with the OEM. This second use-case can be for-
malized as follows:

Engineers at Fokker would like to visualize the best hinges in terms of mass and cost, in a way that enables
design trade-off during the discussion with the OEM.

A front-loaded hinge dataset contains hundreds of hinges, each for a different combination of requirements
on the rudder bracket, gap and load case. Each hinge design includes 30 variables that are potentially inter-
esting to inspect. Data visualization only allows for representing a maximum of five variables at most (X, Y, Z
axis, color, size on a 3D plot). Choosing the correct variables to work with the database of optimal hinges is
not trivial. The use-case described above results in a second sub-question:

How to represent the Pareto-optimal hinges in a way that enables trade-off decisions?

1.4. Developed methodology to achieve hinge front-loading
Answering the research questions requires the following:

1. Front-loading: A method that finds the optimal hinges near instantly.

2. Optimization: A method that finds the optimal hinges.

3. Model: A method to compute the characteristics of a hinge assembly (including cost, mass, stress and
design rules).

Use of KBE for the hinge modeling
Although the stress analysis of the hinge assembly is relatively simple, the process to model a complete, fully
detailed hinge assembly is not straightforward. The complexity arises from several factors:

1. The model is multidisciplinary. The cost, mass, geometry and stress must be taken into account in
order to evaluate and validate the hinge design.

2. Some elements of the hinge design methods are complex. For example, the fitting between the bolt and
bearing and the fretting between the components are constrained by design tables and rules.

3. The hinge components cannot be analyzed separately because their analysis is coupled.

4. Standard parts and materials result in many variables. For instance, the selection of a bolt determines
about 20 geometrical parameters and the choice of a material defines 13 material properties (e.g., den-
sity, yield and ultimate strength).
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Together, those factors make it challenging to write a hinge modeling as a simple function. If the following
function f represented the tool, it could be written as:

(RF,mnut ,cbol t , . . .︸ ︷︷ ︸
30 outputs

) = f (bolt,nut,σbol t , . . .︸ ︷︷ ︸
30 inputs

) (1.1)

With this paradigm, the function above should return at least 30 outputs (variables that have to be in-
spected), and require more than 30 inputs. All the procedures to determine the cost, mass and reserve factors
of all the components would need to be precisely defined, in a specific sequence of instructions.

Using an Object Oriented Programming (OOP) approach helps to deal with this complexity. OOP enables
the data to be nested into objects, so that the sentence "If the margin of safety of the left element of the outer lug
is not respected" can be written as “if hinge.outer_lug[0].RF < 1”. With pure OOP, however, the order
of execution of the various analyses needs to be prescribed.

A better approach is to use KBE for the modeling of the hinge. In [19], La Rocca defines KBE as “a technol-
ogy based on the use of dedicated software tools called KBE systems, which are able to capture and systematically
reuse product and process engineering knowledge, with the final goal of reducing time and costs of product de-
velopment by means of: (1) Automation of repetitive and non-creative design tasks and (2) Support of MDO
in all the phases of the design process”. KBE enables to create the model with a declarative programming
approach, i.e., declare what the system is, not how the simulation workflow looks like. It makes the develop-
ment more straightforward and the code implementation more concise. Moreover, the use of KBE enables
the model to be more than just a function that is iterated over:

1. Direct visualization of the geometry enables inspection of the data modeled. This is of high impor-
tance for Fokker. The model needs to be transparent and visual so that it can be trusted.

2. With the Graphical User Interface (GUI), the model can become an interactive tool for design.

3. Lastly, using KBE would enable the hinge model to be easily and seamlessly integrated within the ex-
isting Fokker framework, notably in the Rudder Generator.

As a conclusion, the hinge modeling will be done using a KBE platform, since it enables a fully detailed,
declarative and lazy1 hinge model.

Mixed discrete-continuous, multi-objective optimization methods
The optimization aims at obtaining the best hinge assemblies in terms of mass and cost. The stress anal-
yses of the hinge components result in several non-linear constraints that ensure that the components will
carry the loads without failing. As for any structural optimization problem, those constraints are typically in
contradiction with the objective, which tries to minimize the amount of material used. If the material prop-
erties of the components are known, the sizing of the assembly is solvable by standard optimization methods
such as quadratic programming. However, three characteristics of the hinge design make the optimization
problem unconventional.

Multi-disciplinary Design and Optimization The hinge optimization problem is an MDO problem, not only
in the literal sense (three disciplines: stress, cost and mass) but also in the more prominent aspect of
MDO, as we have a set of coupled analyses that have conflicting interests [30]. For example, if the outer
lug thickness tol increases, the allowable load on the lug increases but the bending moment on the
bolts increases, reducing the allowable load of the bolt.

Combinatorial optimization With standard parts, the hinge optimization problem becomes more of a com-
binatorial rather than a continuous optimization problem. A combinatorial optimization problem
consists of finding an optimal object from a finite set of objects [29], e.g., select a sequence of com-
ponents S = [bolt,bearing, . . .] one after the other. Each component has multiple characteristics that
are coupled and all of them affect the hinge. For example, figure 1.4 focuses on the dimensions of the
bearing in the hinge assembly. Rounding the bolt radius would affect the bearing inner radius, which
in turn changes the other bearing dimensions and affects the sliding bushing and lugs. Attempting

1Also referred as call-by-need, the program evaluates the function only when needed. Lazy evaluation for the Hinge Generator is dis-
cussed in subsection 2.6.2.



8 1. Introduction

to solve the problem as a quasi-discrete problem with continuous variables (i.e., min(m(R,L)), with
R ∈ [R1, . . . ,Rn],L ∈ [L1, . . . ,Ln]), where the design variables could be rounded off will have severe draw-
backs on the mass and cost of the hinge.

Multi-objective Both the cost and mass of the hinge must be taken into account.

radius outer ring (rbe,out)

length inner ring (lbe,out) 

length outer ring (lbe,out)

radius bolt (rbolt)

Inner lug

Bearing

Bolt

Sliding bushing

Figure 1.4: The bearing (dark, full lines) is in contact with three other components (dashed, red lines). Therefore, the bearing choice
influences the other hinge components. Rounding the bolt radius affects the bearing, which snowballs and affects the sliding bushings
and lugs.

As a conclusion, the optimization method must handle multi-objective, non-linear inequality constraints
and a mix of integer and continuous design variables. A first approach to solve this problem is to use a meta-
heuristic optimization algorithm that can handle all those characteristics, such as a GA. A second approach
is to develop an ad-hoc search method inspired by combinatorial optimization techniques.

Front-loading through optimal hinge selection
The premise of the project is that front-loading may be achieved by repeating the optimization for an exten-
sive database of different requirements. To fully answer the first sub-question (How to obtain Pareto-optimal
hinges as quickly as possible? (< 10 ms)), the developed method should comply with the following criteria:

1. The optimal hinges must be obtained in less than 10 milliseconds. Therefore, it is unlikely that any anal-
ysis (and likewise, any search procedure) can be carried out because that would significantly increase
the number of operations and, hence, the run-time of the hinge search.

2. In this front-loading PDP, the objective is to produce high-fidelity results that are directly usable. The
optimal hinges need to correspond to an actual, existing hinge assembly and not to an approximation
resulting from an interpolation or classification model.

The front-loading approach chosen is to select the nearest feasible point in the database, instead of trying
to predict the optimal hinge through regression or classification modeling techniques. The benefits of this
approach are numerous:

1. This approach could satisfy both the near instantaneous (no analysis is run, only a query) and the exact
(only actual optimization results are given) requirement.

2. This approach is easy to implement, independently of the system and the optimization method.

3. Efforts can be focused on developing an optimization method, which can then be used by itself or
included in this front-loading framework, instead of developing a method solely based on the front-
loading PDP.
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The main drawback of this approach is that “selecting the nearest feasible point” is not trivial and should
be done carefully in order to make sure that the point is feasible and truly optimal. Moreover, the hinge
optimization involves many parameters linked to the rudder design. The number of optimizations could be
high, which represents a risk of increasing both the required computation time and the selection time.

1.5. Report outline
Subsection 1.4 introduced the three main elements of the methodology: a KBE model, an optimization
method and a front-loading method. The three following chapters details those elements.

Chapter 2 discusses the KBE model. To achieve the desired modeling, it is necessary to study the design of
the fin-rudder interface in order to derive high-level requirements on the design of the hinges, as described in
section 2.1. Section 2.2 provides further details on the hinge design. Then, the cost, mass and stress analyses
of the hinge are discussed in sections 2.3, 2.4 and 2.5. The different analyses, the design rules and methods
described in those last four sections are aggregated in the KBE model in section 2.6. Finally, section 2.7 sum-
marizes the key points of interest. Further technical details on the implementation of the KBE model are also
given in the second part of this report, in chapter 7.

Chapter 3 discusses the optimization method. After the problem statement in section 3.1 and a short
introduction on optimization techniques and on search performance criteria in subsections 3.2.1 and 3.2.2,
existing methods for hinge optimization are assessed. Then, four different optimization methods are im-
plemented. The first is a meta-heuristic algorithm (GA in section 3.4). It leads to the development of ad-hoc
methods in section 3.5, with the Random Tree Search (RTS) in subsection 3.5.2 and the Best First Search (BFS)
in subsection 3.5.3. The last method, the Informed Linear Search (ILS) in subsection 3.5.4 yields satisfactory
results. The ILS is used in section 3.6 to study the effects of different inputs on the hinge design variables. A
summary of all the developed methods and their results are discussed in section 3.7. The key features of the
search implementations are also stated in the second part of this report, in chapter 8.

Chapter 4 discusses the methodology used to front-load the hinge optimization. The front-loading frame-
work is defined in section 4.1. Then, the developed front-loading methods are presented. The tool to answer
the data visualization use-case is described in section 4.2, before discussing the method to solve the rudder-
fin optimization use-case in section 4.3. The discussions in section 4.4 argue about the benefits and draw-
backs of this front-loading approach. The implementation of this framework is detailed in the second part of
this report, in the chapter 9.

Conclusions are drawn in chapter 5. The research questions are answered, and the critical steps of the
front-loading methodology are summarized. Finally, chapter 6 presents the recommendations for future
work. It gives steps that could be carried out to validate (section 6.1) and extend (section 6.2) the results
of the hinge front-loading methodology.





2
Hinge design, analysis and modeling

As outlined in the methodology, the hinge modeling is required to enable the optimization and front-loading.
This section discusses hinge design, analysis and modeling. For each aspect, the question asked is the follow-
ing:

1. Design: What are the requirements on the hinge that resulted in this configuration of components?

2. Analysis: What methods are available to carry out a validation of the design, in terms of cost, mass and
stress?

3. Modeling: How can hinge design and analysis be simulated to enable hinge optimization and front-
loading?

First, a high-level overview of the hinge design is given. The rudder-fin interface design is discussed in
the section 2.1, as it dictates the design of the hinges which is introduced in section 2.2. The methods used to
compute the stress of in the hinge components are discussed in section 2.3. The cost and mass analysis are
discussed in sections 2.4 and 2.5. Those analyses are coupled with the design methods in the hinge model,
as described in section 2.6. Existing hinge models are described in subsection 2.6.1, while the KBE applica-
tion developed (the “Hinge Generator”) in the context of this MSc thesis is presented in subsection 2.6.3.
Subsection 2.6.2 argues about the strengths and weaknesses of using KBE for this purpose. Subsection 2.6.4
explains how the Hinge Generator can be used for hinge design. Further technical details about the model
implementation are given in the second part of this report, in chapter 7.

2.1. Rudder-fin interface design
The interface is the system which enables the articulation of the movable part of the control surface. The
design of the interface of the movable surface dictates the design of the hinges. Fokker receives two types of
requests from the OEM: (1) either the rudder is fully defined and only needs to be manufactured or (2) Fokker
is provided with requirements for the hinge plane location and the OML of the vertical tail. This study focuses
on the second case, for which the whole design of the rudder-fin interface needs to be determined.

2.1.1. Overview of the rudder-fin interface
This subsection lays out the main elements of the rudder-fin interface.

Figure 2.1 shows a simplified top view of the rudder-fin interface.
The movement of the rudder is created by enabling rotation around the rotation hinge (on the left side in

figure 2.1 while pushing or pulling the actuator hinge (on the right side in figure 2.1) with the actuators. From
figure 2.1, the static equilibrium of the moments can be deduced:

∑
~M .~z = Maer o→r udder +Mactuator→r udder = 0 ⇔ Faer o→r udder ·daer o −Factuator→r udder ·dar m = 0

(2.1)
Equation 2.1 leads to an important design guideline for the rudder-fin interface. It is common practice

to place the actuator and rotation hinges as far away from each other as possible, to make the lever arm

11
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Rotation hinge

Fin

Rudder

Faero→rudder

darm

d
aero

Actuator

Actuator hinge

Factuator→rudder

Fhinge→rudder

Figure 2.1: Simplified free body diagram of the fin-rudder interface (section cut, top view). The forces indicated in red are not drawn to
scale. The greater dar m is, the smaller Factuator→r udder can be.

dar m as large as possible. This positioning reduces the forces the hinges must carry. This was confirmed by
Raju Kulkarni et al., as shown in [26]. Practical experience at Fokker with different types of aircraft (business
jets, transport aircraft, fighters) confirms the importance of the lever arm too. The order of magnitude of the
loads on the hinges is similar for both business jets and small transport aircraft, because the larger OML of
the transport aircraft allowed for a larger lever arm, whereas the business jet OML is much more restrictive
[38].
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Figure 2.2: Lug lateral section cut and in-plane load definition.
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Figure 2.3: Lug top section cut and out-of-plane
load definition.

The hinge positioning underlines the importance of the available space constraint during the design of
the hinge. During the front-loading, it will be expressed with the following inequality constraints:

ei l ≤ emax (2.2)

eol ≤ emax (2.3)

Where e is the eccentricity of the lug, as depicted in figure 2.2. Typically, it is the inner lug inequality
constraint that is limiting, because its dimensions are dictated by the dimensions of the bearing, as shown in
figure 1.4. This space constraint also underlines the importance of the choice of the discrete components. If
a slightly larger bolt radius is chosen, it will in turn result in a larger sliding bushing, fixed bushing and outer
lug. Likewise, it will also result in a larger bearing and inner lug. Although the influence of those components
by themselves could be small (e.g., the mass of the fixed bushing is small compared to the mass of the other
components, m f b ¿ mhi ng e ), their effect of the dimensions of the assembly could be critical.

The rudder-fin interface is depicted more accurately in figure 2.4. On this example, the rudder is attached
to two actuator hinges in red, and rotation is enabled via four rotation hinges in blue. Having several rotation
and actuator hinges span-wise ensures a more uniform load repartition and limits bending, both for the
hinges and for the skin panels and ribs of the rudder and fin. Although in theory, only two hinges per line
would be necessary, in practice a greater number of hinges reduces the load per hinge, and therefore the
size, cost, and mass of the whole interface. Designs of experiments conducted by Raju Kulkarni et al. in
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lever arm

Actuator hinges

Rotation hinges

Hinge lines

F

Available space

Resultant force

Outer mold line

Figure 2.4: Fin-rudder interface (section cut, back view). Placing the hinge lines as far apart as possible allows for a larger lever arm, at
the cost of a di-symmetry of the movable surface rotation.

[26] showed that rudder-fin interfaces with 4 hinges were almost always lighter. A four hinges configuration
would, however, not meet redundancy requirements expressed in subsection 2.1.2.

One could have expected the rotation line to be located on the fin symmetry plane. However, for business
jets, it is placed as close as the OML as possible, to have the largest lever arm without the hinge protruding
from the OML. Likewise, the hinge lines sometimes have a small angle with respect to the fin symmetry plane,
to have more space for the uppermost rotation hinge [38]. This way, the lever arm can be increased without
the uppermost hinge protruding from the OML.

Hinge assemblies

Brackets

Figure 2.5: 3D drawing of the rudder-fin interface. The hinge system links the
rudder and the fin through the brackets.

Bracket

Lugs

Figure 2.6: The lugs designate the
underlined part of the bracket

Figure 2.5 shows a 3D drawing of the rudder-fin interface. The hinges fit within the brackets, which them-
selves are attached to the rudder and fin. The tip of the bracket, in which the hinge is inserted, is called the
lug, as depicted in figure 2.6. Although the design of the brackets is out of the scope of this thesis, some of the
variables of the bracket need to be considered as inputs for the hinge model, as they are required to analyze
many components of the hinge assembly. The lug geometry will be included in the design vector (dimen-
sions etr , eax and t , as seen in figures 2.2 and 2.3), but the lug materials (matlug ) and taper angles (β) are
considered to be parameters, because they depend on the bracket design.

2.1.2. Load cases
The structure of the vertical tail must sustain external loads during the various stages of the flight. Those
loads result in internal loads on the hinges. Though the primary source of the internal load is the reaction to
the external aerodynamic loads, other sources, namely the weight of the rudder, torsional loads and rudder
inertia, have to be considered too.
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In addition to the different loads, several possible failure scenarios, at different system levels (hinge, rud-
der, and aircraft) need to be assessed. For instance, it is required that if a rotation hinge fails, the remaining
rotation hinges can still take the additional load such that the rudder-fin interface can still function as in-
tended. The faulty hinge can then be replaced during the next inspection.

The combination of those factors implies that several scenarios, called load cases, need to be considered.
A rudder load case consists of the following [39]:

1. What are the loads acting on the rudder (aerodynamic, inertia, torsional).

2. If a hinge has failed. The considered hinge failures are different than the failure modes described in
section 2.3 (e.g., bolt bending failure), which is already accounted for in the design process. The com-
ponents are designed so that failure is, in theory, impossible. However, unexpected failures could occur
during the lifetime of the aircraft. For instance, a crack could appear after a shock during the assembly
process or after a foreign object impact in flight.

3. If an actuator has failed. An actuator can either jam (no possible rotation or translation) or disconnect
(any rotation or translation is possible).

Although it may not seem like a large number of parameters, their multiplication results in thousands of
load cases for the hinges. Out of the thousands of load cases that could occur during the flight, the movable
surface is designed to endure the most demanding cases. An example of failure at aircraft level is an engine
failure. In that case, the rudder must be able to carry a high enough load so that the rudder moment cancels
the moment from the remaining engine, to keep directional control of the aircraft.

On figure 2.7, a rudder failure case is represented.
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Failure
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+  Fail-safe sliding hinge
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Figure 2.7: Rudder-fin interface failure case example with sample values. On the left, the nominal case where all the hinges are functional
is given. The hinges are loaded at 75% and 50% of their capacity. After the failure of two hinges, the load on the remaining hinges is
increased. The values are given as an order of magnitude.

The hinge load case is described by three parameters: the load magnitude F , the in-plane angleα and the
out-of-plane angle θ (see figures 2.2 and 2.3). Equation 2.4 gives the range of values used for the design of the
hinges of business jets at Fokker:

5kN ≤ F ≤ 45kN

0° ≤α≤ 30° (2.4)

θ = 15°

These values either reflect the ones currently used for the design of the hinges of business jets at Fokker (α,
θ), or a slightly larger envelope of that value (i.e., F = A ⇒ 0.5 · A ≤ F ≤ 1.5 · A) to discover possibly interesting
configurations. Although there should be no out-of-plane load for a sliding hinge (i.e., θ = 0), a conservative
value of θ = 15° is used to account for the axial component of the radial force caused by friction.

2.1.3. Requirements on the hinges
Depending on the position of the hinge in the rudder-fin interface, the requirements of the hinge are different.
This leads to the two dichotomies: simple or fail-safe, and clamped or sliding.
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Simple or fail-safe As with all aerospace products, the rudder-fin is required to comply with safety stan-
dards. The need for a fail-safe rudder, and therefore hinges, has been illustrated in subsection 2.1.2. The fail-
safe functionality can be achieved through redundancy of the load-carrying parts. If the first element fails,
the second element can still carry the loads and ensure structural integrity. Redundancy can be achieved
at the hinge level, (i.e., having two simple hinges very close together), or at the hinge component level (i.e.,
having two components that have the same function). In general, the latter yields a lighter and cheaper hinge
interface, due to minimal use of material [38].

Having fewer fail-safe hinges enables to reduce both the cost and mass of the system. Therefore, only
those hinges whose failure would be catastrophic are fail-safe designs. For instance, the failure of a single
rotation hinge is uncritical, provided that the remaining rotation hinges can carry the additional load without
failing. From a mechanical perspective, two functional hinges are sufficient to enable the rotation of the
rudder.

Most of the time at Fokker, the most inboard and outboard rotation hinges are fail-safe. If they were to
fail, the rudder could be subject to high vibrations during flutter, as the span-wise rudder length that is not
attached to any hinge would be substantial.

Clamped or sliding A sliding hinge allows rotation and translation around and along its axis, whereas a
clamped hinge only allows rotation. The clamped hinges carry all the entire axial load (inertia and weight of
rudder, in-flight maneuvers and landing) while the sliding hinges only carry the radial loads.

Only one of the rotation hinges is a clamped hinge, as having more than one clamped hinge would mean
that the rudder is over constrained in the span-wise direction and could not deform freely when under load.
This would result in additional loads on the hinges and rudder skin.

In general, one of the rotation hinges closest to the actuator is clamped, because the hinge in those po-
sitions are comparatively large, as the resultant forces are larger in this area. The clamped hinge is generally
not fail-safe, but the rotation hinge closest to it is designed so that in case of clamped hinge failure, the sleeve
would get stuck against the bearing and prevent translation, effectively becoming a clamped hinge.

Subsection 2.2.2 details the hinge designs used at Fokker to achieve those configurations.

2.2. Hinge design
High-level requirements on the hinges have been derived in the previous section:

1. One of the hinges closest to the actuator is clamped. The most common configuration at Fokker is
to have the two outboard sliding hinges fail-safe, while the rest are simple sliding hinges. Automated
hinge design tools could enable the study of different configurations.

2. The hinges must sustain a load case (F,α,θ) (see figures 2.2 and 2.3)

3. The hinges must fit within the available space of the rudder OML, so that ei l ,eol ≤ emax

2.2.1. Overview of the hinge components
This subsection explains the design of a sliding hinge at Fokker. Although other designs are possible, this
project is focuses on Fokker’s hinge designs. A sliding hinge is an assembly of parts that enables the rotation
and translation of one part (the rotor) with respect to another (the stator). A section cut of a simple sliding (as
in non-fail-safe) hinge is given in figure 2.8.

In the case of the rudder-fin interface, the movable part is the rudder, which is attached to the hinge via
the central or inner lug and the static part is the fin, which is attached via the clevis or outer lugs. The lugs
are part of the brackets, as shown in figure 2.6. The bolt is the central part of the assembly, it serves as the axis
of the rotation and sustains the loads from the inner and outer lugs. The bearing is used to allow the rotation
of the rotor with respect to the stator. The lesser the friction between the two elements, the lower the force
the actuator must exert to rotate the movable surface.

The sliding bushing (or sleeve) ensures that the bearing does not slide along the bolt. Moreover, it en-
sures that the static elements of the hinge only contact with the inner ring of the bearing. The fixed bushing
serves as an interface between the sliding bushing and the outer lug. The fixed bushing material is chosen
so that the fretting (gradual wear due to the constant friction between the bushings) is limited. A slight gap
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Outer lugs

Fixed bushing

Sliding bushing

Bolt

Nut

Bearing

Inner lug

Washer

Figure 2.8: Section cut of a sliding hinge assembly. Out of the 8 components, 3 are machined (inner lug, outer lug, sliding bushing)
and 5 are standard (bolt, bearing, fixed bushing, washers, nut). The main components are the bolt, bearing and lugs, the rest of the
components are required to avoid fretting and to clamp the parts together.

Figure 2.9: Standard bushings, without flange on the left and with
flange on the right.

Figure 2.10: One of the standard spherical bearing used. Instead
of having rolling elements, coating between the rings reduces
friction.

between the sliding bushing and fixed bushing enables translation along the bolt axis1. Usually, a coating is
applied between the bolt, the fixed bushing and the sliding bushing, to reduce corrosion and friction. The nut
compresses the static elements around the bolt to ensure that the compound is immobile. This compression
results in tension in the bolt and nut. For the bolt, it is referred as pretension. One or several washers can be
inserted before the nut so that the tension caused by the torque of the nut can be exerted uniformly on the
sleeve. If the nut is castellated (as in figure 3.23), washers can also be used to position the nut so that the nut
slot and the bolt hole align, enabling the nut to be secured with a cotter pin.

to reduce the cost and decrease the design time, most of the hinge components are standard. Interviews
conducted at Fokker determined that in most cases, the bolt, nut, washer, fixed bushing, and bearing are
standard parts; while the lugs and sliding bushing are machined parts [38].

However, Fokker occasionally needs to design components because standard parts that fit the require-
ments are unavailable. For instance, the bolt design can be standard but is sometimes machined as standards
bolts are too short to fit all the elements do not exist (see figure 2.12). Likewise, Fokker sometimes requests
custom-made bearings that are not readily available in the standard parts manufacturer. The use of those
specialized, custom parts can increase the total cost of the assembly by a factor of three [38].

The hinge components need to respect certain constraints so that the hinge assembly meet its functional
requirements, i.e., not fail under considered load cases and enable rotation. The constraints can be divided
into three types, as shown in table 2.1. Other more specific requirements and constraints exist, such as those
detailed in [35], (for instance should allow disassembly for inspection) are considered out of the scope of this
project.

On figure 2.14, the DSM of the sliding hinge assembly is given. The DSM matrix enables to visualize the

1The naming “fixed” bushing might be misleading, as the fixed bushing is sliding along the bolt axis. It is named “fixed” at Fokker,
because it is fixed (or clamped) into the lugs during the manufacturing process, whereas the sliding bushing just slides onto the bolt
[38].
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Figure 2.11: Castellated nut partially screwed onto a bolt.

Figure 2.12: Bottom-left: standard bolt, with A286 steel. Top-
right: custom machined Fokker bolt, PH13-8 Mo steel.

Figure 2.13: Hollowed bolt. Their use in the hinge assembly could
enable mass savings but has not been implemented yet [38].

Requirement Description Example

Fitting Components need to be in contact with each other rbol t = rbe,i n

Fretting Materials of components need to be compatible if M at f b = aluminium, then M atsb 6= Steel
Stress Components must not fail under loads RFnut > 0

Table 2.1: Requirements on the parts of a hinge assembly.

dependencies between the various properties of each component of the hinge assembly.

The black dots represent a coupling between the geometry of two components. For example, on the
first row, the bolt outer radius is coupled with the bearing inner radius and the sliding bushing inner radius.
Looking at figure 2.8, the bolt, bearing and sliding bushing must fit together. Although most of the coupling
indicated in figure 2.14 represent an equality constraint, some represent a threading that must match or an
inequality constraint (i.e., the length of the fixed bushing must be lesser or equal to the length of the sliding
bushing).

The blue dots represent a coupling between the materials of two components. For example, if the bolt is
made of aluminium, then the sliding bushing cannot be made of bronze or titanium. With the appropriate
coating, using steel or aluminium for the sliding bushing becomes feasible. This coupling is represented by
the blue dot on the fourth row and fourteenth column of the matrix.

Finally, a green cell represents a coupling due to standard parts. For example, the bearing inner radius
and the bearing outer radius (rows 7 and 10) have a non-linear relationship2. There are no bearings with a
very small inner diameter and a very large outer diameter. Likewise, for a very small bolt radius (row 1), the
maximum bolt shank length is smaller than the bolt shank length of a bolt with a larger radius.

2The correlations between the dimensions of the bearings are depicted in detail later in the report, in figure3.3
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Bolt outer radius 1 ● ●

Bolt shank length 2 ● ●

Bolt thread length 3 ● ●

Bolt material 4 + + +
Bolt thread 5 ●

Bearing material + 6 +
Bearing inner radius ● 7 ●

Bearing inner length ● 8

Bearing outer length 9 ●

Bearing outer radius 10 ●

Sliding bushing inner radius ● ● 11

Sliding bushing outer radius 12 ●

Sliding bushing length ● 13 ● ● ●

Sliding bushing material + 14 +
Fixed bushing length ● 15 ●

Fixed bushing inner radius ● 16

Fixed bushing outer radius 17 ●

Fixed bushing material + 18 +
Outer lug radius ● 19

Outer lug thickness ● 20

Outer lug material + 21

Inner lug radius ● 22

Inner lug thickness ● 23

Inner lug material + 24

Washers thickness ● ● 25 ●

Nut length ● ● ● 26

Nut material + 27

Nut thread ● 28

Legend ●   Geometry coupling (must fit)

+   Material coupling (must not fret)

  Standard parts coupling

Figure 2.14: DSM of the sliding hinge assembly. On the matrix diagonal, the index of the variable is given. The order of the parameter is
arbitrary and does not reflect the implementation, the matrix is only used to represent the coupling between the parts.

2.2.2. Fail-safe and clamped configurations
In the previous subsection, a simple (non-fail-safe) sliding hinge was shown. For the other three types of
hinges, the design is slightly different. The configuration of the simple fail-safe hinge is shown again as a
reference in figure 2.15.

On figure 2.16, a simple clamped hinge is represented. The translation along the bolt axis is blocked by
clamping the outer lugs. For manufacturing purposes, only one (the left one in this case) of the two outer lugs
of the bracket is actually fixed with respect to the hinge. As only one of the outer lugs is clamped, it means
only one of the outer lugs will carry the axial load.

On figure 2.18, a fail-safe, clamped hinge is represented. The translation is blocked in the same manner as
the simple clamped hinge represented in figure 2.16. As explained in the previous section, a higher reliability
follows from introducing redundant components. The hinge of figure 2.18 has a fail-safe feature on three
components, indicated in green: the bolt, the inner lug and the outer lug. For the lugs (which are then called
“multi-element” lugs), their thickness is divided into two separate plates. For the bolt, a fail-safe sleeve covers
the whole length of the bolt and can carry the shear load of the lugs in case of bolt failure. This multi-element
approach is used in the prevention of cracks due to fatigue. Simply sizing a single element to have a very high
reserve factor (RF > 5) is insufficient. A crack could remain unnoticed during an inspection and would cause
failure in flight, whereas with fail-safe components, the broken component can be seen during an on-ground
inspection and can be replaced straight away.

Similarly, a fail-safe sliding hinge is represented in figure 2.17. Its functioning is the same as the non-fail
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Outer lugs

Fixed bushing

Sliding bushing

Bolt

Nut

Bearing

Inner lug

Washer

Figure 2.15: With a sliding hinge, the fixed bushing can translate
over the sliding bushing.

Washer

Clevis lug

Fixed bushing

Sliding bushing

Bolt

Nut

Bearing

Central lug

Figure 2.16: With a clamped hinge, the fixed bushing of the left
outer lug, and therefore the whole bracket, cannot translate.

safe, sliding hinge depicted in figure 2.15, and the fail-safe mechanism is identical to the fail-safe clamped
hinge represented in figure 2.18. In practice, fail-safe clamped hinges are seldomly used. Instead, a sliding
hinge is designed so that in case of clamped hinge failure, the sleeve would get stuck against bearing and
prevent rotation, effectively becoming a clamped hinge. This case is the one depicted in figure 2.7.

Washer

Fixed bushing

Sliding bushing

Bolt

Nut

Bearing

Fail-safe sleeve

Multi-element outer lug

Multi-element inner lug

Figure 2.17: This fail-safe sliding hinge configuration contains
three fail-safe elements, indicated in green: multi-elements inner
and outer lugs, and a fail-safe sleeve.

Washer

Fixed bushing

Sliding bushing

Bolt

Nut

Bearing

Fail-safe sleeve

Multi-element outer lug

Multi-element inner lug

Washer

Figure 2.18: This fail-safe clamped hinge configuration contains
the same fail-safe elements as the one in figure 2.17, but again
with the left outer lug clamped.

2.2.3. Materials and standard part choices
The material properties of the selected material depend on its chemical composition, its heat treatment, and
its manufacturing process. For the brackets (and therefore for the lugs), the component can be manufactured
entirely through machining, or through forging completed by machining in a second phase [17].

Typically, the materials of the hinge components are chosen for their strength, density and cost density.
For the fixed bushing, however, the material choice is a matter of its life-span, not of strength. Therefore, the
sliding bushing is commonly made of bronze3 [38]. The detailed rules for the fretting between the materi-
als are given in tables (available within Fokker). The tables indicate the compatible materials including the
consideration of the coating applied between the two components.

2.3. Stress analyses of the hinge components
The stress analysis is the most time-consuming analysis of hinge assembly. This section briefly describes the
methods used at Fokker to compute the allowable forces of the hinge assembly. The symmetrical geometry
of the hinge components makes it possible to have analytical methods, either based on experiments or on
theory. This results in a simple, analytical stress analysis for each component. The most important stress
analyses are the bolt stress analysis (subsection 2.3.2) and the lug stress analysis (subsection 2.3.3). The stress
analysis of the rest of the components are detailed in subsection 2.3.4. For confidentiality reasons, this section
only describes the high-level guidelines of the methodology.

3This choice is also studied in section 3.6.
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2.3.1. Methodology at Fokker
The hinge is primarily subject to static loads resulting from the aerodynamic forces on the rudder. Therefore,
only a static stress analysis is carried out for the sizing of the components. The stress at which failure occurs
is computed at various critical sections of each component. Then, a fixed safety criterion is used to ensure
that failure will not occur within those levels of stress.

RF = Fappl i ed

Fal low able
MS = RF −1 (2.5)

In this project the factor used is the Reserve Factor (RF), which is set to 1.0. Alternatively, the Margin of
Safety (MS) could be used.

Although the hinge is subject to vibrations, no fatigue analysis is carried out during the sizing process.
Based on experience at Fokker, fatigue analysis is not critical and can be done only after the sizing of the
components as a safety check. If necessary, fail-safe designs such as those presented in subsection 2.2.2 are
adopted.

2.3.2. Bolt

g 

F/2

M B A

g 

F 

tol

til

ci ei 

F/2

tol

Figure 2.19: The bolt is subject to the forces F through the inner lug and F /2 through the outer lugs. The allowable forces are computed
at the critical cross-sections in A, B and M .

The bolt stress analysis is not straightforward, because the bolt is subject to a combination of shear, bend-
ing and tension. The tension is also referred as “bolt pretension”, as it is the tension required to clamp the
elements along the bolt. The tension is effective once it is installed, before (“pre”) the internal forces result-
ing from the aerodynamic forces on the rudder. The bolt pretension Ftensi on has a maximum (if above, it
would cause a failure - see failure modes below) and a minimum (if under, the components on the bolt would
move along the bolt axis). The bolt pretension is computed as a function of the bolt material strength and nut
material strength [8].

A simplified hinge assembly, with a bolt and two lugs, is depicted in figure 2.19. The radial load on the
hinge is noted F . As the load on the male lug is F , and the outer lugs are supposed to be equidistant with
respect to M , static equilibrium yields that the loads in the female lugs are F /2.

The shear is a result of the forces F /2 of the outer lug opposed to the force F in the inner lug. The forces F
and F /2 also result in bending. As the nut must exert a clamping force on the bearing, washer(s) and sliding
bushings, the bolt must also sustain a tension of a force equal to the clamping. The torsional stresses due
to the torqueing of the nut are assumed negligible, and the shear stress distribution of the bolt is considered
uniform. The technical notice [13] describes the analytical method used at Fokker to determine the allowable
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ultimate load (for failure) and the allowable yield load (for deformation) of the bolt. The bolt has different
failure types, associated to bending, tension and shear:

• Double or single yield shear failure

• Bending failure

• Tension failures: on the thread (nut side or bolt side), or head fracture

The failures could either be static or due to fatigue.
The allowable loads are determined at the points A, B and M represented in figure 2.19. Depending on the

lug thicknesses ti l and tol , MA > MB or MA < MB . Therefore, the cross-sections in A and B must be designed
for the combination of bending, shear and tension. At the point M , the bending is maximum and the shear is
null. Hence, the cross-section in M must be designed for the combination of bending and tension.

A particularity of the bolt stress analysis is the so-called load peaking of the bolt. Load peaking describes
that the bolt will slightly bend, changing the effective lever arm with which the bending moments is com-
puted, as depicted in figures 2.20, 2.21 and 2.22.

Figure 2.20: Shear stress distribution with-
out load peaking.

Figure 2.21: Shear stress distribution with
load peaking. Figure 2.22: Shear stress distribution with

load peaking and excess strength of lug.

On figure 2.20, there is no load peaking. The shear stress is assumed uniform and the bending moments
MA and MB can directly be computed with the lever arms bA and b depicted on the figure 2.20. On figure
2.21, due to the bolt deflection under transverse loading, the stresses near the shear faces of the inner lug will
peak and so reduce effective the bending moment arm:

M = F /2 ·bγ bγ = ti l

2
+ g +γ · tol

4
(2.6)

Where the load peaking factor γ is a function of:

γ= f (ei n ,rbol t ,Fu,i n ,Ru,i n) 0 ≤ γ≤ 1 (2.7)

With:

• ei n is the inner lug maximum eccentricity (distance from bolt center to lug end) in [mm]

• rbol t is the bolt outer radius in [mm]
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• Fu,i n is the allowable ultimate load of the inner lug in [N ]

• Ru,i n is the ultimate tensile strength of the inner lug in [MPa]

On figure 2.22, load peaking is active again. In addition, it is assumed that the lugs are in so-called excess
strength, and that the portion of the lugs in shaded area are inactive. The lug thicknesses tol and ti l are
replaced by smaller values tol ,e f f and ti l ,e f f , further reducing the bending moment on the bolt. This scenario
happens with thick lugs, for which tol , ti l À dbol t .

Once the allowable tension load, allowable bending moment and allowable shear load are computed, the
allowable combined loading is determined from interaction equations similar to those given in [22].

2.3.3. Lugs
The lugs are the only components of the hinge assembly that are not axis-symmetrical. The technical notice
[14] describes the main analytical methodology used at Fokker for the design of the lugs. The methods de-
scribed in [10–12] are also required to compute parameters required by the main methodology. The load of
magnitude F is decomposed in an in-plane load (in-plane angleα represented in figure 2.2) and out-of-plane
load (out-of-plane angle θ represented in figure 2.3).

The methodology requires the computation of several allowable loads. First, the allowable axial load (Pax )
is determined. The allowable axial load is the in-plane load for whichα= 0. It is the minimum of several loads:

Pax = min(P1,P2,P3) (2.8)

Where P1 is the load at tension failure in the net section, P2 is the load at bearing failure and P3 is the load
at shear tear out failure. In general, P1 > P3 > P2.

Various reduction coefficients ηi are computed, where Pi = ηi · A ·σ. With P being the allowable load, A
being a cross-section and σ the material strength. The coefficients ηi are either obtained from experimental
data or from analytical formulas.

Then, the transverse load is determined. The allowable transverse load (Ptr ) is the in-plane load for which
α= 90°. Like for the allowable axial load, it is the minimum of three allowable loads, P4,P5,P6:

Ptr = min(P4,P5,P6) (2.9)

To compute those allowable loads, the cross-sections F1,F2,F3,F4 depicted in figure 2.23 are combined in
a fictitious cross-section.

�

F4

F1 F2

F3

45

45

Figure 2.23: cross-sections taken into account for the transverse allowable load computation. F3 is the smallest cross-section area. The
cross-sections are combined into a fictious cross-section F f , which is required to compute P4,P5,P6.

Once the allowable axial and transverse loads are known, the allowable oblique load (load for which 0 ≤
α≤ 90°) can be computed from load combination formula.

The out-of-plane allowable load (Pz ) can then be computed with a similar method. Finally, the out-of-
plane oblique loading can be computed with as a function of (θ,α,Pax ,Ptr ,Pz ).
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2.3.4. Other components
Sliding bushing The sliding bushing is assumed to cover precisely the length of the bolt shank. Hence, it
follows that:

lsb = lshank

2
− lbe,i n

2
(2.10)

rsb,i n = rbol t ,out (2.11)

The only remaining parameter to size is the sliding bushing thickness tsb :

tsb = rsb,out − rsb,i n (2.12)

The sliding bushing is subject to a combination of axial compression (nut clamping force) and radial
compression (lug shear force). The thickness of the sliding bushing is sized so that RFsb ≥ 1.0. In practice, the
values of the reserve factors are always satisfactory, as allowable compressive loads are high. Due to manu-
facturing constraints and life-span expectations, a minimum value for the sliding bushing is set to 0.5mm.

Fixed bushing The fixed bushing is clamped into the outer lug hole, and must fit on the sliding bushing:

r f b,out = rlug ,out (2.13)

r f b,i n = rsb,out (2.14)

l f b = tol (2.15)

As the hinge is assumed sliding, the fixed bushing is only subject to radial compression. As with the
sliding bushing, the high allowable compressive strength resulted in high reserve factors. In this project, the
fixed bushing are assumed to be standard.

Nut For the nut, the reserve factor is given by the ratio between the computed bolt pretension and the nut
allowable load, given by the nut manufacturer.

2.4. Cost analysis
Designing with the mass as a single objective could result in a light but expensive design. Therefore, the cost
should be included in the hinge design and optimization. As most parts of the assembly are standard, the
cost analysis is often reduced to obtaining the cost of that part from the manufacturer. Unfortunately, not
all the cost data are available. Some cost data is either unavailable or difficult to obtain. The data requires
continuous updating and typically depend on the procurement process, e.g., the number of parts ordered
and the current supply and demand of the material used.

A cost analysis method must be used for the standard parts for which reliable cost data are missing and
for machined parts (lugs, sliding sleeve, bolt). For this purpose, the method described by van der Laan in
[36] is used. The total cost of the part is the sum of the material cost cmater i al and manufacturing cost
cmanu f actur i ng :

ctot al = cmater i al + cmanu f actur i ng (2.16)

The manufacturing cost is described by equation 2.17:

cmanu f actur i ng = rate · tmanu f actur i ng = rate · (tdel ay +τ0

√
(

x

voτ0
+1)2 −1) (2.17)

Where:

• tmanu f actur i ng is the time required to manufacture the part.

• rate is the manufacturing rate (for instance in euros per hour)

• x is dimension on which the cost estimation is based, for instance an area or length
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• tdel ay is the delay time required to setup the manufacturing process

• v0 is the steady state speed of the manufacturing operation

• τ0 is the time required to reach 63% of the steady state speed

And the material cost is:

cmater i al = cmat · x · (1+ sr) (2.18)

Where:

• cmat is the raw cost of the material

• sr is the scrap rate of the part, i.e., the proportion of material that is subtracted between the raw material
and the final product

This method is applicable to many parts and manufacturing processes, is simple to implement, and gives
accurate results. However, it requires the parameters (tdel ay , v0, τ0) of each part to be known, which can be
time-consuming.

2.5. Mass analysis
The mass is often the primary objective to minimize in aircraft components. As with the cost analysis, the fact
that some of the parts are standards simplifies the mass analysis, and the task is reduced to looking up the
mass in the data sheet. Otherwise, to estimate the mass of a machined part, its volume is simply multiplied
by its density:

mcomponent = ρmater i al · vcomponent (2.19)

Where ρmater i al is the material density in [kg /m3] and vcomponent is the volume of the component in
[m3]. The equation above does not take into account any difference between the raw material mass and the
installed mass. The latter could differ, by including for example coating, lubricant, etc. This difference is
assumed to be negligible and the mass of the components is computed with equation 2.19.

2.6. Hinge modeling
The previous sections discussed the behavior of the hinge assembly with respect to three disciplines: cost,
mass and stress. The model is the implementation of those analyses, including the detailed design rules for
fitting and fretting.

2.6.1. Previous tools and methods for hinge modeling
Method at Fokker The analysis of a hinge at Fokker is concurrent, manual and distributed among teams
with different expertise (hinge stress engineers and hinge designers). Engineers work with specific tools for
each component analysis. The operation of the tools, aggregation of the data of the hinge components, ver-
ification of fitting and fretting and reporting of the characteristics were all manual endeavors. Since 2013,
Fokker took consequent steps towards the automation of this process, in the context of the Rudder In A
Month (RIAM) project. This was done by using a single design methodology and having interoperable data
and tools. At first, this was achieved by using Catia and Excel VBA tools, as described in [33].

Hinge model in HDOT In 2015, the hinge modeling time was again drastically reduced, with the implemen-
tation of a hinge KBE application in HDOT. This change was enabled by the adoption of the KBE platform
ParaPy4. A hinge assembly could now be fully analyzed automatically, without any user intervention.

2.6.2. Use of KBE for the hinge modeling
Many arguments in favor of using KBE for the hinge modeling were already given in subsection 1.4. This
subsection gives more details about the choice of using KBE for the hinge modeling.

4Discussed in greater detailed in chapter 7
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Geometry The geometry is used for an accurate cost and mass analysis which requires the volume compu-
tation. The use of the geometry visualization and of the Graphical User Interface (GUI) is detailed in 2.6.4.

Class-based OOP The KBE language used in ParaPy is implemented in python and makes use of class-
based OOP. OOP is advantageous from several points of view. First, data encapsulation makes the code
more descriptive. The code is easier to develop, to maintain and to read than with functional programming.
Second, the creation of classes is advantageous for code re-usability and modularity. One can define abstract
classes, then derive behavior and data from those classes. Examples of abstract classes for the KBE model are
given in the Unified Modeling Language (UML) diagrams in chapter 7. For instance, the HingeComponent
class describes the general behavior and data of a hinge component. Therefore, all the hinge parts (bolt, lugs,
bushings, etc.) inherit from HingeComponent.

Declarative programming approach KBE enables to create the model with a declarative programming ap-
proach, i.e., declare what the system is, never how the simulation workflow looks like. It makes the develop-
ment easier and the code implementation more concise. For instance, in the Hinge Generator, the sequence
in which the components are analyzed is never explicitly given. The attributes and analysis are evaluated
automatically when higher-level attributes (such as the total cost or mass of the hinge) are requested.

Lazy evaluation The declarative approach is especially powerful if it is combined with lazy evaluation. Lazy
evaluation is made possible by two characteristics of a KBE system: caching and dependency tracking. Ac-
cording to La Rocca [30], “Caching refers to the ability of the KBE system to memorize, at runtime, the results
of computed values so that they can be reused when required without recomputing”. Then, the dependency
tracking mechanism is used to keep track of the validity of the cached values.

Lazy evaluation is useful anytime the model has to be analyzed, whether it is in an optimization routine
or for a manual design. If a hinge attribute (e.g., bolt radius) is changed, the same hinge instance is kept
during the whole search process. This way, if an attribute of the hinge is independent of the bolt radius,
the cached values are used instead of re-computing the attribute. For example, during the search methods
discussed in chapter 3, if one evaluates different bearings for the same bolt, then the bolt attributes will not
be re-computed. This is particularly useful for:

• The bolt volume computation. As the geometry is detailed for more precision, its evaluation is time-
consuming.

• The lug stress analysis. For many component combinations, the same fixed bushing is used. In this
case, the bolt and bearing can be changed without having to recompute the reserve factor of the outer
lugs.

Using KBE for the hinge model also has drawbacks. The main drawback is that it requires a proprietary
KBE platform. Once the platform is used for the development, it becomes convenient to use it for all the parts
of the application development. Although the use of KBE enables a full operation from the GUI, it also makes
the whole application dependent on the KBE platform. Simple parts of the applications that could have been
written in pure OOP would become obsolete with changes in the KBE platform. Furthermore, the run-time
(especially overhead time) of KBE application could be higher than that of normal OOP, as the evaluation of
any attribute triggers a procedure to enable lazy evaluation.

2.6.3. Developed KBE application: the Hinge Generator
This subsection introduces the requirements for a new hinge KBE application, to substitute for HDOT’s hinge
sizing model Two main requirements were expressed by Fokker during this project. The first requirement was
that the KBE application must use actual standard parts and materials (the database in HDOT is incomplete
for confidentiality reasons). The second requirement was that the KBE application should be modular and
extensible to fail-safe and clamped hinges. A new KBE application, the Hinge Generator, is developed to
satisfy those requirements.

Contents of the hinge generator The analyses discussed in the previous subsection must all be included
into a framework to enable their inter-operation. On figure 2.24, a simplified representation of the Hinge
Generator framework is given. In the Hinge Generator, the hinge components contain all their own analyses
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and geometry. The components are children of the main object, hinge assembly. The hinge assembly object
also contains properties that require inputs from several components, such as the bolt stress analysis, which
requires data from the lugs, assembly and bolt.

...

Input handlers

Hinge assembly

Input handlers

standard parts
database 

materials
database 

Bolt Analyses (stress, cost, mass)
Geometry

data
handling

Outer lug Analyses (stress, cost, mass)
Geometry

...

Hinge
components

as parts

Total cost, total mass, maximum eccentricity...
Attributes

of the
assembly

Figure 2.24: The hinge assembly contains components. The components contain their analyses and geometry. The assembly reads and
handles the databases before feeding them to the component objects (indicated by the dashed link between input handler and bolt).
The coupling is defined in the object inputs (e.g., bearing.radius_in = bolt.radius_out).

The KBE application solves the problems encountered with the legacy method of subsection 2.6.1. The
inter-operation of the tools is streamlined and automatic. The detailed design rules are integrated within the
KBE application. Therefore, manual intervention is unecessary.

Moreover, this particular structure enables to leverage the strengths of KBE that were presented in the
previous subsection. The KBE code is concise, and the workflow does not need to be defined explicitly.

Differences with the hinge sizing module of HDOT The quantitative improvements compared to the hinge
KBE model in HDOT are the following:

1. Databases of standard components and materials were developed and implemented. The parts and
materials used in the model are accuratly modeled and can be directly ordered.

2. The detailed lug geometry is used. Four design variables (etr ,eax , t ,β) are used, whereas in HDOT it is
assumed that eax = etr and that β= 0, therefore the only two remaining parameters are e, t .

3. The flanges, chamfers and other details of the hinge components geometry are more detailed (e.g.,
length of the thread of the bolt, bearing geometry flange of the bushings).

4. The lug stress analysis was improved in terms of fidelity and run-time. For a list of the differences
regarding the lug stress analysis, the reader is referred to the table 7.1 in the second part of the report.

5. The total analysis run-time is of 0.5 seconds at most. It is an improvement over the run-time of HDOT
which was impaired by the reading and writing of the stress analysis in Excel files.

6. The bolt preload computation has been updated.

The qualitative improvements compared to the hinge KBE model in HDOT are the following:
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1. The databases and their handling were developed to be scalable (possibility to quickly include more
standards parts) and easy to use (programming skills not required to add a standard).

2. The adoption of Python for the stress analysis enabled several features, such as a fail-safe mode, logging
messages, bounds and assumptions, all within the stress methods themselves.

3. OOP was used to increase code modularity and extensibility compared to HDOT. The abstract class
principle evoked previously has been used for the component geometry, stress analysis and search
methods. Those classes can be used to easily extend the model and search to other types of hinges,
such as those described in subsection 2.2.2.

2.6.4. Using the Hinge Generator for hinge design

Figure 2.25: Visualization of a hinge assembly in the Hinge Generator KBE application. On the right, a visualization of the geometry
of the different hinge components is displayed. On the left, the product tree (top) and attribute table (bottom) enables the user to view
outputs and modify inputs of the hinge assembly.

The KBE platform includes a geometry modeling and visualization which can be used as a tool for design.
The GUI of the KBE platform ParaPy can be used to inspect and tweak the model, as shown in figure 2.25.

Although the geometry is primarily used for visual inspection, it can also be used to quickly grasp some
attributes of the model. On figure 2.25, the colors of the components correspond to their material type (alu-
minum, steel, bronze or titanium). It can also be used to display the value of the minimal reserve factor of
the component, to quickly see if the stress in the components are acceptable or not. A component colored in
blue indicates that it is over-sized (RF > 2), one colored in green indicates an acceptable size (1 ≤ RF ≤ 2) and
one colored in red indicates that it is undersized (RF < 1).

The difficulty in the manual design of the hinge resides in the presence of standard parts. Although the
KBE application can automate the query of the parts, the part selection is not trivial:

1. Only one integer variable is used to lookup the standard part, which will result in many different charac-
teristics depending on the query definition. For example, looking up a bearing through an integer vari-
able will vary all the properties of the bearing, whereas perhaps the designer intended to only change
the type (cylindrical or rolling) of the bearing.

2. Changing one component will often require the other components to be changed too.

The KBE application can be used for three different use-cases, each offering a different way to query the
standard parts:

Manual selection of the parts With this use-case, the user must select all the standard code to use, as well
as the diameter code and length code of each part. This results in a total of 10 input variables to set. This high
level of granularity offers a lot of freedom for the user to individually and precisely choose the components,
but it can result in unfeasible combinations.
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Figure 2.26: For the selected load case, the initial hinge assem-
bly is not feasible. The bolt and outer lugs have a reserve factor
smaller than one.

Figure 2.27: After some manipulations with the KBE application,
the hinge assembly is now feasible. A slightly larger bolt diameter,
together with a stronger bolt material and larger lug eccentricities
increased the allowable loads.

Combination selection through integer lookup The Hinge Generator automates the selection of the stan-
dard parts. The design space is automatically pre-processed to create a set of bolt-bearing-fixed bushing-nut
combinations that are feasible. This set of combinations is partially depicted on table 2.2. The columns Bolt
and Bearing are the standard designations. Dbol t , Dbear and D f b are indexes used to lookup the diameter
codes of the bolt, bearing and fixed bushing. This table can be sorted through different criteria, and the
resulting combinations will be explored in a different order.

On the figures 2.26 and 2.27, an example use is explained. On figure 2.26, the selected bolt and outer lug
does not sustain the selected load case of (F,α,θ) = (15kN , (0,30°),15°). The user selects a different combi-
nation using a greater integer ncomb . This way, a fitting combination of bolt, bearing, fixed bushing and nut
is selected. This new combination has a slightly larger bolt diameter and a stronger bolt material, which can
sustain the selected load case. Modifying the thickness of the outer lugs results in a higher bending moment
on the bolt. Instead, the transverse and axial eccentricities of the outer lugs are increased by trial and error.
This way, the outer lugs reserve factors are satisfied too, as seen in figure 2.27.

Bolt Bearing Dbol t Dbe D f b rbol t mbe

FoN2-1623 FoN6-8918 1 1 1 3.1585 14.1
FoN2-1620 FoN6-8918 1 1 1 3.1625 14.1
FoN2-1620 MS28913 1 0 1 3.1625 27.216
FoN2-1630 FoN6-8918 0 1 1 3.1625 14.1
... ... ... ... ... ... ...

Table 2.2: Combination table generated by the Hinge Generator. Each row contains characteristics of the parts (bolt, bearing, fixed
bushing, nut) so that they fit together.

Figure 2.28 shows the different bolt, bearing, fixed bushing and nut combinations for three different inte-
gers.

Combination selection through rounding This last application is similar to the previous one but offers yet
another way to select the standard component. Instead of selecting the combination with an integer ncomb ,
the selection is done with a continuous variable from the table 2.2. The continuous variable is compared to
the existing combinations, and the combination with the closest upper bound of that variable is chosen. For
example, if the user queries the combination with rbol t = 3.16, the second row will be used. However, the
upper bound of one criterion might not be unique (in table 2.2, there are three rows with the upper bound
rbol t = 3.1625). In that case a second query can be used to filter the rows with the same upper bound. For
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Figure 2.28: Different combinations of bolt, bearing, fixed bushing and nut. On the left: 6 mm diameter titanium bolt, rolling bearing.
Right: Steel, tension bolt, spherical bearing.

example, the query mbe = 0 will yield the combination with radius rbol t = 3.1625 and with mbe as close to 0
as possible, i.e., the lightest bearing.

In itself, the KBE application could enable engineers at Fokker to design the assembly in an easier way that
what was possible with legacy methods. Table 2.3 summarizes the three variations developed, each providing
a different compromise between precision (user having authority on the exact standard part chosen) and
development speed (query tasks being fully automated). As such, it takes a step towards solving the research
question already: it automates many of the design steps (material selection, standard selection, interface with
different analysis tool, parametrization through GUI).

Use-case Inputs Speed Accuracy

Manual selection Bolt standard, bolt diameter code, etc. 1/3 3/3
Combination selection through integer lookup ncomb 2/3 2/3
Combination selection through rounding rbol t = 3.5, mbe = 0 3/3 1/3

Table 2.3: Summary of the developed hinge KBE application. The score (1/3 to 3/3) indicates the performance of the application.

The Hinge Generator is also useful to compare two assemblies designed for the same load case. It enables
the user to quickly understand the differences, rather than simply seeing that one hinge is lighter but more
expensive than the other.

Figure 2.29: Top-view of two hinge assemblies designed the same load case. The colors of the outer lugs, bolt and nut reflect the materials,
while the bearing color reflects its reserve factor. The hinge assembly on the right has a tension bolt with a stronger steel, which can carry
a higher bending moment. Therefore, the thickness of the outer lug can be higher than that of the hinge on the left.

2.7. Discussions
The modeling of the interface is an important part of the rudder design process. Reducing the interface design
time will facilitate the rudder design. The design requirements of the rudder-fin interface result in different
hinge assembly designs. One rotation hinge needs to be clamped and two need to be fail-safe. Looking at the
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rudder-fin interface design also enabled to see that the internal loads (described by the parameters (F,α,θ))
and available space (described by the inequality constraints ei l ,eol ≤ emax ) are the two key requirements of a
hinge in the interface.

Although the stress, cost and mass analyses rely on analytical equations, the hinge design process is
complicated considering the fully detailed stress analysis, component characteristics and design rules. The
use of KBE enabled to package those analysis and design rules in one single KBE model called the Hinge
Generator. It allows the evaluation of a hinge instance in 0.5 seconds at most. Moreover, the KBE applica-
tion can be used to easily select standard components and materials, so that even without a search method,
the KBE model can be used to design the hinge. Three KBE application variations were developed, each pro-
viding a different compromise between precision and automation.

Even though the hinge KBE application can be used manually, this method could hardly be used to sys-
tematically obtain all the optimal hinges in terms of mass and cost. The design space is difficult to explore,
and the ramifications of the geometry, material and standard parts coupling make it difficult for the engineer
to predict the influences of the different parameters. Obtaining all the optimal hinges is important, as it could
answer “what if ” questions and limit Fokker’s current use of custom-made bearings and bolts, and rely on
similar cheaper, standard alternatives instead. The KBE application also enables numerical optimization, as
the hinge can be evaluated efficiently and automatically. The hinge optimization is discussed in chapter 3.
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The hinge optimization problem

The current tools and methods at Fokker require several days to design a single hinge. Moreover, the Hinge
Generator presented in the previous chapter enables the generation of feasible hinge assemblies. Therefore,
the available time is insufficient to answer “what if ” questions, such as “Should we use this cheaper, but
larger bolt?”. Instead, Fokker often designs a single hinge, tailored to the requirement, using custom-made
bearings and bolts. Using those components can result in a hinge assembly that is two to five times more
expensive than one that uses standard components only [38]. Hence, obtaining all the optimal design al-
ternatives is advantageous. It would limit Fokker’s current use of custom parts and enable them to rely on
cheaper, standard designs instead. A method to automatically explore the design space promises better and
faster results, compared to manually varying the input parameters of the Hinge Generator.

Section 3.1 introduces and formulates the optimization problem. Necessary background information is
given in section 3.2. In the light of those prerequisites, existing methods are considered and discussed in
section 3.3. Four optimization methods are implemented. The first is a meta-heuristic algorithm (GA in
section 3.4). The problems encountered with this method lead to the development of several ad-hoc search
methods, described in section 3.5. Section 3.6 details the results associated to the Informed Linear Search.
Lastly, section 3.7 summarizes the different methods developed, reflects on the research carried out in this
chapter and discusses possible improvements.

3.1. Problem statement
This section gives further details on the optimization problem introduced in subsection 1.4.

3.1.1. Need for an optimization method
Manually using the hinge KBE application (as explained in subsection 2.6.4) could hardly be used to sys-
tematically obtain all the optimal hinges in terms of mass and cost. The geometry, material and standard
parts coupling complicate the design choices. The geometry coupling refers the fitting of the parts, while the
material coupling refers to the fretting design rules. The Standard part coupling refers to the fact that the
dimensions of a standard part are dependent on each other. In figure 3.1, an example of the considerations
to take into account for the bearing outer radius rbe,out is given. The influence of rbe,out are grouped in terms
of disciplines (mass, cost, and stress).

For example, the outer radius of the bearing should decrease to increase the reserve factor of the inner lug.
But it should also increase to increase the reserve factor of the bearing. Taking all these considerations into
account results in conflictual decisions (both rbe,out ↗ and rbe,out ↘).

Furthermore, an exhaustive search (evaluating all the possible designs in the design space) is excluded
because it would be too time-consuming. Such a search would be feasible with a small design space (i.e.,
few discrete parts combinations to explore). However, the run-time would increase quickly1 as the size of the
design space increases. One of the requirements of this project is to take into account the full Fokker database
of standard parts, consequently, exhaustive search should be avoided.

1Run-times for exhaustive search in terms of combinations are given in subsection 3.6.4.
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rbe,out

Mass
mi l rbe,out ↘

mbe rbe,out ↘

Cost
ci l rbe,out ↗

cbe rbe,out l

Stress
RFbe rbe,out ↗

RFi l rbe,out ↘

Standard part coupling

rbe,i n l

lbe,i n l

lbe,out l

Figure 3.1: Considerations to take into account when trying to predict the value of the bearing outer radius rbe,out . The symbol ↘ means
rbe,out should decrease, the symbol ↗ means rbe,out should increase and l means it cannot be predicted. All things considered, rbe,out
cannot be determined from first principles.

Therefore, methods to search the design space more efficiently are necessary. The KBE application en-
ables numerical optimization, as the hinge can be evaluated efficiently and automatically.

3.1.2. Characteristics of the optimization problem
In this subsection, the characteristics of the optimization problem introduced in chapter 1 are discussed in
further detail. The problem is non-linear and contains both integer and continuous design variables. It is
also multidisciplinary and multi-objective.

Non-linear The stress analyses of each hinge component result in several non-linear constraints that en-
sure that the ratios of applied to allowable forces are acceptable. As for any structural optimization problem,
those constraints oppose the objective, which tries to minimize the amount of material used. The complete
list of the inequality constraints is as follows:

RFbol t ,A ≥ 1.0

RFbol t ,M ≥ 1.0

RFbe,axi al ≥ 1.0

RFbe,r adi al ≥ 1.0

RFi l ≥ 1.0 (3.1)

RFol ≥ 1.0

RFsb ≥ 1.0

RF f b ≥ 1.0

RFnut ≥ 1.0

RFw asher s ≥ 1.0

Those constraints can also be regrouped per component, for example by using:

RFbe = min(RFbe,axi al ,RFbe,r adi al ) (3.2)

As outlined in section 2.3, the stress analyses result in polynomial (power 1, 2, and 4) inequality con-
straints depending on parts dimensions (e.g., rbol t ) and material characteristics (e.g., σbol t ). Likewise, the
mass and cost of the parts mainly depend on the volume of the parts, which will vary in polynomial terms
with the part dimensions. Therefore, the sizing of the hinge assembly is solvable by well-known optimization
methods such as quadratic programming.
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Combinatorial optimization A combinatorial optimization problem consists of finding an optimal object
from a finite set of objects [29]. With standard parts, the hinge optimization problem resembles a combinatorial
optimization problem. The problem is about selecting a sequence of components [bolt,bearing, . . .] from all
the existing combinations [bolt1, . . . ,boltn ,bearing1, . . . ,bearingn , . . .].

The hinge optimization problem differs from a quasi-discrete problem with explicit variables (i.e., min-
imize (m(R,L)), with R ∈ [R1, . . . ,Rn],L ∈ [L1, . . . ,Ln]), where the design variables could be rounded off the
closest discrete value [15]. To explain the influence of standard parts, figures 3.2 and 3.3 illustrate the bearing
and its coupling with the rest of the assembly. Figure 3.3 gives the dimensions of several bearings. Signif-
icant errors would derive from rounding if the hinge was modeled with a continuous design variable rbol t .
Therefore, if it would be practical to describe and solve the optimization problem using the bolt radius rbol t ,
it would not be effective with standard parts. The rounding of one variable could lead to sub-optimal compo-
nent choices and sub-optimal, or even unfeasible, hinge assemblies. Further information on combinatorial
optimization methods is given in subsection 3.2.2.

radius outer ring (rbe,out)

length inner ring (lbe,out) 

length outer ring (lbe,out)

radius bolt (rbolt)

Inner lug

Bearing

Bolt

Sliding bushing

Figure 3.2: The bearing (dark, full lines) is in contact with three other components (dashed, red lines): the bolt, the sliding bushings and
the inner lug. Therefore, any of the four bearing dimensions (length outer ring lbe,out , length inner ring lbe,i n , radius outer ring rbe,out
and radius inner ring rbe,i n ) will affect the dimensions of those components.

Multidisciplinary Design and Optimization As discussed in chapter 2, the optimization problem is an
MDO problem, not only in the literal sense (three disciplines: stress, cost, and mass) but also in the more
prominent aspect of MDO, as the hinge model result in a set of coupled analyses that have conflicting inter-
ests [30]. MDO is a research field that studies different frameworks to organize the decomposed system, so
that the system can be optimized despite its complexity [20]. Conflicting interests within the hinge assembly
have already been discussed in the previous subsection, with figure 3.1.

Further design aspects demonstrate that the hinge is an MDO problem. Having standard parts and ma-
terials implies that coupling variables y will result from one design variable x. In figure 3.3 for example,
the bearing can be seen as a discipline with an input x = rbe,out which results in three coupling variables:
y = [rbe,i n , lbe,out , lbe,i n]. This circumstance are challenging because the optimization needs to choose the set
of parameters in a way that consistently increase or reduce the objectives.

The MDO decomposition can be made in terms of disciplines (stress, mass, cost) or in terms of subsys-
tems (bolt, bearing, fixed bushings, etc.). As all of the three disciplines require the same inputs (complete
geometry and material characteristics), once the components are known, the disciplines can be evaluated
concurrently. Therefore, the decomposition in terms of discipline would not be particularly interesting, and
the subsystems decomposition is used.

Multi-objective optimization A multi-objective optimization is an optimization where more than one ob-
jective function have to be optimized simultaneously. For the hinge, both the weight and cost must be taken
into account during the optimization. The outcome of the optimization method must therefore be a set of
points (x∗

1 , . . . , x∗
n ) instead of a single one (x∗). This set of points is called the Pareto-optimal set, which is
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Figure 3.3: Dimensions in [mm] of the bearings considered for the search. The cost, mass, and allowable forces of the bearing are not
represented, but vary similarly, in a non-linear manner.

defined as the set of solutions which are superior to the rest of the solutions when all the objectives are con-
sidered, but are inferior to other solutions in one or more objectives.

Limiting the optimization to either cost or mass results in sub-optimal hinges. For example, choosing the
cheapest bolt might result in a larger bolt diameter The larger bold diameter affects the attached components,
resulting in a higher mass for all other components, and thus a higher total mass. In principle, having the
multi-objective is similar to having several constraints and variables, but most open-source optimization
algorithms only support a single objective.

As a conclusion, the search method must handle multi-objective, non-linear inequality constraints and
integer and continuous design variables. The generic hinge optimization problem formulation is given in
equation 3.3:
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min
∑
k

mk ,ck (3.3)

s.t. ∀ k,RFk ≥ 1.0

with k ∈ [bolt,bearing,fixed bushing,sliding bushing, inner lug,outer lug,nut]

xi = [bolt,bearing,fixed bushing,nut]

xc = [eax,i l ,etr,i l ,eax,ol ,etr,ol , tol , tsb]

p = [α,θ,F, g ,βol ,βi l ,mati l ,matol ]

3.2. Background information
Before tackling the hinge optimization problem, this section defines the criteria used to define the perfor-
mance of the optimization or search methods (subsection 3.2.1) and introduces combinatorial search meth-
ods (subsection 3.2.2).

3.2.1. Criteria for the measure of search methods performance
The following definitions are adapted from [28]. These criteria will be used to evaluate the performance of
the search methods.

Optimality is about asking “Does the method find the optimal set of solutions?” For example, a gradient de-
scent optimization method applied to a convex function is optimal. An exhaustive search is by optimal
too, as it explores all the design space. As the problem is multi-objective, this can also be referred to as
pareto-optimality.

Efficiency is about asking “How much time does the method take to find the solutions?” In the literature,
the optimization run-time is also referred as time complexity (time required by the method to find the
solutions). In the rest of the project, a method is said to be efficient if its run-time is low (order of
magnitude of seconds, or minutes). Efficiency concerning space complexity (memory required by the
method [28]) is not taken into account during this project.

Scalability is about asking “How does the optimization run-time scale with the size of the design space?” An
essential requirement of the KBE model is that it models the full set of standard parts that are used
at Fokker. This requirement applies similarly to the search method. Ideally, the performance of the
method with respect to its efficiency and optimality should be independent of the number of parts
considered. The asymptotic notation O(−) (“big O”) characterizes the upper bound of the growth rate
of the function.

A large number of combinations does not necessarily imply a higher run-time. Similar combinatorial
problems with greater amounts of combinations (e.g., Traveling Salesman problem [2] for 30 cities has
30! ≈ 2.65 ·1011 possible paths) can be solved in a few minutes.

Framework is about asking “How easy is it to develop and modify the search method within the front-loaded
framework?” In the literature, several frameworks that enable the optimization of complex systems.
According to [4], connecting a Process Integration and Design Optimization (PIDO) tool to a KBE ap-
plication is the most advantageous framework.

In this project, a custom framework containing paraMDO, developed by Onodi [23], is used. The frame-
work is detailed in the second part of the report, in chapter 8.

Taking into consideration all the criteria described above, the ideal search method should yield Pareto-
optimal hinge assemblies, within a short run-time (minutes), independently of the number of standard
parts considered. The framework implementing this search method should enable the method to be easily
modifiable and extensible.

3.2.2. Combinatorial search methods
Combinatorial optimization consists of finding an optimal object from a finite set of objects [29]. Compared
to the continuous problem, seeing the hinge as a purely combinatorial problem takes away a significant por-
tion of the information available to solve it. First, a bolt has to be chosen, then, a bearing that fits onto this
bolt has to be chosen, etc. Therefore, it becomes a matter of subsequently selecting a component.
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fixed bushing......
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Figure 3.4: The design space of the hinge assembly can be seen as the subsequent selection of components. For each layer of component,
one is expanded and the subsequent components that fit are shown underneath. A hinge assembly is a set of components (e.g., the
subsequent components circled in red).

With, combinatorial problems, the design space can be seen as a tree and a solution can be seen as a
branch, which is a combination of nodes. An example of such a tree is given in figure 3.4. It describes the
design space obtained by selecting four main standard parts: the bolt, bearing, fixed-bushing, and nut. The
search is the subsequent selection of each standard part of the hinge assembly. A possible hinge assembly is
a branch, or a combination of each part, for instance the one indicated by the path in red in figure 3.4.

Figure 3.5 gives a more compact and complete representation of the design space of the hinge assem-
bly. The order of the components is arbitrary, the figure is only used as an example to introduce important
concepts.

Sliding bushings

Fixed bushings

Inner lug

Outer lug

Bolts

Bearings

Nuts

Sliding bushings

Fixed bushings

Inner lug

Outer lug

Bolts

Bearings

Nuts

Optimal

Unfeasible

Feasible

(a) Initial design space (b) Searched design space

Figure 3.5: A hinge assembly is a combination of standard components (circles) and machined components (rectangles). Out of all the
possible combinations, the majority is unfeasible because it does not fit, frets, or has unsatisfactory reserve factors (red). Then, some
combinations would satisfy all the requirements, but would be non-optimal in terms of mass and cost (yellow). The goal of the search is
to find the optimal combinations (green).

On figure 3.5, the depth of three is n = 7 and the bearing layer (i.e. the set containing all the bearings) is at
depth d = 2. To search for possible combinations, the algorithm must evaluate the children of the currently
selected node. This process is called expanding. The strategy that chooses which nodes to expand to attain
the optimal solution is called the tree search strategy. A review of different tree search strategies can be found
in [28], which is given in figure 3.6.
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Tree search
strategies

Uninformed
strategies

Breadth first search Expands shallowest node first

Depth-first search Expands deepest node until leaf is reached

Uniform-cost search Expands least-cost node first

Depth limited search Same as depth-first, but stops after a depth limit l

Iterative depth-first search Gradually increases depth until goal is reached

Informed
strategies

Greedy best-first search Expands the next best node according to heuristic

A* search Expands least-cost node according to
heuristic + cost to get from root to node

Figure 3.6: Classification and definitions of relevant tree search strategies.

Uninformed search strategies are general guidelines that describe which area should be explored next in
the tree. With the breadth-first search, for instance, the shallowest nodes are expanded first. In figure 3.5, it
would mean that all the bolts would be explored first, then all the bearings, etc. With the depth-first search,
a bolt is chosen and all subsequent components too, until the nut is reached. The uniform-cost search is
similar to the breadth-first search, expect that the choice of the next node considers the best cost, instead of
the shallowest region A depth-limited search strategy could be interesting in the case of the hinge assembly,
as it acts as the tree had a depth l with l < n. Lastly, the iterative-depth strategy iteratively applies the depth-
limited search for different limits l . This last search can be thought of as a mix between depth-first and
breadth-first. Similarly to the limited search utilization, the idea is that the search could be done iteratively
until a desired level of detail is attained.

Informed search strategies use a heuristic function to estimate the final cost function of the path, which
is in the case of the hinge the objective function of the complete assembly. The simplest form of informed
search is the greedy best-first search, which only expands the node that has the best cost. Effectively, it
subsequently selects the cheapest or lightest components, layer by layer. The A-star search slightly differs
from greedy best-first search; its heuristic is given by the sum of the cost of that node and the cost to reach
the node.

3.3. Existing methods
This section reviews the existing methods for hinge optimization. The methods are listed in the next three
subsections, in chronological order. For each approach, the performance of the method with respect to the
criteria introduced in subsection 3.2.1 is discussed. The characteristics of the previous algorithms, as well as
the requirements on the one to be developed, are then summarized in table 3.1.

3.3.1. Legacy method
The legacy method used at Fokker before 2013 was manual and iterative. This methodology is documented by
Kulkarni in [18]. Most of the time, the design process started with the bolt. Then, the components would be
designed and analyzed in the following order: bearing; central lug; clevis lug; sliding bushing; fixed bushing;
nut. As described in subsection 2.3.2, performing the bolt analysis requires the lug geometry and material.
Therefore, starting the design of the hinge with the bolt requires an assumption on the lugs geometry and ma-
terial. The bolt design could be satisfactory, but the lug assumption could not be satisfactory which results
in the necessity to reiterate the process. This method involves a lot of iterations to get to the final, feasi-
ble design. The design-time is unsatisfactory, as this method only enables the study of a few feasible hinge
assemblies, within six weeks [18].

3.3.2. Quasi-exhaustive search in HDOT
In HDOT [18], the Hinge sizing module contains a hinge optimization method. HDOT uses a form of com-
binatorial search called the “quasi-exhaustive” search. The pseudo-code of the quasi-exhaustive search is
presented in algorithm 3.1.
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1 Filter out feasible bearings;
2 for bearing in feasible bearings do
3 for material inner lug do
4 Determine ei l by bisection search;

5 (eU
i l = distance to OML);

6 Select the lightest inner lug;
7 Size the sliding sleeves (assumed ti l /tol = 0.6);
8 Select the bushing;
9 for material outer lug do

10 Determine eol by bisection search;

11 (eU
ol = distance to OML, assume ti l /tol = 0.6);

12 Select the lightest outer lug;
13 Size the bolt length;
14 Select the cheapest feasible bolt;
15 Select the cheapest feasible nut;
16 Select the cheapest hinge assembly;
17 return hinge assembly;

Algorithm 3.1: Quasi-exhaustive search in HDOT (derived from [18]). sizing refers to a continuous variable, while Select refers to
a standard component. The search is exhaustive in terms of bearings (line 2), lug materials, but only selects one bolt per bearing
(line 14).

In this method, the components are chosen in a sequence: first, select the cheapest/lightest bearing; then
select the cheapest/lightest lug, etc. It assumes that the lightest assembly is the combination of all lightest
components. Therefore, it resembles the best-first greedy method described in subsection 3.2.2. However,
the selection is only based on the weight of one component, whereas in the literature, best-first is based on
the estimation of the total weight of the remaining components to be chosen.

Optimality The greedy heuristic of HDOT leaves out a part of the design space [18, 25], as the search auto-
matically selects the cheapest feasible bolt for a given bearing (line 14 on algorithm 3.1) If the cheap-
est bolt is infeasible, any combination with this bearing is excluded, whereas the same bearing with a
slightly more expensive bolt and stronger material could have yielded a good assembly

The problem with the assumption was confirmed twice. First, the comparison between the HDOT
optimum and the Multidisciplinary feasible architecture optimum (see next subsection) revealed that
the HDOT optimum was 42% heavier [25]. Secondly, changing the sequence in which the components
were analyzed resulted in different optimal assemblies [26].

Lastly, the selection is not based on both the mass and cost of the component. Some parts of the search
are done focusing on a single objective. The quasi-exhaustive search yields only one result, and that
result cannot be proved to be optimal or pareto-optimal.

Scalability A best-first search strategy should scale very well with the increase of input variables, as it only
expands the best node. As the rest of the nodes are ignored, the run-time should not vary with the size
of the design space. However, it is not true with the quasi-exhaustive search, as the bearing search is
exhaustive (line 2 on algorithm 3.1). Therefore, the search scales well with the number of bolts (as only
one bolt per bearing is considered) but not with the number of bearings considered.

Framework Expanding HDOT with more hinge types and materials would be difficult, as the search is em-
bedded into the KBE application. This approach scales poorly with complexity, a new KBE application
and a new search algorithm would have to be implemented for each new hinge type. That is unsuitable
with the front-loading framework, which must eventually be extended to many different hinge types.

3.3.3. GA implementation
Researchers at TU Delft worked on improving HDOT. The different disciplines that constitute HDOT were
taken apart and integrated into a workflow defined in Optimus2, a PIDO tool.

2https://www.noesissolutions.com/

https://www.noesissolutions.com/
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Though the problem is formulated as an MDO problem, it can also be seen as a simple optimization in
which the objective function is computed in by a sequence of sub-disciplines. The MDO architecture used
was a Multi Disciplinary Feasible (MDF) architecture, for which the results are presented in [25] and [16]. To
deal with the presence of integer design variables, a Genetic Algorithm (further discussed in subsection 3.4)
included in Optimus was chosen.

Optimality The GA converged after 9 hours. With genetic algorithms, it is difficult to prove that the minimum
was reached. As with HDOT, the cost was not taken into account. It also only yields one hinge assembly,
not a Pareto-set of optimal hinge assemblies.

Scalability The evolution of the GA run-time with the size of the design space is unknown. It is uncertain
how this implementation would perform with an increased number of discrete materials and standard
parts.

Framework Lastly, using a PIDO tool to define the workflow and search algorithm scales well with the com-
plexity of the model and of the optimization method. The PIDO tool enables to modify the optimization
workflow if new types of hinge were to be included. Moreover, the framework defined in [16] enables a
reduction of the MDO problem setup-time.

3.3.4. Discussions on the existing methods

Method Design space Run-time Optimality Framework

Quasi-exhaustive (3.3.2) Limited database 1.5 hours No KBE model
GA (3.3.3) Limited database 9 hours Yes (1 point) PIDO + KBE tool
To be developed Fokker database minutes Yes (set of points) Ad-hoc + KBE tool

Table 3.1: Summary of the previous optimization methods and comparison with the one to be developed. The Limited database indicates
that few standard parts are used (less than five bolts and bearings), whereas Fokker database indicates that the full database of standard
parts of Fokker should be used (hundreds of parts).

In a nutshell, the quasi-exhaustive search of HDOT is neither efficient nor optimal, and its implemen-
tation within the KBE model is not flexible enough to be extended to other hinge types for front-loading.
Although the GA implementation cannot be proved to be optimal, it did find a 42% lighter hinge assembly
than the quasi-exhaustive search.

In table 3.1, the row "to be developed" describes the ideal characteristics of the search method to develop
during this project. The problem is often thought to be difficult because of the sheer amount of possible
combinations, but the actual amount of feasible assemblies is far smaller. A method that is both optimal and
efficient therefore seems like a feasible goal.

The problem tackled in the following sections is slightly different than the one described in HDOT and in
the GA implementation. The materials of the lugs are then considered to be design variables, whereas, in this
project, they are treated as parameters. Moreover, the model and the databases have changed significantly,
as detailed in subsection 7.2 in the second part of the report. Therefore, the existing methods cannot be
compared quantitatively to the developed ones regarding optimality, nor concerning efficiency.

3.4. Attempts with genetic algorithms
Genetic algorithms are a typical algorithm that would be used to tackle this problem; they have been ex-
tensively used for similar problems in the past decades [24]. Genetic algorithms can address a vast range
of problems, from conventional numerical optimization problems to combinatorial optimization problems,
where the design variables represent a new combination (see for instance the Traveling Salesman Problem
(TSP) [2]). As it can be used out of the box and is expected to perform well, it is the first option considered for
the hinge optimization problem.

The developed framework3 uses the OpenMDAO library. OpenMDAO features a simple implementation
of the Genetic Algorithm 4. The pseudo-code is given in algorithm 3.2.

3Further details on the optimization framework are given in chapter 8.
4See documentation: http://openmdao.org/twodocs/versions/2.5.0/_srcdocs/packages/drivers/genetic_algorithm_
driver.html

http://openmdao.org/twodocs/versions/2.5.0/_srcdocs/packages/drivers/genetic_algorithm_driver.html
http://openmdao.org/twodocs/versions/2.5.0/_srcdocs/packages/drivers/genetic_algorithm_driver.html
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1 Parameters: Max. number of iterations ni ter , mutation rate rm , crossover rate rc , population size
npop , penalty coefficient p, penalty exponent κ;

2 Encode design vector x;
3 while n < ni ter do
4 Perform mutation;
5 Perform crossover;
6 Perform tournament selection;
7 Decode design vector ;
8 return hinge assembly;

Algorithm 3.2: Genetic algorithm implementation in openMDAO. The steps are typical for GAs (mutation, crossover and selec-
tion). The algorithm supports inequality constraints and multi-objective functions by subtracting them to the objective.

The multi-objective nature of the problem is included with a weighted sum:

f =∑
λi · fi with

∑
λi = 1 (3.4)

The constraints are handled with a penalty function. The fitness function is constructed with the penalty
parameter p and the exponent κ:

Φ(x) = f (x)+p ·∑(δk · gk )κ with δk =
{

0 if gk is satisfied

1 otherwise
(3.5)

The general formulation given previously in equation 3.3 is not directly applicable because the categories
(bolt, bearing, etc.) need to be selected from numerical values. One way to deal with these categorical design
variables is to use an integer design variable as an index, which is then used to lookup the characteristics
(bolt radius, material properties, etc.) of the part in a table. Two problems formulations using integer lookup
(equations 3.6 and 3.9) are tested.

This first formulation In equation 3.6, integer variables are used to select the standard bearing and bolt, as
well as their size.

min
∑
k

mk ,ck (3.6)

s.t. ∀ k,RFk ≥ 1.0

with k ∈ [bolt,bearing,fixed bushing,sliding bushing, inner lug,outer lug,nut]

xi = [nbol t ,nbear i ng ,Dbol t ,Dbear i ng ]

xc = [eax,i l ,etr,i l ,eax,ol ,etr,ol , tol ]

p = [α,θ,F, g ,βi l ,βol ,mati l ,matol ]

The integers n represent the type of the standard part. For example, nbol t = 1 corresponds to a FoN1623
bolt (a titanium, tension bolt) and nbear i ng = 2 corresponds to a MS28913 bearing (Military Standard roller
bearing). Then, the integer D represents the size code (or diameter code) of the standard part. For instance,
for the given bolt standard nbol t = 1, different sizes exist, as depicted in figure 3.7.

The formulation of equation 3.6 exposes more variables in the design vector compared to the existing GA
implementation described in subsection 3.3.3. The categorical design variables (bolt and bearing standard)
are unordered, whereas the standard part designation is ordered by increasing radius.

This formulation is practical from a designer’s perspective. The choice of the integer variables (nbol t ,nbear i ng )
influences the cost and mass of the hinge assembly significantly. If a particular class of bearing or bolt is no-
tably less expensive than another, this formulation could converge towards this class faster. Then, the integer
variables Dbol t ,Dbear i ng are used to determine if the assembly fits or not. A problem with this formulation is
that some upper bounds are also depending on other design variables:
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Figure 3.7: Bolts according to their diameter codes for the bolt FoN2-1620 standard. In equation 3.6, the integer variable Dbol t is used to
lookup the characteristics of the bolts.

nU
bol t = f (Dbol t ) (3.7)

nU
bear i ng = f (Dbear i ng ) (3.8)

Because depending on the type of bolt chosen, a different number of bolt diameters exist. For instance, if
nbol t = 0, there are only three possible diameters Dbol t = (0,1,2) ⇒ D = (5,6,7), whereas if nbol t = 1, there are
eight possible diameters Dbol t = (0,1, . . . ,7) ⇒ D = (3.45,3.5, . . . ,9.65). Most of the points of this design space
are inherently unfeasible (do not fit or fret), or because nbol t > nU

bol t or nbear i ng > nU
bear i ng . After several

attempts with this formulation (manually varying the parameters of the GA ni ter ,rc ,rm ,κ, p), this method
failed to converge. Optimality, efficiency and scalability can therefore not be discussed.

The second formulation Rather than checking the fitting of the assembly at run-time, at each iteration, this
formulation requires a table of all the fitting combinations of components5.

min
∑
k

mk ,ck (3.9)

s.t. ∀ k, RFk ≥ 1.0

with k ∈ [bolt,bearing,fixed bushing,sliding bushing, inner lug,outer lug,nut]

xi = ncomb

xc = [eax,i l ,etr,i l ,eax,ol ,etr,ol , tol ]

p = [α,θ,F, g ,βi l ,βol ,mati l ,matol ]

Instead of having two integers per standard part (e.g., nbol t and Dbol t ), every integer is looked up from
the table 3.2 using the integer ncomb . This formulation has the advantage of being inherently feasible.

ncomb Bolt Bearing Dbol t Dbear D f b R

0 FoN2-1623 FoN6-8918 1 1 1 3.1585
1 FoN2-1620 FoN6-8918 1 1 1 3.1625
2 FoN2-1620 MS28913 1 0 1 3.1625
3 FoN2-1630 FoN6-8918 0 1 1 3.1625
... ... ... ... ... ... ...

Table 3.2: Combination of fitting components. The integer variable ncomb is used to lookup a combination of bolt, bearing, fixed bushing
and nut that fits together for equation 3.9.

The performance criteria cannot be discussed, as the algorithm did not converge. Even after a large
number of iterations, the GA displayed an erratic behavior. Scalability of the performances with the size of
the design space is unknown too. One problem could be that the variation of ncomb overweight the variation
of the others design variables. Here, ncomb is much more critical than any of the dimensions of the lugs.

5This table was already discussed in subsection 2.6.4 and will be also discussed in the next sections dedicated to other search methods.
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Arguments in favor of an ad-hoc search method Using a meta-heuristic optimization algorithm seemed
very convenient, but in practice, it is challenging to get the algorithm to converge, both with formulation 1
(equation 3.6) and formulation 2 (equation 3.9). Although the GA should have been able to solve this problem,
its implementation did not yield satisfactory results.

From this unsuccessful implementation, several observations are made:

• A form of tree search could counter the problem of the first formulation (equation 3.6). As the integers
are picked in a sequence, choices can be made depending on the part of the tree that has already been
explored. Tree search, therefore, enables to exclude larger parts of the design space at each step. For
example, the combination Dbol t = 0 and Dbear i ng = 5 never fits. In a tree search, this subset of the
design space can be explored once and then excluded. The GA will eventually exclude this combination
too, but it would take more iterations, as there are many other design variables (eax,i l ,etr,i l ,eax,ol ...) and
all the possibilities can be evaluated by the GA. The GA does not inherently know that Dbol t = 0 and
Dbear i ng = 5 will always be unfeasible, no matter the values of the rest of the variables.

• To counter the problem of the second formulation (equation 3.9), it seems convenient to separate the
discrete part of the problem xi = ncomb and the continuous part of the problem xc . Moreover, this
separation enables the use of the gradient information in the continuous part of the problem, which
could reduce the run-time of the optimization.

• With both GA implementation, the multi-objective part of the problem is addressed via the weighted
sum (equation 3.4) in the objective function. However, it means that the problem would have to be
solved for several values of the weight λ. There are better, multi-objective evolutionary algorithms
(such as the NSGA-II algorithm [5]), but none are implemented in openMDAO.

As a conclusion, developing an ad-hoc search method for the hinge assembly could yield better optimality
with a shorter run-time.

3.5. Developed methods
This section presents the optimization methods that have been developed during the project. Subsection
3.5.1 lays out the principles of the developed two-step method. Then, subsections 3.5.2, 3.5.3 and 3.5.4 all
detail specific variations of the two-step method.

3.5.1. Proposition: ad-hoc 2-step methods
The idea of the 2-step method is to separate the search of the standard parts (combinatorial optimization
problem) and the machined parts (continuous optimization problem).

Phase 1: tree search First, all the component combinations are exhaustively examined to find all the com-
binations of bolt, bearing, fixed bushing and nut that fit together (as seen in figure 3.8). The fitting combina-
tions are then stored (i.e. the tree of combinations to explore is created). In practice, the tree is represented
with a table contains attributes about the combination of components, as partially depicted in table 3.3.

Bolt Bearing Dbol t Dbe D f b rbol t σbol t mbe cbe lbe,i n lbe,out rbe,out

FoN2-1623 FoN6-8918 1 1 1 3.1585 900 14.1 10.02 11.05 8.18 7.931
FoN2-1620 FoN6-8918 1 1 1 3.1625 700 14.1 10.02 11.05 8.18 7.931
FoN2-1620 MS28913 1 0 1 3.1625 700 27.216 78.2 15.748 11.6586 11.44143
FoN2-1630 FoN6-8918 0 1 1 3.1625 880 14.1 10.02 11.05 8.18 7.931
... ... ... ... ... ... ... ... ... ... ... ...

Table 3.3: Combination table generated by the Hinge Generator. Each row contains the part standards (columns Bolt and Bearing),
diameter codes (columns Dbol t ,Dbe ,D f b ) and some attributes of the combinations (7 right-most columns, e.g., rbol t is the radius of
the bolt), so that the components fit. In this table, the sorting criteria are (c1,C2,C3) = (rbol t ,σbol t ,mbe ), but different ones can be used.

Then, a strategy must be used to explore that tree, as explained in 3.2.2. Each row then represents a full
branch of the tree. Depending on the ordering of the rows of that table, the branches of the tree are not
explored in the same order. For example, if the table is ordered by increasing bearing mass, the search can
be seen as a tree search where the first layer are the bearings, ordered by mass. Then, for the same bearing,
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several bolts can be used. Likewise, the bolts can be ordered in terms of cost, mass, radius or tensile strength.
For the two last standard components (nut and fixed bushing), two assumptions are used:

1. The fixed bushing diameter code is selected so that there is at least 0.5 mm for the sliding bushing.
No smaller, or larger diameter is considered. This assumption stems from the experience with the
Hinge Generator, with which the compression inequality constraint (described in subsection 2.3.4)
was almost always satisfactory. This assumption is evaluated in subsection 3.6.2.

2. Only one nut standard is explored. This simplification was made because the influence of the nut stan-
dard is assumed to be low (less that 5% of total weight and cost). This assumption is evaluated in
subsection 3.6.2.

On table 3.3, one can see the three sorting criteria (c1,c2,c3) used: the bolt radius rbol t , bolt tensile
strength σbol t , and mass of the bearing mbe . For equal radius, the tensile strength increases and for equal
strength, the mass of the bearing increases. Those criteria are chosen so that the higher ncomb , the higher the
loads the hinge can sustain, but the higher its mass and cost are.

Phase 2: continuous optimization Once the combination of standard components is selected, the geome-
try is almost fully defined, so that the rest of the dimensions to determine are continuous, and the problem
can be solved with an SQP method.

Bolt

Bearing

Fixed bushing

Nut

Figure 3.8: First phase: a bolt, bearing, fixed bushing and nut is
selected. If chosen from a row of table 3.3, the components will
all fit together. In practice, a combination of components is either
chosen from the table 3.3 (BFS; ILS) or randomly (RTS).

Bolt

Bearing

Fixed bushing
Sliding bushing

Outer lug

Inner lug

Nut

Figure 3.9: Second phase: the machined parts of the lug and slid-
ing bushing (indicated in red) are sized.

If the selected branch is designated by an integer xi = ncomb , then the continuous part of the problem can
be simply reformulated as:

min
∑
k

vk (x, p) (3.10)

with k ∈ [bolt, inner lug,outer lug,sliding bushing,fixed bushing]

s.t. RFbol t ≥ 1.0

RFi l ≥ 1.0

RFol ≥ 1.0

xc = (eax,i l ,etr,i l ,eax,ol ,etr,ol , tol )

p = (ncomb ,α,θ,F, g ,βi l ,βol )

In equation 3.10, the reserve factors of the sliding bushing and fixed bushing are not included; they are
assumed to be satisfied. This assumption is verified in subsection 3.6.2. Their volume vsb and v f b must be
included, as they contribute to the total objective and depend on the outer lug thickness. Two additional
assumptions are made to achieve this simpler problem formulation:

1. The objective has been reduced to the volume v , because it is assumed that once the materials have
been selected, both the cost c and mass m increase if the volume increase, for each component:

∂mk

∂vk
> 0

∂ck

∂vk
> 0 with k ∈ [bolt, inner lug,outer lug,sliding bushing,fixed bushing] (3.11)



44 3. The hinge optimization problem

And therefore, for the total objective as well:

∂m

∂v
> 0

∂c

∂v
> 0 (3.12)

2. The lengths of the bolt and of the outer lug are assumed continuous during the optimization, and are
then rounded off to their upper bound once it is completed:

l∗ol ⇒ lol = l ∈ [l f b,1, . . . , l f b,n], with min(l∗ol − l ) s.t l ≥ l∗ol (3.13)

l∗bol t ⇒ lbol t = l ∈ [lbol t ,1, . . . , lbol t ,n], with min(l∗bol t − l ) s.t l ≥ l∗bol t (3.14)

Where [l f b,1, . . . , l f b,n] are the possible lengths of the fixed bushing, which depends on the selected fixed
bushing standard and diameter code. Similarly, [lbol t ,1, . . . , lbol t ,n] are the possible bolt lengths, which
also depend on the bolt standard and diameter code.

Those assumptions are discussed in the section 3.6. Figures 3.10 and 3.11 show the convergence of the
second phase of the search using the SLSQP algorithm.

0 1 2 3 4 5
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0.5
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1.5

2.0

2.5

Eccentricity outer lug (e/d)

RF bolt M

Length outer lug (l/d)

RF outer lug

RF bolt A

Normalized objective

Figure 3.10: Convergence of the SLSQP algorithm. The objective
v = vol + vi l + vbol t + vsb + v f b can be reduced by almost 50%.
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Figure 3.11: The SLSQP fails to converge because the inequality
constraints RFbol t ,A ≥ 1, RFol ≥ 1, RFbol t ,M ≥ 1 cannot be satis-
fied at the same time. The algorithm returns a inequality incom-
patibility constraint error.

Figure 3.10 shows a successful operation of the algorithm. Figure 3.11, however, shows that the opti-
mization problem can sometimes not be solved. The only way to increase the allowable load on the bolt is
to reduce the thickness of the outer lug tol . Therefore, if the reserve factor of the bolt is unsatisfactory for
tol = t L

ol , the algorithm will return an inequality constraint incompatibility error.

3.5.2. Random Tree Search (RTS)
The RTS method is a 2-step method that solves the optimization problem formulated in equation 3.6. This
method chooses randomly standard and diameter codes so that the fretting and fitting exclusion is done as
early as possible; then runs a gradient-based optimization to determine the continuous parts of the assembly.
With respect to the literature, this algorithm can be classified as an iterative-depth, uninformed search.

The results of the RTS are presented in figure 3.12 for one load case. Out of all the assemblies generated,
most are over-sized. The time spent checking for the feasibility of the assembly at run-time is negligible com-
pared to the time spent optimizing the machined variables, but testing the same combinations potentially
several times seems inefficient nonetheless.

The RTS is more effective than the GA, as it prunes larger parts of the design space. However, the method
is not optimal because it does not include any convergence mechanism. Therefore, it is not efficient either.
Scalability cannot be discussed, as neither of the previous requirements have been met. Although this imple-
mentation is not successful, it is a first step towards a more elaborated stochastic algorithm. This algorithm
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1 Input: Maximum number of iterations Nmax ;
2 f easi ble_hi ng es = [ ];
3 while nr esul t s < Nmax do
4 Choose nbol t ,nbear i ng ,nmat ,ol ,nmat ,i l randomly;
5 if fretting then
6 Prune design subset;
7 Choose Dbol t ,Dbear i ng ,Dmat ,i l ,Dmat ,ol randomly;
8 if not fitting then
9 Prune design subset;

10 Precheck reserve factors;
11 Setup and run SLSQP hinge optimization;
12 if success then
13 f easi ble_hi ng es.append(assembl y);
14 else
15 Prune design subset;
16 return feasible_hinges;

Algorithm 3.3: The Random Tree Search (RTS) randomly selects the integer design variables checks for fretting and fitting as
soon as possible. It limits the computation of unfeasible hinge designs encountered by the GA.

resembles one iteration of a population-based algorithm. The idea could be taken further but was abandoned
in favor of the following search methods. The optimization framework presented in chapter 8 explains how
this search could easily be used to develop more elaborated stochastic methods.

3.5.3. Best First Search (BFS)
The BFS is the simplest variation of the 2-step methods. Instead of checking for fitting at run-time, the fitting
combinations are pre-processed, as described in 3.5.1. With respect to the literature, this algorithm is an
uninformed greedy best-first search.

1 Parameters: mati l ,matol ,F,α,θ;
2 Input: Sorting criteria (c1,c2,c3), ;
3 Output: Feasible hinge assemblies;
4 Create feasible bolt/bearing combinations table;
5 Sort combinations by criteria c1,c2,c3;
6 for combination in sorted set do
7 Pre-check reserve factors;
8 Solve optimization problem 3.10;
9 if success then

10 return hinge assembly;

Algorithm 3.4: The Best First Search (BFS) is the simplest version of the 2-step search methods. Depending on the chosen sort-
ing criteria c1,c2,c3, the search picks the smallest, cheapest or lightest components. The algorithm stops at the first successful
continuous optimization.

In the first phase, the combinations are looked up linearly. Conservative tests are made to see if the com-
ponents can carry the loads. If the tests are passed, an SQP optimization (phase two) is launched. If the
optimization is successful, then its result is returned.

In figure 3.12, the solutions of the two search algorithms are presented in terms of cost and mass. For the
RTS, the number of iterations is limited to 50. For the best-first search, the bolt radius and bearing mass are
used as sorting criteria. As expected, the BFS yields much better results than the RTS, both in terms of mass
and cost; the best hinges are not even reached by the RTS. It is not so surprising, knowing that there were
more than 300 combinations and that the RTS was stopped after 50 iterations.

However, the problem is that the increasing the radius will also change the rest of the hinge assembly. The
underlying question, already raised in [18], is:

Will the first feasible bolt (by whichever criteria we sorted the set of combination) yield the best hinge as-
sembly?
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Figure 3.12: Hinges from the Best First Search outperform the hinges from the Random Tree Search, both in terms of mass and cost.
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Figure 3.13: Cost and mass of the first seven iterations of an exhaustive search. The yellow labels at each iteration represent the bolt and
bearing standard of the hinge. Although the cost and weight are increasing, the results at iteration n = 3 and n = 5 are cheaper than the
BFS result (n = 0).

Optimality The general trend is indeed favorable to the assumption that the first result will be the optimal
one: if rbol t ↗, then RFbol t ↗, mbol t ↗ and cbol t ↗. The further away in table, the more likely it is that
the bolt will carry the required load, but the heavier and more expensive the bolt will be.

However, this trend is not monotonic. For instance, if a slightly greater diameter with a different ma-
terial could be worth trying, or perhaps the chosen diameter only yielded one bearing standard that
is very expensive. Moreover, even if there was a single parameter from which the combinations could
be ordered, it would not satisfy the multi-objective nature of the problem, as the BFS only yields one
result.

A simple way to confirm that the best-first is not Pareto-optimal is to compare it to an exhaustive search.
On figure 3.13, the iteration 0 corresponds to the best-first result, and the following iterations are the
combinations that were skipped because they were assumed worse. We can see that the hinge assembly
found in the iterations 3 and 5 could constitute interesting design choices, as they are lighter than the
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best-first result. Likewise, the changing the sorting criteria yields different results, and there is not a
single best set of criteria to choose. Therefore, the best first search optimality is better than that of the
RTS, but it is not Pareto-optimal.

Scalability and efficiency The scalability is excellent, as the run-time of the algorithm does not scale with
the size of the design space. The efficiency is excellent too, as only one result is explored.

3.5.4. Informed Linear Search (ILS)
The following subsection details the implementation of the Informed Linear Search (ILS). Like the BFS and
RTS, this search is a 2-step method. The ILS data workflow is given in the XDSM matrix in figure 3.14.

The first phase is similar to the BFS first phase; the combinations table is created with the criteria (c1,c2,c3) =
(rbol t ,σbol t ,mbe ) However, the ILS does not stop once a combination has been successfully optimized. In-
stead, the optimization result is stored, along its bolt and bearing standard. For each subsequent hinge with
the same type of bolt and bearing, the following condition is checked:

∀ i ,k, ∆xi · ∂ fk

∂xi
> 0 ⇒ ∆ fk < 0 (3.15)

Where fk are the objectives and xi the design variables. Equation 3.15 is equivalent so saying that if all

the design variables (xi ) that have a negative (respectively positive) impact on the objectives ( ∂ fk
∂xi

), then if
all those variables are increased (respectively decreased), then the new objective will be worse, i.e., ∆ fk < 0.
Essentially, equation 3.15 is a usage of the gradient information to determine whether or not the next point
should be expanded. In that sense, it is similar to a gradient-based search method, but more straightforward,
as the output is binary instead of a search direction and step size length.

Equation 3.15 can be reduced to equation 3.16 in the case of the hinge assembly:

∆xi > 0 (3.16)

x = [lbe,i n , lbe,out ,rbe,out ,mbol t ,cbol t ,mbe ,cbe ]

Because every element of x has a negative contribution to the objectives:

• If lbe,out ,rbe,out increase, then the size of the inner lug increase. As a previous optimal hinge assembly
was already with the same bolt/bearing combination, and same lug material, this new inner lug will
necessarily be non-optimal, as its volume is greater than necessary.

• If lbe,i n increases, then the bending arm increases and the allowable load of the bolt decreases. More-
over, the length, and therefore mass of the bolt increases.

• If mbol t ,cbol t ,mbe ,cbe increase, the mass and cost of the hinge assembly increase too.

In the algorithm 3.5, equation 3.16 is at line 7. If the condition 3.15 is true, then the previous best-first
result is better than this next point.

The equation 3.16 is tested exhaustively per bolt/bearing combination. Usually, not all the aspects of the
design problem can be accounted for by the optimization. OEM could request the Tier-1 manufacturer to
only use a specific type of bearing (e.g., rolling instead of spherical), by convention or for life-cycle purposes.
For instance, Fokker is currently using specialized bearings that have better characteristics but are more ex-
pensive. In table 3.3, this special case can be seen between the second and third row. Although the third row
should be strictly ignored as it is worse by any of the measured metrics, it will still be explored and stored
because it is a different standard. It is only after the optimization (see front-loading propositions) that the
user restricts the design further.

The results of the Informed Linear Search (ILS) can be summarized with the criteria from subsection 3.2.1.

Efficiency and optimality In figure 3.15, the results from an exhaustive search and from an Informed linear
Search are compared. In general, it can be difficult to assess whether the minimum of an optimization
problem has been found. Fortunately, in our case the number of combinations is limited and an ex-
haustive search is still possible. The ILS performed as intended and found the optimal combinations,
for each bearing-bolt-fixed bushing-nut combination. As a conclusion, the ILS is both Pareto-optimal
and efficient.
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1 Input: α,θ,F, g ,mati l ,matol ;
2 Output: Best hinge assemblies;
3 Create feasible bolt/bearing combinations;
4 Sort combinations by pre-defined criteria [rbol t ,σbol t ,mbe ];
5 for combination in sorted set do
6 if combination in analyzed combinations then
7 if ∀ i , ∆xi > 0 then
8 continue;
9 Pre-check reserve factors;

10 Size fixed bushing, sliding bushing, nut;
11 if new cost or weight is better than previous assembly then
12 Save new assembly;
13 if new cost and weight are better than previous assembly then
14 Save new assembly, discard old one;
15 else
16 Discard new assembly;
17 return best hinge assemblies;

Algorithm 3.5: The Informed Linear Search (ILS) memorizes the hinge assemblies already explored, so that only potentially
interesting combinations are sized.

Scalability The ILS is also scalable in terms of the number of combinations considered, as no SQP optimiza-
tion will be launched if the combination is not deemed interesting. The time complexity of the ILS
is linear (O(n)) at worst and constant (O(1)) at best. Section 3.6 gives further details on the results ob-
tained using this search method, notably regarding the assumptions and regarding the run-time scaling
in subsection 3.6.4.
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Figure 3.15: Hinge assemblies found by an exhaustive search and by the ILS. The ILS found the best hinges per unique combinations of
bolt and bearing (orange), and ignored the non-optimal hinges (blue).
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3.6. Results of the Informed Linear Search
The Informed Linear Search is used to describe the optimal hinges (subsection 3.6.1) and then to study the
effects of different parameters, such as the load F and the outer lug material strength (subsection 3.6.2).

3.6.1. Interpretation of one load case
In figure 3.16, the results of the ILS are shown for the following parameters:

F = 10 kN (3.17)

θ = 15°

α= (0°,30°)

mati l = matol = alu1

The load case 3.17 corresponds to a documented load case of a business jet at Fokker.
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Figure 3.16: ILS results for F = 10 kN , α = (0,30°), θ = 15° aluminium inner and outer lugs with β = 45°. Because the relationship
between the bearing cost and the bearing size is not monotonic, a trade-off between cost and mass can be made. Many assemblies are
more expensive and heavier than the ones circled, but they are still part of the output of the ILS as they use a different bolt or bearing
combination.

Figure 3.16 presents the results of the ILS for this load case. There are significant differences between the
hinge assemblies regarding cost, mass and size. The four hinge assemblies using the bearing standard FoN6-
8918 are lighter, cheaper and smaller than the other four. This observation is a confirmation that the ILS is
working as intended. The best hinges were explored exhaustively in terms of bolt-bearing combination, even
though some combinations resulted in heavier and more expensive hinges.

The possible trade-offs between cost and mass are underlined in figure 3.16. It shows the multi-objective
character of the search: the lightest assembly is using a smaller bearing, but that happens to be more expen-
sive than the next, more common sized one. As a result, the hinge assembly (A) is better concerning mass and
size. However, the hinge assemblies (B) and (C) are also presented because despite being bigger and heavier.

These trade-off points are especially relevant in the context of the rudder-fin interface. In designing the
rudder-fin interface, it is common to order standard parts in larger quantities to reduce their cost. Therefore,
some of the hinges of of the interface are over-sized.

The hinge assemblies (A), (B) and (C) in figure 3.16 are also represented in figure 3.17.
Figure 3.18 shows the cost and mass of the different types of bearings considered for the optimization.

Figures 3.16 and 3.18 show the same clusters per bearing type. It shows that the characteristics of the hinge
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Figure 3.17: Visualization of the geometry of the pareto-optimal hinges. The cost, mass and size of the hinges A, B, C is also depicted in
figure 3.16. The hinges (A) and (B) have the same bolt radius and bearing, but the first bolt is made of titanium while the second one is
made of steel. Hinge (C) has the same bolt type and bearing type as (B), but the bigger bearing used in (C) is actually cheaper than the
smaller, less common bearing in (B).

are heavily correlated with those of the bearings.
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Figure 3.18: Three types of bearings are considered for the optimization. The relation between the bearing cost, mass and allowable load
are not monotonic and vary significantly depending on the bearing type. Those characteristics are heavily correlated in the ILS results
shown in figure 3.16.

3.6.2. Parametric studies
The previous subsection presented a single optimization run, for the load case given in equation 3.17. This
subsection runs several ILS for different parameters.

The first and most important parameter is the load magnitude F . Then the parameters, such as the vari-
ables associated to the brackets and the inputs of the ILS (nut standard, bushing materials) are varied. There-
fore, this study also doubles as the evaluation of the assumptions made in the first part of the ILS. If the
influence of the parameters is non-negligible, then the assumptions will have to be revised.
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Load magnitude influence

Figure 3.19 shows the results of several Informed Linear Search for different loads F ∈ [5kN ,45kN ].
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Figure 3.19: Hinge assemblies found by the ILS for F ∈ [5kN ,45kN ]. As the load increases, the size of the components and of the lugs
increases, therefore the maximum eccentricity of the hinge assembly increases.

Figure 3.19 captures the two main inputs of the front-loaded model: the radial load magnitude F and
the maximum eccentricity emax . The color legend indicates, in one variable, the selected bearing and bolt
standards, while the size of the points indicates the total mass of the hinge. The general trend is that the
higher the load, the heavier and larger the hinge becomes.

For a given load, several combinations are possible. Some hinge assemblies are optimal for a range of
loads (e.g., brown combination from 5 to 25 kN), because it is over-sized for the lowest load. However, these
hinges are still part of the output by the search algorithm because it is exhaustive in terms of combinations.

Lug material

The lug cost and mass influence that of the hinge directly, as they are included in the objective. It also in-
fluences the objective indirectly. The thicker the outer lug is, the longer the bolt, sliding bushing and fixed
bushing are going to be.

The following paragraph provides an explanation on the influence of the lug material strength and lug
thickness. The second phase of the ILS tries to minimize the volume:

min(v) with v = vi l + vol + vsb + v f b (3.18)

In general, the allowable load of the outer lug will vary with its cross-sectional area and its material
strength:

Fal low able,ol ∝ A ·σ (3.19)

Equation 3.19 is simplified compared to the original stress analysis (described in subsection 2.3.3), which
takes into account many more material properties and three different failure modes. This simple analysis
does not include any of those considerations but enables to explain some of the results on a higher level.
From the analytical volumes, the objectives are proportional to the thickness of the lug t and lug eccentricity
e:
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Vol ∝ tol ·etr,ol ·eax,ol (3.20)

Vbol t ,Vsb ,V f b ∝ t (3.21)

However, the allowable force will vary proportionally to the cross-section area A:

Fal low able,ol ∝ A ·σ= tol ·e (3.22)

Therefore, with respect to the lug, it is beneficial to have a thicker lug with a small eccentricity rather
than a thin lug with a larger eccentricity. A thicker lug is preferable as long as the bolt can handle the added
bending moment.

t1

t2

σ1

e1

e2

σ2

Figure 3.20: Comparison of two Pareto-optimal hinge assemblies (bearing, bolt and outer lug shown). The two assemblies use the same
bearing and same outer lug material, but bolts with different material strength. The hinge on the left has the weakest bolt material
(σ1 <σ2), which results in the highest outer lug eccentricity (e1 > e2) required to have both RFol > 1 and RFbol t > 1

Figures 3.21 and 3.22 show that, in general, it is favorable for the eccentricity decrease instead of the
thickness. This is what is happening in figure 3.21. The stronger the material, the lesser the cross-section area
required to carry the loads. The thickness ratio needs to be at most t/d = 0.4 to avoid violating the reserve
factor requirement of the bolt. Therefore, as a stronger material is used, eccentricity decreases rather than
the thickness as it is more beneficial to the objective.

Frequently, for small load magnitudes, the lower bound of the eccentricity (e/d = 0.7 - a lower ratio and
the hole and outer curvature would intersect) is reached, as in figure 3.22. Above the threshold of e/d = 0.7,
the increasing material strength enables the thickness of the lug to be decreased without violating the lug
reserve factor.

Nut standard

In the first phase of the ILS, the nut standard is a parameter. For each bolt combination, the appropriate
diameter code for the FoN2-2211 standard is selected. To study the effect of the nut standard, the results
of the ILS are compared for the three nut standards in the database. Table 3.4 summarizes the results of the
experiments. The aluminium nuts are cheaper than the steel one. The steel nut is more expensive and heavier
than the aluminum ones. As a consequence, it represents a higher percentage of the total mass and cost of
the hinge assembly.

The nut accounts for less than 6% of the total hinge cost and mass. Moreover, the choice of the nut stan-
dard arises from considerations other than the mass and cost. For example, in figure 3.23, the two nut stan-
dards on the right are longer and could, therefore, be torqued further down the thread and still be secured
with a cotter pin.

As a conclusion, the exclusion of the nut from the optimization is justified. The nut standard is essential,
but it is not necessary to explore every nut standard for each type of bolt. With the current database, the best
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Figure 3.21: Outer lug eccentricity and thickness as a function
of the outer lug material strength, F = 25 kN . As the strength
increases, the required lug cross-section can decrease, which is
translated into an eccentricity ratio decrease.
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Figure 3.22: Outer lug eccentricity and thickness as a function of
the outer lug material strength, F = 10 kN . The same behavior
from figure 3.21 is noticed until σ = 450 MPa. Afterwards, the
eccentricity lower bound is reached, therefore, the thickness of
lug decreases.

Figure 3.23: The geometry of the three nut standards considered for the ILS is very similar. The cyan color indicates a steel nut and the
red color indicates a steel nut.

FoN2-2211 FoN2-2212 FoN2-2213

cnut [euros] 0.86 2.71 0.92
mnut [g] 1.13 1.54 1.54
cnut /ctot al 1.98 % 5.97 % 2.12 %
mnut /mtot al 3.21 % 4.32 % 3.74 %

Table 3.4: Influence of the nut standard. The cost and mass of selected nut are given. The percentage represents the maximum value
(out of the 5 ILS results).

nut standard in terms of cost and mass is the FoN2-2211. If the nut standard is to be included in the ILS, the
combination tree would need to be updated to contain all the nut standards instead of the FoN-2211.

Bushing materials

During the Informed Linear Search, the materials of the sliding bushing and fixed bushings are parameters.
Two arguments support this simplification:

• As evoked previously, the reserve factor of the sliding bushing was satisfactory for the chosen lower
bound r L

sb = 0.5 mm, even for the materials with the lowest ultimate tensile strength. Table 3.5 confirms
this result. For every ILS results with 5kN < F < 45kN , min(RF f b) = 2.31 > 1 and min(RFsb) = 1.91 > 1.

• The mass and cost of the sliding bushing does not account for a large part of the hinge assembly mass
and cost, as seen of table 3.5. Consequently, their importance rather lies in the constraint they exert
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Fixed bushing Sliding bushing

m f b/mtot al c f b/ctot al RF msb/mtot al csb/ctot al RF
Average 3.46 % 8.88 % 8.47 1.85 % 3.59 % 9.41
Minimum 1.05 % 3.48 % 2.31 0.57 % 1.28 % 1.91
Maximum 7.43 % 19.51 % 28.88 4.22 % 7.22 % 32.16

Table 3.5: Reserve factors of the sliding bushing, for several ILS results with 5kN < F < 45kN . The reserve factor is always above one,
which confirms the simplification used for the tree search.

on the materials of the neighbor components. As the material of the lug is not a design variable but a
parameter, the possible materials of the bushings are known in advance.

The maximum contributions of the bushings in table 3.5 are c f b/ctot al = 0.19 and csb/ctot al = 0.07. The
value c f b/ctot al = 0.19 corresponds to the smallest load case ( f = 5 kN ) for which the minimum fixed bushing
diameter is already oversized with respect to the smallest bolt and bearing.

Rather, it is the life-time of the sliding bushing in the rudder installation (i.e., how often should the sliding
bushing be replaced) that should be taken into account in the optimization. However, this figure of merit was
not evaluated. Therefore, this design variable is left as a parameter for the designer to select.

3.6.3. Discussion on the assumptions
During the second phase of the ILS, the objective is reduced to the volume. The cost assumption used in
equation 3.23 is not correct in the general case.

∂c

∂v
> 0 with v = vi l + vsb + v f b + vol + vbol t (3.23)

Two things can happen:

Machining cost In general, the machining cost could increase as the volume decrease. As explained in sec-
tion 2.4, the cost varies with the manufacturing time (tmanu f actur i ng in equation 2.17), which increases
if the amount of material to machine increases. In the cost implementation of the Hinge Generator,
however, the dimension on which the cost estimation is based (x) is equal to the length of the compo-
nent. Therefore, this phenomenon could not be observed with the current implementation.

Standard parts cost Just as the cost of the bearing is not monotonic, the increase in bolt price due to the bolt
length is not monotonic either. This assumption could not be verified, as the cost data for each bolt
was not known during the project. The same remark applies for the fixed bushing. An analysis of the
prices of the bolt per length range is required to evaluate this assumption.

The parameters fixed during the ILS (nut standard, lug materials, bushing materials) are varied to study
their influence on the total cost and mass of the hinge. Those parameters are essential but should be de-
signed separately from the search, as they either depend on the bracket geometry or have functional objec-
tives (reduce) more important than their mass and cost contribution. In general, thicker outer lugs are more
favorable.

3.6.4. Scalability with the number of standard parts
The number of combinations grows rapidly with the number of standard components considered. The run-
time of the algorithm can be split into two parts:

t = tover head + topti mi zati on (3.24)

The computation time required to create the combination table tover head scales linearly with the number
of components combinations, because the combinations have to be ordered with a sorting algorithm. The
optimization time topti mi zati on is almost independent to the number of combinations because the ILS will
avoid the phase 2 (SQP optimization) if the combination does not seem promising. This is an improvement
compared to the quasi-exhaustive search implemented in [18], whose run-time would increase linearly with
the number of combinations because of its exhaustive search.

Figure 3.24 shows that the scalability of the ILS is much better than that of an exhaustive search.



3.7. Discussions on the developed methods 57

5 10 15 20 25 30 35
0

5

10

15

20

Number of combinations

R
u

n
-t

im
e

(m
in

u
te

s)

Exhaustive Search
Informed Linear Search

Figure 3.24: Informed Linear Search run-time and exhaustive search run-time as a function of the number of combinations (i.e., the
number of rows in table 3.3) considered. As the number of combination increases, the exhaustive search run-time increases linearly, as
it solves the sizing optimization problem (equation 3.10) for each combination. For the ILS, the run-time almost does not scale with the
number of combinations, because the optimization problem is only solved if the combination is potentially better than previous ones.

3.7. Discussions on the developed methods

Name Method Performance
Phase 1 (Determine xi ) Phase 2 (Determine xc ) Converges Optimal run-time Scalable

GA Determine x = (xi ,xc ) through mutation, crossover, selection No No - -
RTS Random tree search SLSQP No No - No
Exhaustive Pre-processing + linear exhaustive SLSQP Yes Yes 40 min No
BF Pre-processing + greedy linear SLSQP Yes No 20 seconds Yes
ILS Pre-processing + informed linear SLSQP Yes Yes 2 min Yes

Table 3.6: Summary of the developed methods for the hinge search problem. The run-time is given for a single load case.

Existing methods were not satisfactory from a scalability and run-time perspective. A new method had to
be developed, with the updated Hinge GeneratorKBE model. The presence of both standard and machined
parts makes this search difficult to tackle with out of the box meta-heuristic optimization algorithms.

The developed methods are summarized and compared in table 3.6. The use of a meta-heuristic was
preferred because of its ease of implementation but did not yield fruitful results. Therefore, to solve the prob-
lem in a shorter amount of time, ad-hoc search algorithms were developed. The separation of the discrete
and continuous parts of the search appeared as a good strategy. The RTS solved the problem of exploring
too many unfeasible solutions by exploring the combinations in a tree search, so that more combinations
can be pruned. However, the RTS cannot be used by itself as the tree search (phase 1) has no convergence
mechanism.

To explore the tree structure in a more ordered manner, the standard parts combinations are pre-processed.
Exploring every one of those fitting combination (exhaustive search) is feasible, and would make sure that the
search is complete, but it is not efficient. On the opposite, stopping the search at a given criterion (best-first
search) does not yield every interesting combination. The last developed method, the ILS, meets both ends.
It is efficient, scalable and complete.

The Informed Linear Search yields several hinge assemblies, each being Pareto-optimal per bearing-bolt
combination. The cost and mass of the hinge are highly correlated to the bearing cost and mass. Simple
rolling bearings consistently yield the cheapest and lightest hinge assemblies. However, other results are also
presented as a specific bolt-bearing combination could present a particular advantage compared to the go-to,
cheaper and lighter bolt-bearing combination.

Although the achieved run-time is better than expected at the beginning of the project, using this opti-
mization directly for the rudder-fin optimization is difficult. With a run-time of an average of two minutes,
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and assuming a GA that requires around 1.2 ·106 hinge optimizations, the rudder-fin optimization would still
take at least 4.5 years. Chapter 4 proposes a solution to store and retrieve hinge optimization results so that
an optimal hinge can be obtained almost instantly.



4
The hinge front-loading problem

The modeling (chapter 2) and optimization (chapter 3) are the two building blocks of the front-loading method-
ology. The last step is to integrate the optimization within a framework that enables the selection of an opti-
mal hinge.

Section 4.1 defines the front-loading framework. Then, the developed front-loading methods are pre-
sented. The tool developed to answer the data visualization use-case is described in section 4.2. Subsection
4.2.1 presents the visualization framework. Then, a sample use-case of the tool is given in subsection 4.2.2.
The hinge selection method developed to enable rudder-fin optimization is presented in section 4.3. The
selection problem is presented in subsection 4.3.1. The selection method is presented in subsection 4.3.2,
with details on the chosen input density in subsection 4.3.3. Subsection 4.3.5 evaluates the performance of
the hinge selection method, concerning its efficiency and its effectiveness. Lastly, subsection 4.3.6 summa-
rizes the strengths and weaknesses of the selection method. The discussions in section 4.4 argue about the
benefits and drawbacks of this front-loading approach. The implementation of this framework is detailed in
chapter 9, in the second part of this report.

4.1. Framework to enable hinge front-loading
The front-loading methodology requires a framework to enable the selection of the optimal product off-the-
shelf.

4.1.1. IDEALISM: a product development framework for enabling front-loading
At Fokker, the Rudder Generator KBE application was used in 2017 to demonstrate the front-loaded PDP
during the European research project IDEALISM [34]. The front-loaded rudder design process was a key in-
dustrial test-case to demonstrate the feasibility of the IDEALISM framework. The objective of IDEALISM was
to define a new integration framework and design languages standards, to enable the use of KBE to support
MDO in the context of a front-loaded PDP. Figure 4.1 gives a high-level overview of the IDEALISM framework
and its terminology.

The interaction between the Workbench and the Engineering Library in figure 4.1 highlights the iterative
nature of this methodology. For instance, one might realize after filling the design space that the KBE model
was not valid in a certain design space subset, for which the structural analysis was not valid. This would lead
to the creation or adjustment of the tools and/or design rules of the Engineering Library.

The framework illustrated in figure 4.1 describes the whole product development framework, not the
front-loading framework. Nonetheless, figure 4.1 is useful to show that the developed framework presented in
the following subsection uses and fits some of the higher-level ideas developed in the IDEALISM framework.

4.1.2. Developed framework for hinge front-loading
This subsection gives an overview of the entire front-loading framework. The framework implementation
need to answer the two research sub-questions:

1. How to represent the Pareto-optimal hinges in a way that enables trade-off decisions?

59
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Figure 4.1: IDEALISM framework (adapted from [34]). The PDP starts in the Workbench, where the knowledge (e.g., design rules, KBE
application) is first developed. Those elements are then stored in the Engineering Library, and then used in an optimization workflow in
the Framework component.

2. How to obtain Pareto-optimal hinges as quickly as possible? (< 10 ms)

As explained in the introduction (subsection 1.4), the chosen approach is to perform a DOE and to select
an optimization result in the database. If the requested point is not in the database (e.g., lightest hinge for
F = 17.2 kN when only 17 kN and 18 kN are in the database), then a feasible optimal point with similar
requirements (here F = 18 kN) is selected.

Therefore, the framework should enable the following:

• The creation and “filling” of a front-loaded database with optimal hinges for different requirements.

• The obtention of a near-optimal hinge for a user or external requirement, even if that requirement is
missing from the database.

• A quick and effective way to visualize the information in the front-loaded database.

IDEALISM’s idea of iteratively filling the Engineering Library with data points is used. The tools and meth-
ods developed to enable front-loading are represented in figure 4.2.

inputs

Hinge optimization

attributes

Hinge KBE application

Interactive
visualization

sets and  
updates

triggers

Hinge selectionfront-loaded 
database of

optimal hinges 

inputs

standard
parts

database 

User
Rudder-fin
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Figure 4.2: The main elements developed during this thesis (tools in blue and databases in green) are placed within the IDEALISM
framework. The KBE application is used by the optimization, itself being used for the hinge selection. The hinge selection iteratively fills
the front-loaded database, which can be easily visualized, to discover patters and validate results.

The key feature of the framework is to enable inter-operation of the tools and databases, as shown in fig-
ure 4.2. The first inter-operation is between the Hinge KBE application and the Hinge optimization, described
in chapters 2 and 3. The optimization uses the KBE application to evaluate the attributes (cost, mass, etc.)
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of a given hinge configuration. The optimization is used for different requirements. The results of each opti-
mization are stored within the front-loaded database. The Hinge selection queries the front-loaded database.
A query is a request for a specific hinge within the front-loaded database. For instance, a possible query could
be the following:

Return the cheapest hinge for which F = 26 kN, emax < 25 mm, bolt 6= N AS6703−6704

If the number of points in the front loaded database is insufficient to satisfy (e.g. it only contains optimal
sets of hinges for F = 15 kN and the query is of F = 26 kN ), then a new optimization is triggered. Finally, the
inspection of the front-loaded database is achieved with the interactive visualization tool.

4.2. The data visualization tool
Data visualization is necessary to validate the front-loaded data set and is used as a support for collaborative
work. The front-loaded hinge data set contains hundreds of optimal hinges for different requirements, each
with around 30 variables that are potentially interesting to inspect. The data visualization part of the frame-
work should enable the engineers and designers to quickly manage this large, complex set of data. Important
attributes linked to different expertise and disciplines (Reserve factors, mass, cost) must all be visualized. The
visualization needs to enable comparison between the attributes to facilitate trade-off decisions.

4.2.1. Presentation of the framework
Although each piece of information in the front-loaded data set could be simply visualized with a simple
spreadsheet, it would be unpractical and time-consuming, particularly in collaborative meetings. In such an
environment, the time frame is usually limited, which hardly allows for visualization of different sets of hinge
variables considering the necessary manual steps using spreadsheets.

To reduce the time spent on those manual steps, an interactive interface is developed to enable the front-
loaded data set to be easy to understand and to work with.

ParaPy Interface

Load Bolt Diameter 
code ...

15.5 kN NAS6604 2 ...

16.5 kN NAS6204 4 ...

... ... ... ...

Front-loaded database of
optimal hinges

User

Filters300
hinges

Load Bolt Diameter 
code ...

10 kN NAS6604 2 ...

10 kN NAS6704 2 ...

... ... ... ...

Filtered database of
optimal hinges

10
hinges

Plot Table

Figure 4.3: Data visualization framework. By itself, the front-loaded database contains too many hinges and variables to see any valuable
information. The database is first filtered by the user (e.g., only display hinge for which F = 10kN ). Then this subset of the database can
be visualized through 3 tools: a plot, a table and the ParaPy interface. Each tool offers a different view and granularity on the data and
can be interacted with, as indicated by the double arrows.

Figure 4.3 shows a simple representation of the data visualization framework. The framework enables to
visualize data dynamically through the Plot, the Table, and to a higher-level of detail with the ParaPy Interface.
The data can be queried, filtered and represented dynamically, allowing for a much easier and automated
inspection process. It enables the user to change any dimension (X-axis, Y-axis, color, size) of a 2D Plot, as
well as to filter out elements of the front-loaded database. Once a hinge assembly is selected, it can directly be
opened in the KBE application through the ParaPy interface, to inspect and/or tweak the model. Therefore,
this framework enables quick, detailed inspection of the front-loaded database.

Figure 4.4 shows the Dynamic plot part of the framework. On the left panel, the front-loaded database
can be filtered (e.g. only display for F < 30kN and aluminum lugs). The X axis, Y axis, color and size can be
chosen from a given list of attributes.
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Filters Plot Table

Figure 4.4: The interactive data visualization is used to select a subset of the front-loaded database. The hinge total cost and mass are
chosen as the X and Y axis. The hinge assemblies are colored as a function of their bolt standard.

To inspect and visualize more specific attributes of each hinge assemblies, the points on the plot can be
selected and directly displayed in the Hinge Generator (as depicted in previous figures, for instance figure
2.25).

4.2.2. Sample use-case
This application automates the post-processing and data analysis tasks. Usually, these tasks would be car-
ried out using Excel and plotting tools. The typical use-case consists of six steps, illustrated by figures 4.5 to
4.10. The user can easily carry out those steps in the left panel of the GUI, without any scripting or manual
procedure.

Data preprocessing The original dataset depicted in figure 4.5 cannot be used as such, as it contains all
the optimal hinges obtained for different load cases and other parameters. The first step is to select the re-
quirements on the load and available space, as shown in figure 4.6. Then, the hinges can be further filtered
by specifying the lug materials, bolt standard and bearing standard. An objective of this filtering could be to
meet a particular requirement, that is either functional (e.g., select a bearing that is spherical) or circumstan-
tial (e.g., the go-to bolt standard just had a price increase and cannot be selected anymore). This procedure
is illustrated in figure 4.6.

Data analysis With conventional tools (e.g., Excel, or plotting libraries in Python or Matlab), changing prop-
erties of the plot is easy but time-consuming. On the other hand, with this tool, the X-axis, Y-axis, size, and
color of the points can be adjusted by a single click. The first analysis method is, therefore, to modify the plot
to reflect an assumption on the behavior of the hinge. For example, the user could be interested in the rela-
tionship between bolt radius and hinge price. This trend can be observed by choosing the bolt radius for the
Y-axis and the design load for the X-axis. This way, the user may uncover a trend that can be generalized to
all hinge designs. Such a pattern can lead to general design recommendations and further reduce the design
time of a hinge.

Another example of data analysis is the trade-off between several hinges designed for the same load. The
user wants to know the compromises between mass and cost between the different hinge assemblies. The
choice of axis needs to be combined with the size and color of the points. The result of these choices is shown
in figure 4.7. The features of the plot facilitate the apparition of clusters and correlations.

Another method to analyze the data is to use the attributes of the hinges presented in the table on the
right in figure 4.9.

Inspection and validation The hinges in the front-loaded database only contain a limited number of at-
tributes, deemed useful to carry out the data analysis.
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Figure 4.5: Original front-loaded database with default filters and
axis.

Figure 4.6: Filter the database by limiting the available space and
design load. Select other parameters (e.g. available bolt types,
bracket material, etc.)

Figure 4.7: Customize the plot: choose X, Y, color and size of
points.

Figure 4.8: The table can also to visualize more attributes of the
hinges. Columns can be sorted and selected to see to which hinge
which data points correspond.

Figure 4.9: Hinge assemblies can be selected by clicking or using
a lasso tool.

Figure 4.10: Once one or several hinges are selected, they can be
opened in the KBE application.

Therefore, inspecting the hinge assembly through the KBE application (as seen in figure 4.10) can be
useful if one wants a higher level of detail. This way, the strengths of the Hinge Generator as a design tool
(discussed in subsection 2.6.4) are re-accessed.

This part of the data visualization process doubles as a validation tool. Only the inputs of the model
are set, while the attributes used to validate and assess the model are recomputed on the fly by the Hinge
Generator.

As a conclusion, the data visualization framework automated the process of inspecting and analyzing the
front-loaded dataset.

4.2.3. Strengths and weaknesses of the tool
The sub-question being answered with the hinge selection method was introduced in chapter 1: How to
represent the Pareto-optimal hinges in a way that enables trade-off decisions?

Strengths Usually, different tools (e.g., Python scripts, Excel sheets) and databases needed to be processed
manually. The main advantage of this framework is that it provides a user-friendly and quick way to get a
handle on the front-loaded database, by automating those data post-processing tasks. The structure is based
on the Bokeh library, as detailed in chapter 9. Therefore, the developed application can be customized and
extended to provide a better user experience.
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Weaknesses By giving several points of view on the dataset (plot, table, ParaPy GUI), the application possi-
bly becomes less straightforward and more difficult to access for new users. Moreover, although this type of
application can be easily created for similar databases with systems other than hinges, it does require signifi-
cant development time. Using an Excel spreadsheet is more time-consuming, but easily accessible and more
straightforward for someone familiar with Excel but not with the developed application.

4.3. The hinge selection method
The previous section presents a method to visualize, inspect and understand the front-loaded dataset but
does not address the use of the dataset for a rudder-fin optimization.

The research question “How to obtain Pareto-optimal hinges as quickly as possible? (< 10 ms)” is detailed
in the problem statement (subsection 4.3.1). The method developed is presented in subsection 4.3.2, with
details on the chosen input density in subsection 4.3.3. Subsection 4.3.6 summarizes the strengths and weak-
nesses of the selection method.

4.3.1. Problem statement
The goal of front-loading is to provide exact results instead of an approximation. As giving a result only based
on an regression (i.e., prediction of continuous variables) or classification (i.e., prediction of discrete vari-
ables) algorithms does not provide exact results. It is preferable to give a result of a previous optimization or
to run a new optimization altogether.

The chosen approach is to store the results of several optimizations for different requirements, and then
to select the appropriate optimal point for new requirements. The problem statement is the following:

Solve the hinge optimization (eq. 3.3) near instantly (4.1)

∀(α,θ,F, g ,βi l ,βol ,mati l ,matol ,emax ) such that:

α= (0,30°)

θ = 15°

F ∈ (5, . . . ,45kN )

g ∈ (1,2,3,4mm)

(βi l ,βol ) ∈ (45°,80°)

(mati l ,matol ) ∈ (alu1, alu2, alu3, steel, titanium)

Equation 4.1 shows that the combinations of the parameters are limited. Although some parameters are
finite (e.g., mati l can only take five values), the load magnitude F is continuous. A weakness of this method
becomes evident: not all the continuous values should be computed exhaustively. An appropriate density
has to decided. If the density is too low (e.g., ∆F = 10 kN ), then the design space is not properly described
and the minimums can be missed. On the other hand, if the density is too high (e.g., ∆F = 0.001 kN ), many
optimizations would return almost the same output and computational resources are wasted. This issue is
discussed in subsection 4.3.3.

Instead of exhaustively exploring the design space and selecting a neighbor point, another option would
be to create a surrogate model. This option is discussed in subsection 4.3.4. In the rest of the section, the
exhaustive approach, coupled with the appropriate input density is chosen.

The selection of a neighbor point problem is represented graphically in figure 4.11. If the desired design
point is missing from the front-loaded dataset, a candidate must then be chosen from the neighbor, feasible
hinges, circled in a dotted black line in figure 4.11. The requirements on the hinge depend on the load case of
the rudder and the position of the hinge in the rudder-fin interface. They can be translated into an "available
space" requirement (the hinge must not intersect with the front cover of the rudder, Y-axis in figure 4.11)
and an "internal loads" requirements (the hinge must sustain the resulting load without failing, X-axis in
figure 4.11). Those two requirements can be represented by linear inequality constraints, as represented by
the lines in figure 4.11. The grayed-out region indicates that those hinges are unfeasible either regarding
available space, allowable load, or both.
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Figure 4.11: Hinge selection from the front-loaded database. The user or optimization requires a hinge that carries a certain load F and
fits within a maximum available space emax . Hinges in the database that do not respect those inequality constraints are in the grayed
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Figure 4.12: Hinge selection framework. The framework takes the front-loaded database which is a table, where the rows correspond to
an optimization case and the columns to attributes of the optimal hinge. If the request point is not in the database, a new optimization
is triggered, and the results are stored in the front-loaded database.

Figure 4.12 shows a simple representation of the hinge selection framework. The front-loaded database
represented in figure 4.12 contains all the characteristics of a hinge required to carry out a full analysis. For
example, it includes the full designation of the bolt (its standard, diameter code, length code and material
code) such that the detailed specifications of the part (length, material strength, mass, etc.) can be either
retrieved in the standard parts and material databases or can be recomputed at run-time with the Hinge
Generator KBE application. Besides, the front-loaded database also contains important attributes (such as
the reserve factors of the different parts) so that the database can be inspected with a text editor or through
the data visualization tool presented earlier.

If the requested hinge is available in the database, then the selection method will return that hinge. Else,
then two situations can occur. Either the requested case is deemed to be too far from the existing points in the
database, and a new optimization is triggered, and the front-loaded database is updated. Otherwise, a neigh-
bor hinge (i.e., slightly oversized or with lug materials that have slightly lower tensile strength) is selected.

The selection method is detailed in the algorithm 4.1. The instructions in lines 6 to 9 describe how the
information is retrieved from the front-loaded database.

An advantage of the method is that the list of inputs can be extensive. For instance, the additional user
inputs (line 1) could contain a constraint on the types of bearing used (e.g., only return roller bearings), which
are then filtered in line 8. By default, the method will return all the Pareto-optimal hinges. If a single hinge is
desired as an input, the results can be filtered again by a weighted sum f =λc+(1−λ)m combining the mass
and cost.
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1 Input: x = (emax ,F, g ,mati l ,matol ), additional user inputs ;
2 Output: Best hinge assemblies;
3 if ∀i ,∈ xi >∆xi then
4 Run Informed Linear search with new inputs: x = (emax ,F, g ,mati l ,matol );
5 Update front-loaded database;
6 Filter allowable loads F ≥ Fd at abase ;
7 Filter allowable space e ≤ emax ;
8 Filter additional user inputs;
9 Filter pareto-optimal points;

10 return Best hinge assemblies;

Algorithm 4.1: The hinge selection algorithm enables to select an appropriate hinge in the database, or to run a new optimiza-
tion and to update the database if necessary.

The key point of interest lies in the determination∆xi , which is discussed for each parameters in the next
subsection.
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4.3.3. Determination of the appropriate input density
The parameters ∆xi are set depending on the influence of the parameter or design variable on the problem.

If the influence ∂ f
∂xi

(where f is the objective) is small, then a larger ∆xi can be chosen.

Load case influence The load case is the most critical requirement. The load magnitude was varied from
5kN to 45kN , with a step size of ∆F = 0.5kN . As explained in subsection 2.1.2, the lower and upper
bounds are selected to cover +/− 50% of the nominal value of a hinge in a business jet rudder. The
step size was obtained iteratively, by dividing the previous step size by two, until the composition of the
hinge between two loads does not change.

The load case angles were not varied during this study. The in-plane angle α is a range between 0 and
30°, and the out-of-plane angle β is set to 15°, which is the standard value used at Fokker. Those values
are independent of the location of the hinge within the rudder-fin interface.

Lug parameters influence The mass and cost of the bracket is far greater than the one of the lugs. The lugs
influence the hinge assembly through three parameters. First and foremost, the thickness of the outer
lug influences the length of the fixed bushing, sliding bushing and bolt. This influence means that a
greater lug thickness results in an increased cost and mass for all those components. Furthermore, the
increase in thickness increases the bending moment applied on the bolt. Lastly, the lug material in-
fluences the load peaking factor, which in turn influences the bolt bending moment too. The possible
material combinations are counted in hundreds at Fokker. However, once the manufacturing con-
straints have been selected (plates of a certain thickness) and that the best materials have been chosen,
the actual number of materials is much lower. Two criteria are made for the selection of the lug ma-
terial. First, the material type of the requested hinge (i.e., aluminum, steel, titanium or bronze) must
be the neighbor hinge. The material type is primordial because it determines the density, cost density,
and fretting rules. Second, the ultimate strength of the material must be within ∆σ = 100 MPa. With
this value of ∆σ, the lug thickness variation is minimal and does not influence the cost and mass of the
hinge.

Lastly, the lug sweep angle β is varied between two values: β ∈ [45°,70°]. Although intermediate values
could be chosen, this corresponds to business jets and small transport aircraft, which result in a differ-
ent rudder design, and thus bracket design. Additionally, the influence of the sweep angle is low (it only
influences one of the cross-sections of figure 2.23, which is itself only used for the allowable transverse
load computation).

Available space influence The available space is an inequality constraint applied after the ILS. Therefore
there is no rounding problem, any hinge assembly that fits within the OML (i.e. with e < emax ) can
be selected.

Gap The influence of the gap g between the lugs (represented in figure 2.19) on the hinge assembly highly
relevant for the hinge design. The gap size influences the bending moment, which plays a critical role
in the allowable load of the bolt. Therefore, a low value of ∆g is desirable. However, the requirements
on the gap are standardized and have a fixed set of values, which is reflected in equation 4.1. It stems
from the possible deformations that can occur during certain flight conditions.

Using those values of ∆x ensures that the result of the selection method yields not only a feasible but a
near-optimal point. The errors obtained using this input density are presented in subsection 4.3.5.

A problem persists with this approach, no matter how small ∆x is. It is difficult to capture the exact
maximum load an optimal hinge can sustain. For example, if the load F = 17.5kN yields a hinge assembly A
and F = 18 kN yields a hinge assembly B. The front-loading framework fails to provide a precise answer as
to which exact load F ∈ [17.5,18] assembly A is optimal before assembly B has to be used. the question to be
asked must be In order to solve this problem, the question to be asked must not be “What is the maximal load
Fmax the hinge A can carry?”, instead of “What is the optimal hinge for the load F ?”.

4.3.4. Possible alternative approach: hinge surrogate model
An alternative method to achieve front-loading would be not run several optimizations for different require-
ments (i.e., find the best assembly for a given load) but to explore the possible loads for different points in
the design space (i.e., find the optimal load for all the hinges in table 3.3). Algorithm 4.2 presents a possible
implementation for this approach.
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1 Input: hinge assembly, intial load F0, intial step ∆F0, minimum step size ∆Fmi n ;
2 Output: Maximum allowable load for the hinge assembly;
3 F = F0;
4 ∆F =∆F0;
5 while ∆F >∆Fmi n do
6 Solve optimization problem (equation 3.10) for F ;
7 if success then
8 F ⇐ F +∆F
9 else

10 ∆F ⇐ ∆F
2 ;

11 F ⇐ F −∆F ;
12 return F ;

Algorithm 4.2: The inverse search does not search through the design space of combinations of components. Instead, it
searches for the maximum allowable load for a given hinge assembly.

However, this does not actually give the optimal hinge assembly. The method gives a list of hinges which
can sustain the load. Once this maximum load is obtained for each hinge, the best assembly for the given
load would still have to be chosen from the set with acceptable maximum loads. Then, the phase 2 of the ILS
would still have to be launched to determine the dimensions of the lugs. This would take a few seconds and
therefore would violate the instantaneous criteria. Although this approach is feasible for small numbers of
combinations, it does not scale well with as the number of combinations increases.

4.3.5. Results of the hinge selection method
The performance of the hinge selection method needs to be assessed concerning its efficiency (run-time, in
subsection 4.3.5) and its effectiveness (validity of the results, in subsection 4.3.5).

Scalability and run-time

The run-time of the selection needs to be as short as possible to answer the second use-case. Assuming that
the rudder-fin optimization uses a GA, with 10 000 iterations, and a population of 20 interfaces per generation,
each with an average of 6 hinges, the hinge optimization will be triggered a total of 10000 · 20 · 6 = 1.2 · 106

times. With a run-time of 2 hours per hinge optimization, the total computation would have been unfeasible
(273 years). The algorithm 4.1 bypasses this problem by querying existing results instead of running a new
optimization.

The implementation of algorithm 4.1 requires several vectorized operations on the front-loaded database
(lines 6 to 9). The computation time required to carry out those operations scales with the size of the front-
loaded database. Table 4.1 shows the evolution of three run-times as a function of the size of the front-loaded
database. The overhead time is the computation time required to load the database into memory. The run-
time is the execution time of algorithm 4.1. This run-time is multiplied by 1.2 ·106 and added to the overhead
time to obtain an order of magnitude of the time required to perform a rudder-fin optimization with a GA.

Front-loaded database size Overhead time Selection run-time GA optimization run-time

32 000 13 seconds 3.3 ms 1:06 hours
65 000 1:15 minutes 4.7 ms 1:34 hours
127 000 3:00 minutes 5.7 ms 1:57 hours

Table 4.1: Run-times for different front-loaded database sizes. The query time varies in a linear manner with the size of the database but
remains very small even for very large ones (5.7 ms for 127 000 hinges).

Table 4.1 shows that for very large databases, the run-time of algorithm 4.1 remains very small. The over-
head time grows rapidly with the size of the database, but it does not affect the GA run-time, as the database
only needs to be loaded once. The small run-time of algorithm 4.1 is key to obtain a short GA run-time. This
result demonstrates that the front-loading approach can be applied to very large databases.
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Errors and input density

Table 4.2 presents an example of the rounding error obtained with algorithm 4.1. The only difference in the
two load cases lies in the dimensions of the lugs, which results in a small absolute difference. The error
between the total cost and mass is, therefore, small as well.

F 17.2 kN 17.5 kN ∆[%]
mass cost mass cost mass cost

Hinge 1 46.5 71.5 47.0 71.6 0.2 1.1
Hinge 2 252.7 156.9 252.9 157.1 0.1 0.1
Hinge 3 258.5 207.9 258.6 207.9 0.0 0.0

Table 4.2: Rounding error examples for ∆F = 0.3 <∆Fmax . The rows present the total cost and mass of three hinge assemblies given by
the ILS, for F = 17.2kN and F = 17.5kN . As ∆F is small, the components of those assemblies are identical.

4.3.6. Strengths and weaknesses of the selection method
The sub-question being answered with the hinge selection method was introduced in chapter 1: How to
obtain Pareto-optimal hinges as quickly as possible? (< 10 ms)

Strengths The main strength of the front-loading approach lies in its ability to provide exact results almost
instantaneously. Moreover, the implementation of this approach is easy compared to the creation of a surro-
gate model.

Weaknesses The functioning of this approach relies on the density of the available points in the database.
If the density is too high, the same combination could be analyzed and returned several times. Therefore,
the time required to build the database is suboptimal, but as seen in table 4.1, it exerts a negligible influence
on the GA run-time. Another problem is that this approach scales poorly with the number of driving design
parameters increase. If the number of parameters is very high, the necessary time to build the front-loaded
database increases, but the surrogate model presented in subsection 4.3.4 remains viable. This problem was
not critical at Fokker, as the parameters (loads, gap, materials lugs) are already known and are not expected
to change in the future. Therefore, the presented front-loading method should remain applicable.

4.4. Discussions
The front-loaded database needs to be included into a framework to enable its usage.

Analyzing the front-loaded dataset is challenging and time-consuming, as it contains many optimal hinges,
for different requirements, each hinge having many discrete and continuous attributes. The dataset requires
manual processing, such as data preprocessing, analysis and inspection. The data visualization tool auto-
mates the steps and thus enables a quicker grasp of the database.

Repeating the optimization with the appropriate input density yields Pareto-optimal hinges for the given
range of requirements. The optimal hinges are then stored in a database that can be filtered depending on
particular requirements or availability of the parts. A hinge selection framework was developed to use the
front-loaded database in a rudder-fin optimization. With a dense enough input density, the results of the
hinge selection are equal to those of the ILS. Even if the database is incomplete, it can be updated on the
fly during a rudder-fin optimization. Moreover, even with very large amounts of data in the front-loaded
database, the hinge selection method remains effective. The low run-time of the selection method enables its
use in a rudder-fin interface optimization. Therefore, even without a front-loading database, the framework
could be used in a GA and would progressively get quicker, as the hinge design space would progressively be
explored and memorized.

The specific strengths and weaknesses of the developed methods were discussed in subsections 4.2.3 and
4.3.6. Another critique of front-loading is that it could result in a waste of resources. If either the optimization
or model changes, then all the data analyzed for weeks or months need to be thrown away. However, once
the model and the optimization are developed, experiments can be set up and executed for a small compu-
tational cost. Therefore, if resources were to be wasted as argued previously, it would only be a small part as
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most of the effort went into developing the model and optimization workflow. Both elements are still useful
even outside of a front-loaded PDP. From that point of view, the front-loading methodology is consistent; it is
the combination of advanced design methodologies (KBE and MDO) and computational power increase.



5
Conclusions

Fokker aims at offering OEMs a wide range of rudder designs trade-offs within a short timeframe. Located at
the interface between the rudder and the fin, the hinges need to carry internal loads to sustain the deflection
during various flight maneuvers. The hinge design constitutes a bottleneck in meeting Fokker’s objective, as
their design is done manually and may take up to 6 weeks for a single hinge.

Moreover, the design of a single hinge must be repeated several times, for different positions and loads
in the rudder-fin interface. Therefore, pre-processing the hinge optimization and storing the related results
would be advantageous, as it would avoid repeating computations. This methodology is called front-loading.
It consists of using KBE and MDO extensively before the requirements on the product are fully known. Ac-
cordingly, the main research question of this thesis is as follows:

How to implement the front-loading methodology for a hinge assembly?

The front-loaded methodology was achieved by pre-processing the hinge optimization and storing the
related results. This methodology provides the best hinge assemblies in terms of mass and cost for a given
set of requirements on the load case and the bracket. As a result, it is possible to select an optimal hinge
"off-the-shelf " in the course of the rudder design process. This methodology was achieved in three steps.

First, a KBE application (the Hinge Generator) was developed to carry out the analysis of a hinge assembly.
The Hinge Generator estimates the cost, mass, and allowable loads of all the hinge components. Moreover,
it automates queries for standard parts and materials and the application of design rules. The graphical
interface enables the use of the KBE model in order to quickly explore possible components combinations,
as well as inspecting and tweaking the hinge design.

Second, the Hinge Generator is used with a search algorithm. Several methods were tested to find a
method that yields all Pareto-optimal hinges efficiently. The Informed Linear Search (ILS) is a method that
separates discrete and continuous parts of the search. The ILS finds the Pareto-optimal hinges and is time-
efficient, including when it is used with large databases of standard components. This short run-time pro-
vides a significant advantage over previously used methods, such as Genetic Algorithms. The results of the ILS
were validated through comparison with an exhaustive search. However, using the ILS by itself is suboptimal,
as similar hinge optimizations would be repeated throughout the rudder design.

Finally, the hinge optimization is front-loaded. The ILS is applied repeatedly, considering different re-
quirements on the bracket and loads. The results are stored and provide a front-loaded hinge database. This
database contains hundreds of hinges with various attributes to inspect, which raises the sub-question:

How to represent the Pareto-optimal hinges in a way that enables trade-off decisions?

An interactive interface was developed to facilitate visualization of the database of optimal hinges. The inter-
face enables filtering, querying, and dynamic visualization of the data, as well as geometry inspection. It is a
valuable tool to perform trade-off choices.

Moreover, the front-loaded database should be considered in the context of a rudder-fin interface optimiza-
tion. During the optimization, the hinge design is triggered a large number of times, hence a quick selection
method would result in a shorter rudder-fin interface optimization.
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How to obtain Pareto-optimal hinges as quickly as possible? (< 10 ms)

The hinge selection method is developed to retrieve results from the front-loaded database. The selection is
achieved by integrating the ILS into a framework that enables optimal results to be stored and retrieved at
run-time. Depending on the differences between an existing optimal hinge and a requested point, either an
existing optimal result will be used, or a new search will be launched. With its quasi-instantaneous run-time,
the selection method enables rudder-fin optimization, which was previously limited by the hinge optimiza-
tion run-time. Although the rounding-off approach is not applicable to every parameter of a system, the
run-time of the selection method remains very small, even for large databases. This result shows that this
framework is applicable to other systems, including with higher numbers of parameters.



6
Recommendations

This chapter summarizes the steps that could be carried out to validate (section 6.1) and extend (section 6.2)
the results of this front-loading methodology. The order of the subsections reflects their priority. Further
code-specific recommendations and remarks are also given in the second part of this report.

6.1. Validation of the results
Stress analyses
Currently, the validation of the stress analyses are made with respect to two examples given in the Fokker
documents [13] and [14]. Therefore, the stress analyses are only validated for a single geometry and material,
for the bolt and lug stress analyses by themselves, not for the full hinge assembly. Hence, the following are
required:

• Further testing of the lug and bolt stress analyses methods, to ensure the analyses are valid on the
prescribed design space.

• A complete stress analysis at the level of the hinge. Particularly, a comparison with existing hinges for
business jets at Fokker could be included. For this purpose, the standard parts databases will require
extension.

SLSQP termination criteria
During the experiments, inconsistent results regarding the second part of the 2-phase search were sporadi-
cally noticed. The equation 3.10 could be solved for a given hinge assembly for F = F1, but not for F2 < F1 The
termination criterion relies on the exit status of the gradient-based algorithm used in the second part of the
search. It depends on the starting point, the tolerance and maximum number of iterations of the algorithm.
This kind of inconsistency was noticed during the project, but its cause is unknown. A first step to tackle this
problem would be to use a different optimization method.

User-based tools
The user-based parts of the tools that were developed (Hinge Generator for design in subsection 2.6.4 and
Interactive visualization in section 4.2) have neither been tested by engineers nor by designers at Fokker.
Submitting the tools to practical, hands-on tests and interviews at Fokker will ensure that the requirements
of the project are well defined and satisfied.

Cost analysis
The cost analysis methodology developed by Risueno with HDOT [27] has higher fidelity than the cost analy-
sis used in this tool, described in section 2.4. The current results in terms of cost have only been validated in
terms of variations and orders of magnitude. The CERCOPS tool was not implemented in this project due to
lack of time but could be incorporated in the future.
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Detailed fretting and fitting design rules
The Hinge Generator currently uses a simplified set of rules for the fitting and fretting between the compo-
nents.

For the fitting, the tolerances of the components given in their standard part description are taken into
account. The fitting criterion is arbitrarily set to 0.001 mm. In reality, the criterion depends on the parts being
assembled, as described in [6, 7].

For the fretting, the simplification used is similar. The fretting criteria depends on a specific type of mate-
rial (e.g., the fretting rules are different for CRES 1 - 300 series and CRES - 400 series [38]), whereas the Hinge
Generator takes into account the material type (e.g., steel, which includes both CRES 300 and 400 series).

6.2. Extension of the results
The result can be extended at various levels. Each recommendation can require changes on the KBE model,
search method and hinge selection method.

Further work on the hinge optimization
Several improvements could be made to reduce the run-time of the ILS.

A first solution is to choose the first index value in a more informed manner. One could use an approach
similar to binary search, which would scale better with the number of combinations (time complexity O(n)
vs. O(log(n))). However, with the hinge, the lookup time is minimal compared to time spent optimizing
continuous characteristics, therefore implementing those solutions would only result in minor computation
time improvements.

A second solution would consist in restricting the optimization launch more strictly. Indeed, it would
often happen that the stress inequality constraints can be validated one by one but not all at the same time.
In that case, the gradient-based algorithm can be stuck for some time trying to solve an unfeasible problem.

The unsuccessful attempts with the genetic algorithms described in section 3.4 do not prevent their ap-
plication to the hinge optimization problem. Possibly, “in-between” problem formulations, e.g., having one
integer variable per standard parts - as opposed to two variables for the first formulation, could yield better
results.

Further work on the hinge surrogate model
Although the developed hinge front-loading framework yields good results in terms of run-time, a surrogate
model would consume less computational resources to create the front-loaded database. Moreover, investi-
gating the surrogate modeling of the hinge could be useful to gain insight in the application of front-loading
to other systems. A possible path to investigate was already layed out in subsection 4.3.4.

Extension to fail-safe and clamped hinges
The Hinge Generator currently only models sliding hinges.

Subsection 2.2.2 and figures 2.15 to 2.17 showed that the configurations display some differences com-
pared to the sliding hinge. All the stress analyses of the components are already included in the Hinge Gen-
erator, as well as the geometry of the components. The main tasks will be to add the new components, mod-
ify their size (e.g., radius_sliding_bushing = radius_bolt will become radius_sliding_bushing =
radius_fail_safe_sleeve) and update the load cases.

The extension of the Informed Linear Search to different types of hinges will be more complicated. The
depth criteria (equation 3.16) used to reduce the run-time is still usable for other types of hinges. The as-
sumptions used to simplify the discrete part of the 2-phases search will have to be re-evaluated for the new
configurations. For example, the case of a fail-safe sleeve (figure 2.17) is different than that of the sliding
bushing. Both the sleeve thickness and material should be considered as design variables, as the reserve fac-
tor of the sleeve will be critical (it will be subject to the same stress analysis as the bolt, as it needs to take the
load of the lugs in case the bolt fails) and its mass will most likely represent a more substantial part of the total
assembly mass too.

1Corrosion-Resistant Steel
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Extension to hinges for elevators
The work done during this thesis is targeted at rudders. The lugs in the elevator interface will carry the weight
of the control surface in the in-plane (figure 2.2) instead of out-of-plane (figure 2.3), like the rudder.

Therefore, it becomes advantageous to have an unsymmetrical lug geometry. To this extent, the geometry
modeling of the lugs should be modified. The lug stress analysis of the Hinge Generator already accounts for
unsymmetrical lug geometries.

Moreover, hinges with two male lugs and three female lugs are sometimes used in elevator interfaces.
If that design is to be included, the stress analyses would be very similar. The positioning and number of
components in the KBE model would have to be updated.

Inclusion of machined parts
Currently, the question “Should we use a machined or standard bolt?” cannot be answered quantitatively, as
machined bolts are not taken into account in the ILS. Likewise, the question “Should we use a machined or
standard fixed bushing?” cannot be answered either, as the fixed bushing is by definition a standard part in
the ILS.

Including machined bolts in the Hinge Generator should be straightforward. As every object in the KBE
application is parametric, modeling the custom geometry is only a matter of taking an existing bolt standard
and setting the radius or length to the custom, machined value. Likewise, the material characteristics, stress
analyses, and mass analyses will be identical. However, the cost modeling will have to be updated.

Extending the ILS to take into account both machined and standard parts is, again, more challenging. A
simple solution would be to run two searches, one with standard bolts and one with machined bolts. This
approach could be viable, as the discrete/machined distinction is only applied to the bolt. However, the
number of cases to run would increase quickly if the distinction needs to be made for other components.

Search including material variables
This work done in this thesis does not give a satisfying answer on how to deal with discrete materials in
optimization problems. In [16], the hinge optimization was performed with more than 30 materials, both for
the nut and the sliding bushing. Treating the same problem with the ILS would not be very efficient, as the
sliding bushing and nut standards would be explored exhaustively.

A method to deal with this problem would be to create a surrogate model of the material so that it can
be replaced by one continuous, descriptive variable such as the tensile strength. This method is presented in
Appendix A.





II
Part B - Code report
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Introduction

This part of the report contains technical details about the implementation of the frameworks and methods
presented in the Part A.

• The data folder contains the input spreadsheets for the material and standard parts databases and
output data (material surrogate model, front-loaded optimization results).

• The doc folder contains the code documentation.

• The hinge_generator package contains the Hinge Generator KBE application (chapter 7).

• The hinge_fl package contains the discrete part of the optimization framework (chapter 8) and the
front-loading framework (chapter 9).

• The tests folder contains unit tests for elements of the model and optimization methods. Abstract
classes inheriting from unittest.TestCase enable to define tests for new components and standard
parts quickly.

Several Unified Modeling Language (UML) class diagrams are used to describe the contents of the Hinge
Generator. The UML is intended to provide a standard way to visualize the design of a system [3].

Class

Inheritance

Aggregation

Composition Package or module

Hinge Generator class

Parapy class

Pandas class

UML diagram legend used in the second part of the report
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7
Hinge Generator

Chapter 2 presented the design of a hinge assembly, with an introduction to the Hinge Generator in subsec-
tion 2.6.3. This chapter discusses the architecture and contents of the Hinge Generator in greater details.
Section 7.1 gives the key elements of the application structure. Then, section 7.2 focuses on the implemen-
tation of the stress analyses and of the material and standard parts databases. Section 7.3 presents the main
libraries used in the Hinge Generator. Finally, section 7.4 raises some considerations to take into account to
improve the application.

7.1. Description of the KBE application
The composition of the KBE application was already introduced in subsection 2.6.3.

Structure of the hinge assembly Figure 2.25 showed that the hinge components are children of the hinge
assembly. For example, the bolt is modeled as a bolt child, which can be an instance of the HexagonalBolt
class. The UML diagram on figure 7.1 gives a more precise overview of the integration of the hinge compo-
nents into the assembly. The bearing, bolt, nut and bushings are modeled as DynamicType, which enables
to have a variable geometry. The components then inherit from a more abstract class (e.g., AbstractBolt),
which itself inherits from the generic HingeComponent class.

The UML diagram in figure 7.2 gives further details on the implementation of the components. This
UML diagram shows the integration of the lug component and its associated elements. The rest of the hinge
components follow the same layout: each component has a stress analysis (TH3582 for the lugs), a material,
a cost, and a mass. The hinge components also include a generic geometry definition (ri n ,rout , li n , lout ), so
that the fitting of the components can be checked systematically for any sequence of HingeComponent.

The application is developed in a way that enables separation of the different functionalities and disci-
plines required by the hinge assembly. In the UML diagram in figure 7.2, the geometry of the lug is generated
in the Lug class. The lug stress analysis is separated from the lug; it is in the TH3582 class. If approximations
on the material characteristics are needed during the stress analysis, they will be computed in the Material
class.

Unmodeled features in the current implementation In figure 7.3, the DSM of the sliding hinge assembly
is given. The cells underlined in red correspond to an unmodeled coupling:

• The fretting between the bearing and the bolt and inner lug is not taken into account.

• The washers are not sized nor numbered to position the castellated nut with respect to the bolt hole
and the bolt thread length.

• Material properties between the nut and the bolt are not taken into account.
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- ci_over_ti
- total_mass
- total_cost

- gap:: float
- load:: HingeLoadCase

HingeAssembly

MaterialHandler

Lug

HexagonalBolt

HSB26101

<<Part>>
Material_handler

<<Part>>
Inner_lug

<<Part>>
Outer_lug

- Bolt_handler
- material_handler

<<Part>>
bolt

- bolt
- gap
- outer lug

<<Part>>
Bolt_stress_analysis

type

type

BoltHandler
<<Part>>

Bolt_handler

StandardPartHandler

BushHandler

type

<<Part>>
Nut_handler

type

TensionBolt

AbstractBolt

LugNoChamfers

HingeComponent

type

type

type

XOR

StressAnalysis

Figure 7.1: The hinge assembly contains several parts, notably data handlers, components and the bolt stress analysis. The bolt stress
analysis is placed at this level (and not integrated to the component) because it requires data from the lugs and bolt. The bolt is a
DynamicType, which can be an instance of HexagonalBolt or TensionBolt.
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- material
- radius_in
- radius_out
- length_in
- length_out
- mass
- cost
- volume
- stress_analysis
- allowable_ultimate_loads
- allowable_yield_load

- dict_material:: dict
- material_handler
- is_standard:: bool
- load

HingeComponent

GeomBase

- ci_over_ti
- total_mass
- total_cost
- is_fretting
- is_fitting

- gap
- load

HingeAssemblyIntegers

1 Inner_lug

- depth
- length_effective
- b_over_d
- cross_sections: (45, transverse, axial, hole)
- stress_analysis
- volume

- radius_hole:: float
- length
- beta
...

Lug

- _approximate_eta_1()
- p1()
- allowable_oblique_load_inplane()
- allowable_oblique_load_outplane()
- allowable_oblique_load()

TH3582

- approximate_f0()
- approximate_reduction_factor_lug()
- approximate_yield_shear_strength
- get_material_type()
- condition
- ucs
- cost
- e_fail

- material_handler
- kwargs_query
- kwargs_input

Material
1

1

- header
- names
- query_eqaulity()
- query_contains()
- non_compatible_materials()

- fpath_material
- fapth_tables

MaterialHandler

Materials.xlsx
Table_selection.xlsx

DataFrame

df_mat

1
df_b

df_a

- allowable_ultimate:: dict
- allowable_yield:: dict
- critical_rf_key
- rf_policy_satisfied

- geometry
- material
- rf_policy = 1.0

StressAnalysis

Figure 7.2: The main object representing the hinge is the HingeAssembly. Disciplines (stress, cost and mass analyses), geometry and
data handling are all separated.
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Bolt outer radius 1 ● ●

Bolt shank length 2 ● ●

Bolt thread length 3 ● ●

Bolt material 4 + + +
Bolt thread 5 ●

Bearing material + 6 +
Bearing inner radius ● 7 ●

Bearing inner length ● 8

Bearing outer length 9 ●

Bearing outer radius 10 ●

Sliding bushing inner radius ● ● 11

Sliding bushing outer radius 12 ●

Sliding bushing length ● 13 ● ● ●

Sliding bushing material + 14 +
Fixed bushing length ● 15 ●

Fixed bushing inner radius ● 16

Fixed bushing outer radius 17 ●

Fixed bushing material + 18 +
Outer lug radius ● 19

Outer lug length ● 20

Outer lug material + 21

Inner lug radius ● 22

Inner lug length ● 23

Inner lug material + 24

Washers thickness ● ● 25 ●

Nut length ● ● ● 26

Nut material + 27

Nut thread ● 28

Legend ●   Geometry coupling (must fit)

+   Material coupling (must not fret)

  Not modeled

Figure 7.3: DSM of the sliding hinge assembly. On the matrix diagonal, the index of the variable is given. The order of the parameter is
arbitrary and does not reflect the implementation, the matrix is only used to represent the coupling between the parts. The parts of the
problem that are not modeled are indicated in orange.
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Structure of the code
The hinge_generator package includes the following elements:

• The geometry package contains geometries used to create the geometrical modeling of the hinge as-
sembly components. The UML diagram in figure 7.9 gives an example of the geometry implementation.

• The components package contains specific component implementations, including geometry, stress
and mass analyses.

• The stress package includes the stress analyses files.

• The utility includes methods, classes and data that provides generic functions for several elements
of the project.

• The cost_analysis.py file implements the cost analyses classes.

• The hinge_assembly.py file contains the different hinge assembly KBE applications. The three KBE
application variations are presented in subsection 2.6.4.

• The hinge_sizing.py file contains the continuous part of the optimization, implemented with the
para_MDO classes and represented in the UML diagram in figure 8.2

• The input_handlers.py file contains the databases handling classes represented in the UML diagram
in figure 7.6.

• The loads.py file implements classes modeling the load cases of the hinge (HingeLoadCase, which
has a BoltLoadCase and two LugLoadCase).

• The material.py file implements the Material and SurrogateMaterial classes used to handle data
from the material handler and to approximate material properties.

7.2. Modules
The tool uses two databases, the standard parts database and the material database. Figure 7.4 represents
their content and interaction with one another. The data should be structured in a systematic manner and in
a way that enables it to be easily queried by a script.

Materials database

List of material 
characteritics

Materials.xlsx

Materials database

Compatibility of 
materials to avoid 
fretting in hinge

Tables_selection.xlsx

Geometry and material 
characteritics

bearings.xlsx

Standard parts database

mapping.json

Geometry and material 
characteritics

bolts.xlsx

Geometry and material 
characteritics

nuts.xlsx

Geometry and material 
characteritics

bushings.xlsx

Material index

Material index

Figure 7.4: Interaction between the material and standard parts databases. The mapping file enables to have the standard parts database
containing exclusively information about the part that is identical to the original PDF description of the part.

The material database is composed of the materials.xlsx file, which contains detailed characteristics
of many materials and of the tables_selection.xlsx file, which includes the fretting rules.
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Fokker works with certified and recognized sources for their data, such as the MMPDS1. However, they do
not directly use those databases, for several reasons. First, Fokker wants to test the values, given that they can
come from different suppliers with different testing methods. For example, they examine the yield strength,
ultimate strength, and elongation at failure. Second, Fokker wants to merge the different suppliers, naming,
and practices from the United States and European Union, as Fokker provides products for both continents.

The Fokker material database used for this project is the result of efforts to constitute a centralized source
of knowledge on all the materials used at Fokker, in a way that is easily readable by a machine. Therefore,
Fokker modifies, wraps and organizes those standards with their test results and data. There are no addi-
tional, manual steps to carry out to go from the material used in the model, which was often a conservative
simplification and the actual material. By using this custom, fully detailed table, the material used in the
model is identical to the one to be ordered from the supplier. The table contains, in addition to the material
properties:

• The raw material form: sheet, plate, etc.

• The material grain direction L (long), LT (long transverse), ST (short transverse).

• The statistical basis: A-basis (when there is a unique load path) or B-basis (when there is a redundant
load path in case of a failure of a primary load path member, e.g., a layer in a composite sandwich)

Figure 7.5: Sample contents of the materials.xlsx file. Different rows refer to the same material (“5.318/3”), but with different condi-
tions, manufacturing processes (forgings, plate) and geometries (e.g., thickness of the plate must be between t_gt and t_lt - for lesser
and greater than) and statistical basis (A or B).

Standard parts databases and handlers
An important part of the framework is to handle (read, transform, organize and query) the data for the stan-
dard components and materials. This is illustrated for the standard materials in figure 7.2 with the spread-
sheets databases materials.xlsx and table_selection.xlsx that are converted into a DataFrame object
in the MaterialHandler instance.

As shown in figure 7.4, the standard parts database is composed of a file per component and of a mapping
file. The spreadsheet contains the raw data, as it is found in standard Fokker handbook.

Then, in the mapping file, the standard variable names are associated to the appropriate variable names
used in the tool. This enables anyone to add a standard part to the library and the database to be more mod-
ular. Only the mapping of the standard to the ParaPy class requires knowledge of the Hinge Generator. For
example, if a new bolt is added to the database, one will have to associate the dimensions of the standard,
as given in the PDF, to the associated variable in the ParaPy class. Besides, the mapping contains other at-
tributes. For instance, it contains the meaning of the standard expression - e.g., NAS6703DU02 corresponds
to the NAS67 bolt standard, with the diameter code 3, the thread drilled “D”, a material code “U” and length
code 2. It also contains the associated ParaPy class - e.g., NAS67 bolt corresponds to a HexagonalBolt.

With this mapping “layer”, the dependencies between the different parts of the tool are limited, meaning
that the geometry generation capabilities of the Hinge Generator are relevant even if the databases are
deprecated or heavily updated, and vice-versa. In addition, the data part of the framework is quickler to
update. However, this structure makes the process of adding a standard part possibly less straightforward,
as two files need to be updated. The addition of a new standard must be done in three main steps: adding
the data to the spreadsheet, describing the standard with respect to the ParaPy class in the mapping and
finally including tests to ensure the proper functioning of the tool. This process is documented in a separate
“how-to” document, which is out of the scope of the report.

Figure 7.6 shows the classes used to handle the material and standard parts databases.
The class StandardPartHandler contains abstract methods to systematically read and transform the

standard parts databases. This was achieved by using the same data format for each element.
1Metallic Materials Properties Development and Standardization, https://www.mmpds.org/

https://www.mmpds.org/
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- to_model_dataframe
- res_rounding
- res_integer

- sort_by:: str
- standard:: str
- n_row:: int
- mapping:: dict
- part_type:: str

StandardPartHandler

Base

- df:: DataFrame
- _query_closest_value(kwargs):: dict

SingleTabHandler

- dfa:: DataFrame
- dfb:: DataFrame
- _query_closest_value:: dict

- length_code_0
- min_length

DoubleTabHandler

- radius
- length_thread

- part_type = ‘bolts’

BoltHandler

- get_min_index()

- part_type = ‘bushings’

BushingHandler

- radius
- length_thread

- part_type = ‘nuts’

NutHandler

- get_min_index()

- part_type = ‘bearings’

BearingHandler

- _filter_plates(material_type)
- _filter_tubes(material_type)
- _preprocessing_df_mat
- aluminium_tubes
- steel_plates
- all_plates

- basis
- diameter_tube
- height_tube

MaterialHandler

Figure 7.6: The standard parts and material databases are read through so-called handlers. Those classes include important features that
facilitate the query and storing of the information.

Stress analyses package
As explained in subsection 2.6.3, a stress analyses in HDOT were implemented as Excel files [18]. Having the
stress tools in Excel enables a separation between the stress analyses and the KBE model, which was appre-
ciated at Fokker because it enbales engineers without Python experience to develop and test components of
the KBE application.

For the Hinge Generator, several python tools were developed to replace them:

• The generic stress analysis for hollowed tubes (stress_analysis.py)

• The main bolt analysis file (hsb26101.py)

• The lug analysis file (TH3582.py)

• The plasticity coefficient computation file (SM123.py)

• The bearing strength computation file (TH3232.py)

• The bolt pretension computation file (bolt_pretension.py)

The use of python stress analyses files instead of Excel spreadsheets enabled several benefits:

Ease of development During the development of the lug stress analysis, errors were encountered in certain
parts of the design space. A geometry that deviates too much from the nominal one yielded errors at
a certain part of the analysis. Having the stress analysis in python made it easier to identify, isolate
and resolve those issues. This problem would have been much harder to spot by calling a “black-box”
analysis (such as an Excel file), which would simply return an error.
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Transparency Using a mix of functional and object-oriented programming makes for a clear and concise
instruction sequence. Having all the information about the stress analysis is easier if the program is
directly operated in Python. In the Hinge Generator, the underlying stress assumptions are collected as
they are used during run-time, enabling them to be retrieved by the user later on.

Interoperability The stress analysis can be imported and launched directly, there is no need to read and
write files to interface with an external tool.

Run-time Python is an interpreted language and therefore is not necessarily the fastest programming lan-
guage to use. The heavier parts of the stress analysis (integrations, root finding, vectorized operations)
are done with the scipy and numpy packages which are implemented in C, reducing the computational
time.

Two UML diagrams are used to describe the stress analyses of the Hinge Generator. The UML diagram
in figure 7.7 illustrates the generic hollowed tube stress analyses defined in the stress_analysis.py file.
The classes are built so that, again, smaller fundamental classes such as BendingTube can be used in several
contexts, as a building block.

- allowable_ultimate:: dict
- allowable_yield:: dict
- critical_rf_key
- rf_policy_satisfied

- geometry
- material
- rf_policy = 1.0

StressAnalysis

- area
- allowable_ultimate_load
- allowable_yield_load

- direction:: ( , radial, axial)
- failure_mode:: (compression, tension, shear, bending)

StressAnalysisTube

- direction = axial
- failure_mode = tension

AxialTensionTube

- _ultimate_bending_strength_cozzone()
- _ultimate_bending_strength_excel()
- ybm
- ubm
- allowable_yield_load
- allowable_ultimate_load

- mode:: (cozzone, excel)
- failure_mode = bending
- direction = ‘’

BendingTube

- alpha
- allowable_ultimate_load

- failure_mode = shear
- direction = axial
- coef_yield = 3

ShearTube

- direction = axial
- failure_mode = compression

AxialCompressionTube

- ultimate_load_no_shear()
- yield_load_no_shear()

CombinedStressAnalysisTube

11 1

Figure 7.7: The bolt and bushings have the geometry of a hollowed tube. Before defining the stress methods specific to Fokker’s
methodology, generic methods related to hollowed tubes can be defined. Specific failure modes (e.g., BendingTube) are defined
from the abstract StressAnalysisTube class. For the bolt which is subject to multiple loads, those analyses are combined in
CombinedStressAnalysis.

The UML diagram in figure 7.8 shows the higher-level stress analyses used for the hinge components.
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- allowable_ultimate:: dict
- allowable_yield:: dict
- critical_rf_key
- rf_policy_satisfied

- geometry
- material
- rf_policy = 1.0

StressAnalysis

- _compute_gamma()
- _compute_lever_arms()
- allowable_load_axial
- allowable_load_radial

HSB26101

- ultimate_load_no_shear()
- yield_load_no_shear()

CombinedStressAnalysisTube

- _analytical_value_k_t()
- eta_1

SM123

- _approximate_eta_1()
- p1()
- allowable_oblique_load_inplane()
- allowable_oblique_load_outplane()
- allowable_oblique_load()

TH3582

- maximum_pretension
- minimum_pretension

- bolt
- nut

BoltPretension

- approximate_f0()
- approximate_reduction_factor_lug()
- approximate_yield_shear_strength
- get_material_type()

- material_handler:: MaterialHandler
- kwargs

Material

- _approximate_cb()
- cb

SM123

Figure 7.8: The most complicated stress analyses (for the bolt in file hsb_26101_02.py and lug in file th3582.py) all inherit from the
generic StressAnalysis class and are defined from smaller stress analysis classes, such as SM123.

Finally, the stress analyses methods differ with respect to the ones used in HDOT. Below are the main
differences for the bolt and lug stress analyses. For the bolt, the method implemented is identical to the one
described in the HSB document [13], whereas the previous version assumed a full bolt and did not include
the allowable bending strength approximation. For the lugs, the table 7.1 summarizes the steps in which the
Hinge Generator lug stress analysis differs from HDOT lug stress analysis.

Geometry package
The UML diagram in figure 7.9 illustrates the inclusion of the geometry primitives into hinge components.
The geometries are composed of smaller elements (e.g., ChamferedHexagonalHead for the bolt orOuterRing
for the bearing) created from boolean operations from primitive solids. This way, those simpler geometries
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Step HDOT Hinge Generator

Computation of η1 Digitalized curve for one material Analytical method [10]
Computation of η4 Digitalized curve for one material All curves digitalized + round for inexisting materials
Computation of η5 Digitalized curve for one material All curves digitalized + round for inexisting materials
Computation of Cb - Digitalized curve
Allowable load in z direction Simplified formula f (σb ,d , t ) Analytical method f (Cb ,β,d , t ,σb ,τb)

Table 7.1: Differences between the HDOT [18] lug stress analysis and the Hinge Generator stress analysis. A digitalized curve refers to
an experimental curve modeled by a polynomial fit.

can be reused as building blocks to quickly create new hinge components geometries.

7.3. Libraries and platforms used
Building the model is enabled by the usage of several libraries for the Python programming language.

ParaPy
ParaPy2 is a software framework that enables engineers to build parametric, rule-based software applications
that automate engineering design processes. It defines its own, Python-based, declarative programming lan-
guage, which includes dependency tracking, run-time caching and lazy evaluation. The adoption of ParaPy
at Fokker Aerostructures, together with the author’s previous experience with the software, are favorable to
using ParaPy. ParaPy wraps the C++ geometry kernel OpenCascade3 to enable the modeling of complicated,
3D geometries.

Pandas
The framework requires storing and retrieving a lot of data at different stages of the process, such as the
material and standard parts databases for the Hinge Generator, and optimization results in the front-loaded
database. Therefore, the question of data management needs to be addressed. A database is a data (piece
of information) organized systematically, to make its collection easy. This choice profoundly affects the effi-
ciency of the tool of the tool: its of run-time and memory usage, its scaling as the database grows larger, its
ease of use and its ease of development.

Many different file formats and their associated query libraries exist. For instance, the XML (Extensible
Markup Language) language and the python library ElementTree, or the SQL (Structured Query Language)
language together with a SQL wrapper such as SQLite could be used as a data management framework.

Instead the Hinge Generator uses Pandas4. Pandas is an open-source library providing high-performance
data structures and data analysis tools for the Python programming language. Below are the key points that
encouraged the choice of Pandas instead of the options listed above.

• In practice, the pandas library offers very similar means to query and filter data as SQL5.

• Pandas provides libraries to interface (read and write) to other file formats, such as .xlsx and .json.
The former is important as the database needs to be easily readable by engineers, especially in the
current context at Fokker. Developments toward automation are being made quickly, and adoption of
those new tools by experts unfamiliar with coding is a significant concern.

• In terms of data analysis, operations on a DataFrame6 are much more versatile than an SQL database
[21]. This facilitates filtering and querying of data, which is used in many parts of the framework: for the
organization of the standard parts in the Hinge Generator, for the creation of the combination tables
for 2-phases search and the front-loading selection method.

2www.parapy.nl
3https://www.opencascade.com/
4https://pandas.pydata.org/
5See comparison with SQL in Pandas documentation: https://pandas.pydata.org/pandas-docs/stable/comparison_with_
sql.html

6A 2D table - the main data structure of Pandas

www.parapy.nl
https://www.opencascade.com/
https://pandas.pydata.org/
https://pandas.pydata.org/pandas-docs/stable/comparison_with_sql.html
https://pandas.pydata.org/pandas-docs/stable/comparison_with_sql.html
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- material:: Material
- radius_in
- radius_out
- length_in
- length_out
- mass
- cost
- volume
- stress_analysis:: StressAnalysis
- allowable_ultimate_loads:: dict
- allowable_yield_load:: dict

- dict_material:: dict
+ material_handler:: MaterialHandler
+ is_standard:: bool
- load

HingeComponent

GeomBase

Hinge_component.py

Bolts.py

- length_thread
- cross_section_thread

- length_head:: Dimension
- diameter_head
- angle_chamfer_head

AbstractBolt

- position_head
- head: ChamferedHexagonalHead
- small_head:: ChamferedCylinder
- shank:: BoltShaft
- solid:: FusedSolid

- length_small_head:: Dimension
- drill_code:: str

HexagonalBolt

- head:: TensionHead
- shank:: BoltShaft
- solid:: FusedSolid

- diameter_flange:: Dimension
- angle_chamfer_tip

TensionBolt

Bearings.py

- solid:: FusedSolid
- volume
- MS

- diameter_hole:: Dimension
- diameter_inner_ring
- length_inner_ring

AbstractBearing

- inner_ring:: FlangedInnerRing
- outer_ring:: OuterRing

- diameter_groove:: Dimension
- diameter_rolling_element

RollingBearing

- inner_ring:: PlainInnerRing
- outer_ring:: OuterRing

- diameter_groove:: Dimension

PlainBearing

- inner_ring:: HollowedCylinder
- outer_ring:: HollowedCylinder

CylindericalBearing

Figure 7.9: Every component of the hinge (bolt, bearing, lugs, etc.) inherits from the HingeComponent class. It is passed
through abstract components classes (such as AbstractBearing), which themselves parent specific components geometries (such
as RollingBearing).

Scipy and Numpy
Scipy includes many efficient numerical routines, such as routines for numerical integration and optimiza-
tion. Numpy provides efficient data structures for matrix operations. Those libraries are used in the stress
analyses and in the optimization.
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Discussion on the use of third-party libraries
The libraries listed above enable the majority of the functions of the Hinge Generator. ParaPy and Pandas are
especially necessary to the Hinge Generator. If, for any reason, one of the above libraries is no longer used at
Fokker, substantial portions of the Hinge Generator would become obsolete. Likewise, if one of these library
changes significantly (e.g., a functionality is deprecated or a bug remains unsolved for a long period of time),
the parts of the code would need to be fixed.

Overall, this dependency problem is outweighed by the gain in development-time the libraries offer.

7.4. Remarks and recommendations for the code
The following section raises some specific points of discussion. Those remarks are not impairing the func-
tioning of the code but could be relevant considering the code maintainability and run-time.

Single source of truth
Several design choices in the Hinge Generator were made with the goal of separating analyses, data and meth-
ods. This enables first to have engineers with different skills to work on different parts of the code, and second
to have a more modular system. This design leads to a common drawback where frameworks and methods
wrap and interface with each other.

For the hinge generator, it leads to the duplication of data, or to “multiple sources of truth”, which makes
the code less flexible and harder to support and extend. For example, modifying only a geometry file (e.g.,
changing a variable name bolt_radius to radius_bolt) requires the exact same changes to be made in
elements of the mapping and of the search method.

Optimization of lazy-evaluated attributes
The lazy-evaluation of ParaPy should be used to ensure that as few computations as possible are realized.

The bolt, bearing and bushings use the DynamicType ParaPy class, so that the appropriate geometry (e.g.,
TensionBolt or HexagonalBolt, depending on the bolt standard) is used depending on the selected stan-
dard. If any of the arguments on which the dynamic part depends is invalidated, the whole object is thrown
away and must be re-evaluated.

The reading of the standard part databases is included into a single function that must be re-evaluated if
the query changes. Although that works well for most of the standard parts, it is not optimal in the case of
bolts and bushes as they are described by two tables. To read the characteristics of a bolt or bushing, both
the length code and the diameter code must be provided. Therefore, during the SQP optimization, the length
code must be assumed and then updated once the outer lug thickness has been determined. A more efficient,
clearer option would be to separate the reading of the two tables and to only read the latter once the length
code is known.

Dimension class
The Dimension class is a base class that could be used for engineering problems containing a dimension,
such as a length in meters or a force in kilo-Newtons. This class also includes tolerances, so that the detailed
fitting criteria for the hinge can be computed. The Dimension class contains five input slots: nominal value,
lower bound, upper bound, tolerance and units.

Including the units and tolerances in the analyses can be valuable. During the stress analysis, it is useful
to specify that the yield strength is given in mega pascals, while the internal load is given in kilo-Newtons.
Likewise, dimensions come handy to compute areas and to account for worst-case dimensions during the
computation of the allowable loads.

Using this class, the equation can be written plainly as d3 = d1 + d2 in the code, without having to
worry about the units, or tolerances. The listing 7.1 demonstrates the use of the Dimension class for the
implicit unit conversion.

The listing 7.2 demonstrates the use of the Dimension class for checking the equality of two dimensions
with tolerances.

The computing time difference between using a Dimension and float has not been evaluated. Replacing
many float objects by lazy-evaluated ParaPy classes will definitely have adverse effects on the run-time of the
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1 d1 = Dimension ( units= ’mm’ , nom=2 , t o l =0.1)
2 d2 = Dimension ( units= ’ in ’ , nom=0.4 , t o l =0.1)
3 d3 = d1 + d2
4 print ( ’(%s ) + (%s ) = %s ’ % ( d1 , d2 , d3 ) )
5 >> (2.00 +/− 0.10 [mm] ) + (0.40 +/− 0.10 [ in ] ) = 12.16 +/− 2.54 [mm]

Listing 7.1: Using the Dimension class to perfrom an addition between two lengths with different units.

1 d1 = Dimension ( units= ’mm’ , nom=5.0 , ub=5.1)
2 d2 = Dimension ( units= ’mm’ , nom=5.1)
3 res = d1 == d2
4 print ( ’ I s %s == %s ? %s ’ % ( d1 , d2 , res ) )
5 >> I s 5.00/5.00/5.10 [mm] == 5.10 [mm] ? True

Listing 7.2: Using the Dimension class to check if two dimensions are equal. This feature is useful for the Hinge Generator, for example
to check if a bearing with imperial dimensions (inches) fits with a bolt with metric dimensions (mm).

Hinge Generator. Moreover, though the examples d3 = d1 + d2 and d1 == d2 are simple, it could arguably
be confusing because operations are happening implicitly, without the user’s knowledge.

A compromise has to be found between level of detail, explicit coding and code maintainability. The
problem with the Dimension class is that it forces its use in all the rest of the software, as it is the most basic
data type that is passed between the objects. The dimension is then used in many parts of the code, even
when there is no doubt about the validity of the operation in the first place. For this reason, the use of the
Dimension class is not recommended.





8
Hinge Searcher

Chapter 3 proposed methods to solve the hinge optimization problem. This chapter gives further details on
this implementation and its benefits and drawbacks.

8.1. Description of the optimization framework
This section gives a short overview of the framework developed to implement the two-step search methods.
Figure 8.1 two separate objects are dedicated to the discrete and continuous part of the search.

attributes

attributes

containsHinge KBE model

continuous inputs

containsHinge sizing 

discrete inputs

containsHinge search

Analyses, knowledge
rules, databases

Definition and setup of the
continuous optimization 

Definition and setup of the
combinatorial optimization 

Figure 8.1: Overview of the framework developed to implement 2-step search methods. The optimization setup, definitions and methods
are separated from the KBE model. The discrete part of the problem is handled by an ad-hoc Hinge search class, while the continuous
part of the problem is handled by a ParaMDO, which uses OpenMDAO and Scipy to carry out the optimization.

Two UML diagrams are given to further explain the framework. The UML diagram in figure 8.2 shows the
definition of the continuous part of the problem created with the ParaMDO library, which wraps the optimiza-
tion framework OpenMDAO, while the UML diagram in figure 8.3 illustrates the classes developed to perform
the tree search detailed in chapter 3.

Continuous optimization framework
ParaMDO is an optimization framework is developed by Onodi [23]. It enables the integration of OpenMDAO1,
a framework for efficient multidisciplinary optimization, into ParaPy.

Figure 8.2 shows the UML diagram of the BaseHingeSizing class, which contains children of typeparaMDO
classes. It features a domain specific language to formulate optimization problems. It automatically collects
the design variables, constraints and objective (see classes DesignVariable, InequalityConstraint and
Objective in figure 8.2) from the KBE model. Then, it defines the OpenMDAO optimization workflow auto-
matically.

1http://openmdao.org/
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- summary:: OrderedDict

- norm_objectives
- n_iter

BaseHingeSizing

- problem

SizedHingeSLSQP

- n_comb
- n_mat_inner
- n_mat_outer
- bits
- problem

SizedHingeGA

<<Part>>
Ratio_tr_in

DesignVariable

1

<<Part>>
Ratio_ax_in1 type

<<Part>>
Cons_lug_in

InequalityConstraint
type

1
...

<<Part>>
Cons_bolt_a

1

<<Part>>
objective

...

1

Objective
type

<<Part>>
problem

MDOProblem

1

<<Part>>
problem1

type

<<Part>>
Kbe_model

HingeAssembly

1

type

Figure 8.2: The generic continuous hinge optimization problem is defined in the BaseHingeSizing class, which defines the constraints,
design variables and objectives with respect to the slots of the hinge assembly model. Those attributes are then collected in more specific
problem definitions such as SizedHingeSLSQP.

The code in the listing 8.1 details how a design variable is defined with respect to the model. It high-
lights the conciseness and ease-of-use of the ParaMDO framework. Moreover, the code in the listing 8.1 shows
the advantage of having all the parts of the framework (KBE model, optimization workflow definition, stress
analyses) developed in Python.

ParaMDO also includes pre and post processing features for the user to interact with, through ParaPy’s
GUI. For example, the optimization method can be changed and checked directly from the GUI, without
modifying the code. This makes trial-and-error optimization quicker to carry out.

This framework fits well in the context of this project, as it shortened the time required to experiment
with different search methods. The only downside to ParaMDO’s use during this project is that it adds a de-
pendency, as discussed in the chapter 7.1.
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1 @Part
2 def r a t i o _ t r _ o u t ( s e l f ) :
3 """
4 : return : Design variable corresponding to the transverse e c c e n t r i c i t y of the outer lug
5 : rtype : DesignVariable
6 """
7 return DesignVariable ( model_inputs= s e l f . model . outer_lug . etr_over_d ,
8 lower=TH3582 . v a l i d i t y [ ’ e_over_d ’ ] [ 0 ] ,
9 upper=TH3582 . v a l i d i t y [ ’ e_over_d ’ ] [ 1 ] ,

10 normalize= s e l f . norm_dvs ,
11 )

Listing 8.1: Definition of a design variable etr,ol in the BaseHingeSizing class (see UML diagram 8.2). The design variable is linked

to the model’s input (outer_lug.etr_over_d). The upper and lower bounds (eL
tr,ol and eU

tr,ol
) are directly defined from the lug stress

analysis class TH3582. The design variable can be normalized with the boolean input norm_dvs.

Discrete optimization framework
The interaction depicted earlier in figure 8.1 is also represented in the UML diagram in figure 8.3. The interac-
tion is applied on the object HingeAssembly, which is a child of HingeSizing, itself child of BaseSearcher.

- precheck_rf_bolt()
- invalidate_problem()
- precheck_rf_outer_lug()
- check_rf_bearing()
- check_fretting()
- check_fitting()
- set_random_x0()
- hinge_optimization()

SearchSteps

- add_unfeasible_categories()
- add_unfeasible_set()
- get_possible_categories()
- choose_categories()
- choose_rows()
- workflow()

- unfeasible_categories
- key_categories
- key_rows
- full_set
- done

RandomTreeSearch

- run_optimization()
- workflow()

- best_assemblies
- current_best
- last_index

InformedLinearSearch

- __init__()
- workflow()

- sort
- termination_criteria

LinearSearch

- __init__(sort=(‘r’, ‘bolt_uts’, 
‘m_bearing’, termination=’best_first)

BestFirstSearch

- __init__(sort=(‘r’, ‘bolt_uts’, 
‘m_bearing’, termination=’exhaustive’)

ExhaustiveSearch

- run()

InverseSearch

- __init__(opt)
- workflow()
- run()
- execute_simple_flow()
- execute_2stepts_flow()

- rf_min
- results
- cases
- df_combinations:: DataFrame

BaseSearcher

...

HingeSizing

...

HingeAssembly

1

1

Figure 8.3: UML diagram of the optimization methods described in chapter 3, such as the ILS modeled in the class
InformedLinearSearch. The search classes inherit from the class SearchSteps, which contains simple building bricks that compose
more complicated search methods, and BaseSearcher which contains the methods to define search methods workflow.

In previous ad-hoc methods, nested if-then loops specific to the KBE model are defined. This framework,
on the contrary, enables the quick creation of new search methods independently of the hinge KBE model.
The main strength of the framework depicted in 8.3 is that new variations of search methods can be defined
very simply from the existing data and methods already defined in the SearchSteps and BaseSearcher
classes. It makes use of inheritance from the base classes to facilitate the creation, maintenance, and tests of
new methods. The functions execute_simple_flow() and execute_2steps_flow() are used to formulate
a sequence of instructions in a concise way. Using both of those features, new methods can be defined with
a single class and often simply by overwriting the workflow method (see listing 8.2). Likewise, elements of
random search are defined in RandomTreeSearch and could be re-used to develop a more extensive ad-hoc
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1 flow = [
2 s e l f . precheck_rf_bearing ,
3 s e l f . precheck_rf_bolt ,
4 s e l f . precheck_rf_outer_lug ,
5 s e l f . set_x0_hinge ,
6 s e l f . run_slsqp_optimization ,
7 s e l f . invalidate_problem ,
8 ]

Listing 8.2: If the search method constains a sequence of instructions, a simple list can be passed to the functions
execute_simple_flow() and execute_2steps_flow().

1 i l s = InformedLinearSearch ( mat_type_lug_out =[ ’aluminium ’ , ’ s t e e l ’ ] , radial_load=range ( 5 , 46 , 5) )
2 i l s . run ( )
3 i l s . save_results ( ’ run_materials ’ )

Listing 8.3: Example use of the ILS. The arguments mat_type_lug_out and radial_load are inputs of the hinge KBE model. By
specifying those keywords, the search is automatically performed for full-factorial design of experiments.

search.

Any input from the KBE model can be set from optimization class. For instance, if one wishes to vary both
the load magnitude and the material, the prototype of listing 8.3 can be used.

8.2. Strengths and weaknesses of the framework
Strengths The key advantages of the framework are the following:

Performance From the performance point of view, the framework is advantageous with respect to others
(e.g., PIDO + KBE), because everything is operated within the same environment. No interface (reading
and writing inputs and output files) is required to communicate between the elements, as every ele-
ment is programmed in Python. Another key element of this framework is that the KBE model is only
instantiated once. It enables the framework to leverage the lazy evaluation feature of the KBE model to
only re-compute what is needed.

Ease of use The framework is simple but results in a powerful, efficient, high-level optimization and design
of experiment framework that can be simply called in a few lines of code, as it is demonstrated in the
listing 8.3.

Modularity The three main elements (discrete search, continuous search and KBE model) are modular. They
can be used independently and exchanged to quickly develop new search methods, or apply search
methods to different KBE models. Both the continuous and discrete part of the framework make it
possible to modify and extend the continuous and discrete search methods.

Weaknesses The main drawback to this implementation is that the different parts of the project (KBE model,
search framework, front-loading framework) all need to share the same keyword attributes. In order not to
have those keywords, the functionality would have to be defined in the same framework, which would make
the code less modular.

8.3. Recommendations
General recommendations are given in chapter 6. The following are in-depth points about the implementa-
tion:

• Sometimes, the SLSQP optimization launched by openMDAO will converge with an inequality con-
straint value that is not completely satisfied. For instance, it sporadically (about 1% of the time) hap-
pens that RFol = 1.02 and that the optimizer returns a successful value, when the inequality condition
specified RFol ≥ 1.05.
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• The invalidate_problem method invalidates many of the attributes of the HingeSizing class. In
principle, fewer attributes could be unvalidated.

• The classes InformedLinearSearch and LinearSearch were separated for development purposes.
In principle, InformedLinearSearch should inherit from LinearSearch and implement the depth
criteria.





9
Hinge Front-loading

Chapter 4 presented the hinge front-loading framework, which includes two main components. The data
visualization framework (answers the sub-question “How to represent the Pareto-optimal hinges in a way that
enables trade-off decisions?”) is presented in section 9.1. Section 9.2 presents the implementation of the
hinge selection method, which answers the sub-question “How to obtain Pareto-optimal hinges as quickly as
possible? (< 10 ms)”.

9.1. Description of the hinge data visualization framework
This section presents the hinge data visualization framework, contained in the HingeApplication class. A
single abstract class AbstractApplication is defined, to contain the generic elements and functions used
for the visualization. Most of the elements of the application are tailored to the front-loading hinge problem
and are therefore defined in the HingeApplication class.

The main library enabling this interactive data visualization is Bokeh1. It generates JavaScript elements
that are displayed in a web-browser but does so only with concise, high-level Python code. Those high-level
Python objects are converted to JSON and used by the BokehJS library and can also be synchronized in the
other direction. This way, Bokeh enables to use both the computation and query power of python and the UI
and tools and visualizations of JavaScript and its libraries, see for instance D3.js2 and p5.js3.

The HingeApplication class wraps all the Bokeh objects, Pandas utility functions, and Tornado4 loop.
The HingeApplication class implements Bokeh objects, such as the Figure for the 2D plot and Table for
the table of characteristics. This way, all the elements of the framework are self-contained, and the interactive
application can be simply used by instantiating the class and then using the start method. The listing 9.1
shows how to start the application.

1 app = HingeApplication (fname= ’5−45kN. x l s x ’ )
2 app . s t a r t ( )

Listing 9.1: The interface is instantiated with the file name of the front-loaded database as an argument. Once the start method is
called, the application can be opened in a web browser, at the URL http://localhost:5006/.

The hinge_fl package contains:

• The app_fl package contains the interactive selection framework.

• The hinge_selection file implements the hinge selection method.

• The post_processing file implements methods to modify, analyze, import and export information
contained in the front-loaded dataset.

1https://bokeh.pydata.org/en/latest/
2https://d3js.org/
3https://p5js.org/
4Tornado is a Python web application framework https://www.tornadoweb.org/en/stable/
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1 surrogate_hinge = HingesSelection (fname= ’5−45kN. x l s x ’ )
2 hinge1 = surrogate_hinge . get_hinge ( radial_load =24.5 ,
3 mat_type_lug_out= ’aluminium ’ ,
4 gap =1.0)

Listing 9.2: The selection method is wrapped in the class HingeSelection.

9.2. Description of the hinge selection method
As for the data visualization framework, the hinge selection method is contained in a single class, HingeSelection.

The functions of the HingeSelection class are the following:

• Provide the query functionality, e.g.:

Return the cheapest hinge for which F = 26 kN, emax < 25 mm, bolt 6= N AS6703−6704

Should return that result from the front-loaded database as quickly as possible.

• Check if the ∆x is admissible.

• Trigger an optimization if required.

• Update the database with the new results on the fly.

Each of those points is implemented as a class function in HingeSelection. As with the other classes
presented thus far, the selection method is called by instantiating the class and calling the main method, as
shown in the listing 9.2.

9.3. Recommendations
For the interactive visualization framework:

• The table and data elements of the visualization framework come out of synchronization after the first
interaction with the widgets. The synchronization is re-established by hovering the mouse on the plot
after selecting hinge assemblies in the table. The cause of this bug is unknown.

• Exporting the plots to vector formats (e.g., .svg and .PDF) could not be achieved due to the inability to
install required libraries on the machine used for this project.

• A dynamic legend would enable a better understanding of the color classification.

For the selection method:

• The method enabling the query of the point according to the ∆x is specific to this method. A more
general method to query a specific row in a DataFrame according to several tolerances ∆xi present in
the columns can be achieved.

• The overhead time of reading and writing large spreadsheet increases with the size of the database, as
shown in table 4.1. During this project, Excel spreadsheets were used. Using a different format, such as
CSV, might reduce both the overhead writing time and database file size.



A
Surrogate models for hinge components

and materials

By performing simple data analysis on the material data sets and standard parts data sets reveals that the
variables are linearly correlated. This can be seen for example in figure 3.3 for the standard bearings and in
figure A.1 for the materials. This chapter presents a method to create a surrogate model of a material or of
hinge components. In both of those cases, the variables linearly depend on each other.

Motivations
The surrogate model could be used:

1. To provide a heuristic in a hinge search method.

2. To assess the benefits of using custom machined components instead of standard ones. It would yield
an optimal hinge, not the best combination of components in the existing database is.

3. To simplify an optimization problem including material variables. This problem was faced in [16] by
using a GA but this solution proved to be time consuming.

Standard parts and material contain several characteristics that are required for the analyses. The goal
of the surrogate model is to simplify the optimization problem by approximating all the characteristics from
one descriptive variable. For example, the bearing in the hinge assembly is described by four dimensions.
The bearing surrogate model approximates three dimensions:

x = (lbe,i n , lbe,out ,rbe,i n ,rbe,out ) ⇒
{

x = (lbe,i n)

(lbe,out ,rbe,i n ,rbe,out ) = f (lbe,i n)
(A.1)

Methodology
A first option is to have a single linear model per variable. A second option is to have a multiple linear model
per variable. The difference between the two options can also be thought of by looking the plot in figure
A.2. The first option (many linear regressions) consists of looking the off-diagonals sub-plots by themselves,
whereas the second option (multiple linear regressions) consists of looking at the entire row.

The second option consistently yields an approximation with a higher coefficient of determination r 2.
Therefore, for a surrogate model incorporating n variables, it is better to have n Multiple Linear Regression
(MLR) models (one per row), each with n −1 explanatory variables, rather than having (n2 −n)/2 (Half the
matrix above the diagonal) Single Regression models with one explanatory variable each.

Applying a multiple linear regression on each of the n−1 variables of the model will yield n−1 equations:

xi = f (x j ) j ∈ [1, . . . , i −1, i +1, . . . ,n], i ∈ [1, . . . ,k −1,k +1, . . . ,n] (A.2)
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Figure A.1: Strengths in [MPa] of different materials considered for the optimization. yts: Yield Tensile Strength, ycs: Yield Compressive
Strength, uts: Ultimate Tensile Strength, uss: Ultimate Shear Strength.

Where k is the chosen descriptive variable. To have a surrogate model with only one descriptive variable
as an input, those need to be transformed in order to have any of the variables as a function of the descriptive
variable. Equation A.2 needs to be transformed into equation A.3:

xi = f (xk ), i ∈ [1, . . . ,k −1,k +1, . . . ,n] (A.3)

The following paragraphs show how to achieve this transformation, first with four variables and then in
the general case of n variables.

Example with 4 variables For a surrogate model incorporating 4 variables:


x1

x2

x3

x4

=


0 a1,2 a1,3 a1,4

a2,1 0 a2,3 a2,4

a3,1 a3,2 0 a3,4

a4,1 a4,2 a4,3 0

 ·


x1

x2

x3

x4

+


b1

b2

b3

b4

 (A.4)

If chosen design variable is x1, x2, x3 and x4 need to be determined. The last three rows of equation A.4
are equivalent to:
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x2 = a2,1x1 +a2,3x3 +a2,4x4 +b2

x3 = a3,1x1 +a3,2x2 +a3,4x4 +b3 (A.5)

x4 = a4,1x1 +a4,2x2 +a4,3x3 +b4

As x1, ai , j and bi are known, equation A.5 is a system of 3 equations with 3 unknowns. Equation A.5 is
equivalent to:

x2

x3

x4

=
 0 a2,3 a2,4

a3,2 0 a3,4

a4,2 a4,3 0

 ·
x2

x3

x4

+
b2 +a2,1x1

b3 +a3,1x1

b4 +a4,1x1

 (A.6)

This Multiple Linear Regression System (MLRS) can be solved.

General case The previous example (4 variables and choosing the first one as design variable) can be gen-
eralized. Considering a surrogate model with n variables, with the chosen explanatory variable k ∈ [1,n]:

X =

x1
...

xn


︸ ︷︷ ︸

n×1

A =

 0 a1,n

. . .
an,1 0


︸ ︷︷ ︸

n×n

B =

b1
...

bn


︸ ︷︷ ︸

n×1

(A.7)

The surrogate model generated is a set of n MLR equations:

X = A ·X +B ⇒ (In − A) ·X = B (A.8)

The row k of the chosen explanatory variable is removed and A ·X is subtracted from equation A.8. Then,
the last step is to solve the linear matrix equation A′X = B ′, with:

X =

x1
...

xn


︸ ︷︷ ︸

(n−1)×1

A′ =

 1 −a1,n

. . .
−an,1 1


︸ ︷︷ ︸

(n−1)×(n−1)

B ′ =

b1 +a1,k xk
...

bn +an,k xk


︸ ︷︷ ︸

(n−1)×1

(A.9)

Material surrogate model
To create a material surrogate model, 12 material properties need to be modeled from one property. Most of
the material properties (such as the strengths shown in figure A.1) vary linearly with one another, in which
case the MLRS methodology presented in the previous subsection can be used. Other material properties
(such as the cost and mass density) depend on the material type (aluminium, steel, bronze, titanium).

Table A.1 summarizes which material characteristics can be modeled, either with a MLRS or with a simple
if-then rule (e.g., material_type = aluminium, then ρ = 2700 kg /m3)

Discussions
The surrogate material has been implemented in the Hinge Generator with the SurrogateMaterial class, a
subclass of Material. The listing A.1 gives an example of a surrogate material definition. However, it has not
been implemented in an optimization algorithm.

1 x1 = 430
2 x2 = ’aluminium ’
3 x_material = SurrogateMaterial ( des_vars ={ ’ uts ’ : x1 , ’ material_type ’ : x2 } )
4 print ( x_material . yts )
5 >> 421.5

Listing A.1: Implementation of the surrogate material methodology in the Hinge Generator. The SurrogateMaterial can easily be
used in an optimization by setting two design variables x1 and x2.
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Characteristic Given by Used for Model type

Material type x1 TH3582 Explanatory variable 1
Ultimate tensile strength x2 SM123, TH3582, HSB Explanatory variable 2
Ultimate shear strength x2 TH3582, HSB MLRS
Yield tensile strength x2 SM123, TH3582, HSB MLRS
Yield compressive strength x2 HSB MLRS
Bearing ultimate strength (b_us_15) x2 TH3582 MLRS
Bearing ultimate strength (b_us_20) x2 TH3582 MLRS
Ultimate compressive strength uts HSB Fokker rule
Yield shear strength ycs, yts HSB Fokker rule
Young modulus x1 SM123 If-then
Elongation at failure x1, x2 SM123 MLRS
Density x1 weight evaluation If-then
Cost density x1 cost evaluation If-then

Table A.1: Summary of the material surrogate model. The 11 material properties can be modeled from two parameters: the material type
and the ultimate tensile strength.
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Figure A.2: Linear regressions on the strengths in [MPa] of the materials considered for the optimization. This figure corresponds to the
case where the material type (indicated by the color legend in figure A.1) is not given and the linear regression is done considering all the
materials.

Although the results cannot be discussed, this method would certainly be a useful heuristic to speed up
the material search process during an optimization.
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