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Deutsche Zusammenfassung

Die Entwicklung humanoider Roboter stellt eine komplexe, herausfordernde
und zeitaufwendige Aufgabe dar, die interdisziplinäres Expertenwissen erfor-
dert. Roboterentwickler erlangen einen Großteil dieses Wissens durch Erfah-
rung. Eine große Herausforderung ist es jedoch, dieses Wissen an Nachfol-
ger weiterzugeben. Obwohl Methoden des Wissensmanagements und der Pro-
duktentwicklung in vielen Bereichen wie der Automobilindustrie immer mehr
verwendet werden, gibt es in der Robotik noch keinen systematischen Ansatz,
der den Entwurf von Robotern durch das Zurückgreifen auf vorhandenes Ex-
pertenwissen vereinfacht.

Ziel dieser Arbeit ist es daher, Expertenwissen zur mechatronischen Entwick-
lung von Roboterkomponenten zu konservieren, um es zum Entwurf zukünf-
tiger humanoider Roboter wiederzuverwenden. Dazu wird ein systematischer
Ansatz vorgestellt, der Expertenwissen durch Methoden der künstlichen Intel-
ligenz nutzbar macht. Der Ansatz lässt sich in drei aufeinanderfolgende Schrit-
te unterteilen. Im ersten Schritt wird Wissen durch die Konstruktion und Ana-
lyse von Komponenten für humanoide Roboter gewonnen. Dieses Wissen wird
im zweiten Schritt formalisiert und in Form einer ontologischen Wissensbasis
gespeichert. Im letzten Schritt wird diese Wissensbasis zur Erstellung eines Ex-
pertensystems genutzt, das den Entwicklungsprozess zukünftiger humanoider
Roboter unterstützt indem es Lösungsvorschläge für den Entwurf liefert.

Die ersten beiden Kernbeiträge dieser Arbeit, die Formalisierung von Experten-
wissen und die Entwicklung eines Expertensystems zur Unterstützung beim Ent-
wurf humanoider Roboter ergeben sich aus dem beschriebenen Ansatz. Der dritte
Kernbeitrag beschreibt die Evaluierung des Ansatzes am Beispiel von ARMAR-6,
einem kollaborativen humanoiden Roboter. Diese Kernbeiträge werden im Fol-
genden genauer beschrieben.

Formalisierung von Expertenwissen zum Entwurf humanoider Roboter

Der erste Beitrag dieser Arbeit ist ein neuer Formalisierungsprozess. Ziel die-
ses Prozesses ist es, Entwurfswissen so zu formalisieren, dass es als Wissensba-
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sis eines Expertensystems dienen kann. Roboterentwickler gewinnen Wissen,
indem sie Roboterkomponenten entwickeln und diese sowie verwandte Arbei-
ten analysieren. Basierend auf dieser Analyse wird eine Roboterkomponente in
Form eines gerichteten azyklischen Graphen modelliert. Der Graph beschreibt
den hierarchischen Aufbau der Roboterkomponente als Kombination von Teil-
systemen, die wiederum selbst aus Teilsystemen bestehen. Eine Roboterkom-
ponente wird auf diese Weise bis hin zu Platzhaltern für Katalogkomponenten
hierarchisch modelliert. Verschiedene Lösungsprinzipien und Optionen wer-
den durch zusätzliche Knoten dargestellt. Anschließend wird aus dem Gra-
phen eine Ontologie abgeleitet, die den Aufbau der Roboterkomponente be-
schreibt. Wissen zu existierenden Katalogkomponenten wird durch eine wei-
tere Ontologie repräsentiert, die neben physikalischen Daten des Herstellers
auch hierarchische Verbindungen sowie Kompatibilitäten zwischen den Kom-
ponenten berücksichtigt. Ein parametrisierter Regelsatz beschreibt die Berech-
nung der Eigenschaften von Teillösungen in Abhängigkeit von den konkre-
ten Katalogkomponentendaten. Außerdem definiert er, wann Anforderungen
erfüllt sind.

Expertensystem zur Unterstützung beim Entwurf humanoider Roboter

Der zweite Beitrag dieser Arbeit ist ein Expertensystem, das den Entwurf hu-
manoider Roboterkomponenten unterstützt. Die aus dem Formalisierungspro-
zess resultierenden Ontologien und Regeln bilden zusammen die Wissensba-
sis des Expertensystems, dessen weitere Komponenten eine Inferenzmaschine
und eine Benutzerschnittstelle sind. Der Nutzer startet durch die Eingabe von
Anforderungen einen mehrstufigen Schlussfolgerungsprozess, durch den auf
Grundlage der Wissensbasis Entwurfslösungen in einem Bottom-Up-Ansatz
generiert werden. Entsprechend des Graphen der Roboterkomponente werden
zunächst Teillösungen gebildet, indem Katalogkomponenten und Lösungsprin-
zipien kombiniert werden. Danach werden die Eigenschaften der Teillösungen
berechnet und mit den Anforderungen verglichen. Teillösungen, welche die
Anforderungen nicht erfüllen, werden verworfen. Alle verbliebenen Teillösun-
gen werden mit anderen Teillösungen kombiniert bis vollständige, anforde-
rungsgerechte Entwurfslösungen entstehen. Die resultierenden Entwurfslösun-
gen umfassen alle nötigen Katalogkomponenten, die gewählten Lösungsprin-
zipien und die berechneten Eigenschaften der Kombination. Sie werden dem
Nutzer über die Benutzerschnittstelle visualisiert und können sowohl nach ein-
zelnen Leistungsanforderungen als auch nach gewichteten Optimierungsfunk-
tionen angeordnet werden.
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Evaluierung am Beispiel von Komponenten für ARMAR-6

Der dritte Beitrag ist die Evaluierung des Ansatzes am Beispiel von Komponen-
ten für ARMAR-6, einem kollaborativen humanoiden Roboter für industrielle
Umgebungen. Dies beinhaltet die Entwicklung von mechatronischen Kompo-
nenten für ARMAR-6, insbesondere hochintegrierten Sensor-Aktor-Controller-
Einheiten (SAC-Einheiten) für Robotergelenke. Die SAC-Einheiten sind neben
den Roboterhänden die ARMAR-6-Komponenten mit dem höchsten Integrati-
onsgrad, was ihre Entwicklung besonders herausfordernd macht. Daher die-
nen sowohl die SAC-Einheiten als auch die Roboterhände als Fallstudien, um
den in dieser Arbeit vorgestellten Ansatz zu evaluieren. In beiden Fallstudi-
en wird das Wissen zum Entwurf der Roboterkomponente formalisiert und
in ein Expertensysteme integriert. Es wird demonstriert, dass das Experten-
system existierende Roboterkomponenten reproduzieren, optimieren und ska-
lieren kann. Außerdem wird gezeigt, dass das Expertensystem Lösungen für
Neuentwicklungen generieren kann, indem es Lösungsprinzipien und Kata-
logkomponenten neu kombiniert.
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Chapter 1. Introduction

1. Introduction

The development of humanoid robots is a time-consuming, complex and chal-
lenging task. In order to create versatile humanoid robots, it is not only nec-
essary to implement intelligent behavior, but also to design high-performance
hardware components.

One of the greatest challenges in the design of humanoid robots is to build
technical systems that have both human-like capabilities and human-like ap-
pearance. Due to this goal, the development of highly integrated robot com-
ponents is necessary. Various, mostly mechatronic, subcomponents have to be
combined in a very limited space, each with its own interfaces and installation
constraints. The consequence of the resulting dependencies is that selection
and arrangement of the subcomponents cannot be performed separately if an
optimal result is to be achieved. Another challenge are the many, often conflict-
ing requirements, such as high mechanical performance at low weight, which
require the robot developers to find suitable trade-offs. As a result, the mecha-
tronic design of humanoid robot components requires both procedural knowledge
on systematic design and domain-specific expert knowledge.

Procedural knowledge for the systematic development of technical systems is pro-
vided through product development methodology and systems engineering.
The provided instructions, tools and models are typically used in large com-
panies or for complex projects in interdisciplinary domains with many differ-
ent people involved, such as space research. However, without the necessary
domain-specific expert knowledge, such systematic procedures cannot be used
(Pahl et al., 2007).

Domain-specific expert knowledge is largely gained through experience and bound
to individuals, the experts. Often, these experts have difficulties in passing on
detailed knowledge to successors without gaps. As a result, there is a risk that
knowledge is lost partially or completely. In the worst case, new developments
have to be started from scratch. Research in the field of artificial intelligence
investigates the question of how domain-specific expert knowledge can be rep-
resented and used through reasoning. To this end, expert systems have been de-
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Chapter 1. Introduction

veloped since the 1960s. These programs are based on thought processes and
specific domain knowledge of experts and serve to support users in solving
problems (Görz, 1993).

Although methods of knowledge management and product development are
becoming increasingly common in the automotive industry and other areas,
there is still no systematic approach that supports the design of highly inte-
grated humanoid robot components by using existing expert knowledge.

1.1. Problem Statement

This thesis addresses the following research question:

How can expert knowledge on the design of humanoid robot components
be preserved in order to support future developments?

To this end, a systematic approach has to be developed that formalizes expert
knowledge gained in the design process of humanoid robots and makes it us-
able through an expert system. To start the expert system, the user defines
technical requirements, which are decomposed and assigned to elements of the
system model. Based on this, potential solution principles and subcomponents
are evaluated and combined so that the expert system can generate valid over-
all solutions that are presented to the user.

The expert system should support a large part of the robot design process. In
the case of NASA Systems Engineering (Kapurch, 2010), this encompasses tech-
nical requirement definition, logical decomposition and design solution defini-
tion (Figure 1.1). As a result, robot design should be significantly simplified for
both novices and experts. Since humanoid robots represent highly integrated
mechatronic systems whose components are arranged in a limited construction
space, the approach must allow a high level of detail up to existing catalog com-
ponents. Thus, it is not only necessary that the approach is based on existing
catalog components, but that it also considers their installation requirements,
dependencies and other constraints.

Stakeholder
Expectations

Technical
Requirements

Logical
Decomposition

Design
Solution

1 2 3 4

Figure 1.1.: Steps of the design phase based on Kapurch (2010).
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Figure 1.2.: Overview of the approach presented in this thesis, which allows to for-
malize design knowledge about humanoid robot components and make it
usable as part of an expert system that supports future developments.

1.2. Contributions

The thesis presents a novel approach that supports the systematic design of
humanoid robots (Figure 1.2). Design knowledge gained from the development
of humanoid robots and system analysis is formalized and stored in an onto-
logical knowledge base. This knowledge base is part of an expert system that
generates design solutions for robot components based on user requirements.
The described approach is evaluated using the example of components for the
humanoid robot ARMAR-6. The resulting contributions of this thesis can be
structured into three parts, which can be summarized as follows.

Formalization of Expert Knowledge on Humanoid Robot Design: The first
contribution of this thesis is a novel formalization process that describes how
design knowledge on humanoid robot components can be stored in an onto-
logical knowledge base that allows for automated reasoning. It starts with the
acquisition of design knowledge. Robot developers gain this knowledge by
designing humanoid robot components and analyzing related work. Based on
system analyses, specific models are built for each robot component that serves
as knowledge source. From these specific models a generalized model of the
robot component type is induced, which is represented by a directed acyclic
graph. The graph describes the hierarchical structure of the robot component

3



Chapter 1. Introduction

as a combination of subsystems, which themselves consist of subsystems. Thus,
a robot component is modeled hierarchically from the overall system down to
placeholders for catalog components. Different solution principles are repre-
sented by additional nodes and paths. An ontology is then derived from the
graph, which describes the structure of the robot component. Knowledge about
existing catalog components is stored in another ontology, which considers not
only physical data provided by the manufacturer but also hierarchical relation-
ships and compatibilities between the components. A parameterized rule set
describes the calculation of the properties of partial solutions depending on the
concrete data of the catalog components. It also defines when requirements are
satisfied.

Expert System to Support the Design of Humanoid Robot Components: The
second contribution of this thesis is an expert system that supports the design
of humanoid robot components based on the formalized expert knowledge.
The ontologies and the rule set form the knowledge base of the expert system.
Further components of the expert system are an inference engine and a user
interface. By entering requirements, the system starts a multi-stage reasoning
process in which design solutions are generated in a bottom-up approach based
on the knowledge base. According to the graph describing the robot compo-
nent, first partial solutions are created by combining existing catalog compo-
nents and solution principles. The properties of the partial solutions are then
calculated and compared to the requirements and constraints. Partial solutions
that do not meet the requirements or constraints are discarded. All remain-
ing partial solutions are combined with other partial solutions in a bottom-up
approach until complete, valid design solutions for a robot component type
are created. The resulting design solutions include all necessary catalog com-
ponents, the selected solution principles and the calculated properties of the
combination. They are visualized via the user interface and can be evaluated
according to both single performance requirements and weighted optimiza-
tion functions. Compared to related work in the field of automated robotic
and mechatronic design, this approach has a high level of detail. Catalog com-
ponents are automatically selected and arranged, without the usual simplifi-
cations such as the use of modules or the use of only a single parameterized
solution.

Evaluation Using the Example of the Humanoid Robot ARMAR-6: The third
contribution of the thesis is the evaluation of the approach using the example of
components for ARMAR-6, a collaborative humanoid robot for industrial envi-
ronments (Figure 1.3). This includes the design of mechatronic components for
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Figure 1.3.: Components of the humanoid robot ARMAR-6 (left) are used to evaluate
the approach: SAC units for robot joints (middle) and robotic hands (right).
Source (from left to right): (Asfour et al., 2019b) © 2019 IEEE, (Rader et al.,
2017) © 2017 IEEE, (Asfour et al., 2018) © 2015 IEEE.

ARMAR-6, most notably sensor-actuator-controller (SAC) units for robot joints.
In comparison to related work, the SAC units are characterized by a high de-
gree of integration of subcomponents and functionalities. As this also makes
them the mechatronic components of ARMAR-6 with the highest degree of in-
tegration, they are used as a case study to evaluate the approach presented in
this thesis. To demonstrate that the approach can be used for a wide range of
robot components, robotic and prosthetic hands serve as a second case study.
In both case studies, the design knowledge is formalized and integrated into
an expert system. The evaluation shows that the expert systems can reproduce,
optimize and scale existing robot components. Furthermore, it is demonstrated
that the expert systems can also be used for the generation of novel designs by
combining solution principles and catalog components in a novel way.

1.3. Structure of the Thesis

This thesis is divided into six chapters.

Chapter 2 presents fundamentals of (1) systematic design methodology as well
as (2) knowledge representation and reasoning, two research fields that are
combined by the approach presented in this thesis. In particular, classical prod-
uct development, systems engineering, expert systems and ontologies as well
as other knowledge representation techniques are introduced. In addition, re-
lated work on automated design of robotic and mechatronic systems as well as
rotary sensor-actuator units for robot joints is presented and compared.

Chapter 3 introduces the first and second step of the approach, (1) the de-
sign knowledge acquisition and (2) its formalization. It is discussed how expert
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knowledge can be gained by designing humanoid robot components and by
analyzing related work. Furthermore, it is described which knowledge has to
be gained by system analysis to perform the formalization process. The for-
malization process is then explained step by step. It is described how design
knowledge is used to create specific models, on the basis of which a generalized
model for a robot component type is developed. Subsequently, it is explained
how this generalized model can be represented by ontologies and rules to cre-
ate a modular ontological knowledge base for expert systems. In this context it
is also motivated why ontologies are a suitable form of knowledge representa-
tion.

Chapter 4 presents the third and last step of the approach, the development of
an expert system that supports the design of humanoid robot components. Since
the ontological knowledge base is already described in chapter 3, the two other
components of the expert system architecture are described in this section: The
inference engine and the user interface. This includes a description of a novel
multi-stage reasoning procedure, a runtime analysis and a description of the
rating functions to evaluate design solutions.

Chapter 5 presents the evaluation of the approach using the example of compo-
nents for the humanoid robot ARMAR-6. First, the overall design of ARMAR-6
is presented. Thereafter, the two robot components with the highest degree of
integration, the SAC units and robotic hands, serve as case studies to evaluate
the approach presented in this thesis. For both case studies it is shown how
design knowledge can be formalized to develop an expert system. To demon-
strate the capabilities of these expert systems, existing units are reproduced,
optimized and scaled as well as novel designs are generated.

Chapter 6 serves as a conclusion to this thesis. It summarizes the contributions,
discusses its limitations and presents possibilities for future work.
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2. Fundamentals and Related Work

This section presents fundamentals of (1) systematic design methodology as
well as (2) knowledge representation and reasoning, two research fields which
are combined by the approach presented in this work. Firstly, guidelines for
the systematic design of technical systems, classical product development and
systems engineering are described. Secondly, fundamentals from knowledge
representation and reasoning are explained, a subfield of artificial intelligence.
In particular, these include expert systems and knowledge representation tech-
niques such as ontologies.

Thereafter, related work in the field of automated design of mechatronic and
robotic systems is presented and categorized. Here, the focus is on expert sys-
tems and other knowledge-based systems that support detailed design. Fur-
thermore, related work on sensor-actuator units for robot joints is presented
to show the comparatively high degree of integration of the SAC units, which
serve as a case study for the approach presented in this thesis.

2.1. Product Development and Systems
Engineering

Product development and systems engineering both serve to provide guide-
lines, tools and methods to systematically support the design process. In the
following, the fundamentals from both areas are described, as well as morpho-
logical analysis, a popular creativity method adapted for this work.

2.1.1. Types of Design Tasks

Depending on the novelty of a product, Pahl et al. (2007) distinguish between
three different types of design tasks.

• Original design: New tasks and problems are solved either by new com-
binations of known solution principles or by inventing new technology.

7
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• Adaptive design: The solution principles remain unchanged. Only the
embodiment is adapted to new requirements and constraints.

• Variant design: Size and arrangement of the subcomponents are varied
within already designed product structures. Variant designs are typical
for product series and modular systems

Most design tasks are adaptive or variant designs, which however are not nec-
essarily less challenging than original designs (Pahl et al., 2007).

2.1.2. Product Development Process

Designers of technical systems have a significant responsibility in terms of tech-
nical and commercial properties of a product. In order to assist them in an effi-
cient product development process, various systematic design procedures have
been developed. A distinction can be made between design sciences, which use
methods for the analysis of technical systems, and design methodologies, which
describe a concrete course of action (Pahl et al., 2007).

Main Phases of the Planning and Design Process

One of the most prominent design methodologies is presented by Pahl et al.
(2007). Their activity plan shares similarities with the German VDI Guidelines
2221 and 2222 and provides a description of the work flow during the design
process, focusing on mechanical engineering. Pahl et al. (2007) divide the plan-
ning and design process into four main phases:

I Planning and Task Clarification: In this phase, the task is clarified in detail
by collecting information about the requirements to be met. The result is a
requirements list that serves as a specification of the design.

II Conceptual Design: In the conceptual design phase, principle solutions are
determined based on the requirements list. To this end, essential prob-
lems are identified and function structures are established. The designer
searches for suitable solution principles (also called working principles) and
combines them into concept variants. These variants are then first filtered
for satisfying the requirements and second evaluated on the basis of tech-
nical and economic criteria. It is possible that the result of this phase is not
only one but several principle solutions1 and that the decision about which
principle solution is best can only be made on a more detailed level.

1Please note the difference between solution principles and principle solutions. Principle so-
lutions are a combination of solution principles.
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III Embodiment Design: Starting from principle solutions, the designer de-
termines the construction structure, the definitive overall layout of the sys-
tem. For this purpose, layouts are refined and improved successively. The
embodiment phase can be divided into two subphases, (1) the development
and (2) the definition of the design structure. The result of the development
subphase are the preliminary layouts. It is often necessary to create several
preliminary layouts in order to obtain more information about the advan-
tages and disadvantages of the individual variants. The development of
a preliminary layout includes preliminary form design, material selection
and calculation. Based on this more detailed information, it is possible to
refine the evaluation with regard to technical and economic criteria and
to select the best preliminary layouts. In order to obtain the definitive lay-
out, weak points are eliminated, often by combining different variants. The
definitive layout allows checking for functionalities, spatial compatibility,
costs, strength and other requirements.

IV Detail Design: The arrangement, dimensions, forms, materials, costs, pro-
duction possibilities and other properties of all individual parts of the sys-
tem are finally determined. The result of this final phase is the solution
as well as the corresponding product documentation that includes drawings
and other production documents.

Table 2.1.: General procedure for development and design according to VDI 2221.
The phases (I-IV) correspond to the main phases used by Pahl et al. (2007).

Stage Description Results Phases
1 Clarify and define the task Specification I
2 Determine functions and their

structure
Function structures II

3 Search for solution principles
and their combinations

Principle solutions II

4 Divide into realizable modules Module structures II, III
5 Develop layout of key modules Preliminary layouts III
6 Complete overall layout Definitive layout III
7 Prepare product and operating

instructions
Product documentation IV

9
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VDI 2221 Guideline

The VDI guideline 2221 describes a systematic approach to the development
and design of technical systems and products (VDI, 1993). Starting from a
given task, the general procedure encompasses seven stages, from which seven
corresponding work results are derived (Table 2.1). The seven stages can be
assigned to four main phases (I-IV). For mechanical systems, they correspond
to the main phases used by Pahl et al. (2007). Besides the division of the con-
ceptual and embodiment design into several stages with corresponding work
results, the biggest difference lies in the explicitly mentioned modularization
(stage 4 and 5). In this context, modularization does not necessarily mean
that the system can only consist of independent hardware modules. Rather,
in stage 4, a division into groups or parts which are decisive for the later design
should take place. In stage 5, these decisive modules are designed. They serve
as a starting-point for the design of the definitive layout (stage 6).

2.1.3. NASA Systems Engineering

Systems engineering (SE) is an interdisciplinary and methodical approach to
support the design, realization and technical management of complex technical
systems. In terms of interdisciplinarity and scope, it goes further than classical
product development. System means a collection of various elements which
are required for the realization of the product. Elements are therefore not only
hardware and software, but also people, institutions, policies and documents
(Kapurch, 2010).

NASA Systems Engineering describes 17 common technical processes and di-
vides them into three sets (Kapurch, 2010):

• System Design Processes (1-4): Starting from stakeholder expectations,
technical requirements are generated and converted into a design solu-
tion. These processes are applied to every product of the system structure,
starting from the top level and ending at the bottom level. The bottom
level is reached when parts can be built, purchased or reused.

• Product Realization Processes (5-9): Starting from the bottom level, the
product realization processes are applied to all products of the system
structure. This includes the implementation and integration of the indi-
vidual parts, but also evaluation processes and the product transition to
the next hierarchy level.

10
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• Technical Management Processes (10-17): These processes are the link
between the management and the technical team. Technical plans for
the project are created, communication interfaces are managed and the
progress of plans or requirements is assessed.

Since the procedure for the development of technical systems is particularly
relevant for this work, the system design processes are described in detail in
the following.

System Design Processes

System design is divided into four processes (Kapurch, 2010):

1. Stakeholder Expectations Definition: This is the initial process within
SE. Its main purpose is the identification of the stakeholders and how
they want to use the product to be designed. Typical outputs are top-
level requirements and expectations as well as descriptions of the system
from an operational perspective.

2. Technical Requirements Definition: This process transforms the stake-
holder expectations into a set of technical requirements that represent
a complete description of the problem. The technical requirements are
used for defining a design solution in the product breakdown structure
model. Another output are technical measures to assess product effec-
tiveness and customer satisfaction. The technical requirements definition
is a recursive and iterative process.

3. Logical Decomposition: Taking technical requirements and measures as
input, detailed functional requirements are created in the logical decom-
position process. In the process, functional analysis is used to create a
system architecture. Requirements are decomposed and allocated to the
lowest level selected. In addition to the system architecture model, the
end product requirements are an output of this process.

4. Design Solution Definition: This process is used to transform the tech-
nical requirements and logical decomposition models into a design so-
lution. First, alternative solutions are formed and analyzed by detailed
trading studies. Based on these results, a preferred alternative is selected
and fully defined to obtain a final design solution that satisfies all require-
ments. Results of the design solution definition are specifications and
plans for the product realization processes.

11
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Compared to classical product development described by VDI (1993) and Pahl
et al. (2007), the system design processes of NASA Systems Engineering focus
more on the conceptual phase. This can be explained by the fact that the inter-
disciplinarity and complexity of typical Systems Engineering projects requires
a more elaborate description of the problem. Of particular importance are re-
quirements that have to be defined, decomposed and allocated.

Requirements: Types, Decomposition and Allocation

Kapurch (2010) distinguishes between different technical requirements, of which
the most important types are:

• Functional Requirements: They define what functions have to be fulfilled
in order to achieve the goals during the product’s entire lifetime.

• Performance Requirements: They define how well these functions have to
be performed. If possible, these quantitative requirements should be de-
fined as threshold values and baseline levels of the desired performance.

• Interface Requirements: They define the external interfaces between the
system boundaries and its environment.

During the technical requirements definition process, requirements are hierarchi-
cally structured. First, high-level requirements are decomposed into functional
and performance requirements and assigned across the system. These require-
ments are then further decomposed and allocated to subsystems and system el-
ements until a complete set of requirements is achieved. The derivation and al-
location of technical requirements is part of an iterative design loop and closely
related to the system architecture model defined in the logical decomposition pro-
cess. It is completed when the functional and performance analysis of the design
solution definition process confirms that sufficient depth has been achieved. This
results in recursive links between the four system design processes.

SysML

In the following, the Systems Modeling Language (SysML) is described, based
on the book “SysML Distilled: A Brief Guide to the Systems Modeling Language”
(Delligatti, 2014). SysML is a graphical modeling language for systems engi-
neering applications. It is based on a subset of the Unified Modelling Language
(UML) and extends it with systems engineering capabilities. The grammar and
notations for SysML are defined in a standard specification published by object
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Figure 2.1.: SysML Block Definition Diagram (BDD) of the electrical power subsystem
of a satellite, based on Delligatti (2014).

management group (OMG). SysML provides the means to communicate and
visualize important aspects of a system design such as structure, behavior and
requirements. In particular, SysML features different diagrams types.

Block definition diagrams (BDD) are the most common type of SysML dia-
grams and used to visualize system hierarchy and classification trees. An ex-
ample for a block diagram that visualizes the electrical power subsystem of a
satellite is given in Figure 2.1. Block diagrams consist of entities and relation-
ships between them.

Blocks, the most important elements in BDD, can model any type of entity in
the system. They are visualized by rectangles and can display optional com-
partments such as part properties, reference properties, value properties, con-
straint properties or operations. Figure 2.1 displays the blocks Electrical Power
System, Power Source, Distribution Bus, Solar Panel, Fuel Cell and Radioisotope
Thermoelectric Generator. The block Electrical Power Subsystem has a value prop-
erty with the name powerOutput and the type W (Watt).

Relationships between the blocks are visualized by lines. A solid line with a
solid diamond expresses a special kind of relationship, a composite associa-
tion: An instance of a composite is made up of instances of its parts. Multiplic-
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ities of blocks in these relationships are optionally expressed by small numbers
near the corresponding blocks. For example, an instance of Electrical Power Sub-
system (composite) consists of one or two instances of Power Source (part) and
exactly one instance of Distribution Bus (part). Another important relationship
between two elements are generalizations: They convey inheritance between a
more generalized element, the supertype, and a more specialized element, the
subtype. Generalizations are visualized by a solid line with a hollow triangle as
arrowhead on the end of the supertype. In the presented example, Solar Panel,
Fuel Cell and Radioisotope Thermoelectric Generator are subtypes of the supertype
Power Source.

For a more detailed description of SysML please refer to Delligatti (2014).

2.1.4. Morphological Analysis

Morphological analysis is a heuristic idea generation method, introduced by
Fritz Zwicky (1948). Core of the morphological analysis is the creation of a
morphological box, also known as morphological matrix or Zwicky box. The basic
idea is to use a classification scheme to develop overall solutions through sys-
tematic combination. The procedure for creating and using a morphological
box is as follows:

1. The problem is precisely formulated.

2. The relevant parameters for the problem are determined. The parameters
should be independent of each other.

3. For every parameter, all possible characteristics are determined and en-
tered in the row of a matrix: the morphological box.

4. Overall solutions are built by combining the parameters systematically:
Exactly one characteristic is selected for each parameter, i.e. one entry
in each row of the matrix. Zwicky and Wilson (1967) propose to build,
analyze and evaluate every solution contained in the morphological box.

5. Finally, the best solutions are selected and realized. Zwicky and Wilson
(1967) suggest an additional morphological analysis for the practical ap-
plication.

Although morphological analysis has already been used in various fields, it is
especially popular for engineering design. This can be explained by the large
number of variables that have to be taken into account for technical problems
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Figure 2.2.: Example for a morphological box that allows to combine solution princi-
ples for different subfunctions to find concept variants.

(Álvarez and Ritchey, 2015). Especially in the conceptual design phase of the de-
sign process (subsection 2.1.2), morphological analysis has proven to be par-
ticularly useful (Pahl et al., 2007). As shown in Figure 2.2, the combination
of solution principles into concept variants can be conducted with the help of
a morphological box. Here subfunctions correspond to parameters and solution
principles correspond to characteristics. However, morphological analysis can
also be used during the embodiment design phase to combine subsolutions, com-
ponents or assemblies (Pahl et al., 2007).

A drawback of morphological analysis is that it is not always possible to manu-
ally analyze and evaluate all theoretically possible overall solutions contained
in a morphological box. For n parameters and mi possible characteristics for
parameter i, step 4 of the procedure results in

∏n
i=1mi combinations that are all

theoretically possible overall solutions. Therefore, in practical applications for
problems with many parameters and characteristics, often only a few overall
solutions are intuitively selected by the user (Ritchey, 1998). Another possibil-
ity is to check the compatibility between characteristics of different parameters
and to automate the configuration and elimination process, thus conducting a
computerized morphological analysis (Eriksson and Ritchey, 2002).

15



Chapter 2. Fundamentals and Related Work

2.2. Expert Systems

An expert system is a computer program that is developed based on thought
processes and experience of experts in a specific domain to assist users in solv-
ing problems (Görz, 1993). Here, the goal is to reach or even surpass the quality
of human experts in problem solving. Further typical characteristics are enor-
mous quantities of domain-specific knowledge in minute detail and the use of
heuristics to reduce the solution space (Tripathi, 2011).

Expert systems are located in the field of artificial intelligence (AI). They emerged
in the late 1960s, after the first decade of AI research, when it became apparent
that general search mechanisms were too weak for problem solving (Russell
and Norvig, 2010). The main problems were poor performance for complex
domains as well as limited domain knowledge (Russell and Norvig, 2010). A
new approach to overcome these problems was presented by Buchanan et al.
(1968), who consulted chemists in the development of DENDRAL, a program
for inference of molecular structures based on mass spectrometer data. They
succeeded in representing the chemists’ expert knowledge in the form of rules.
Thus, DENDRAL became the first successful knowledge-intensive system. To-
day, it is considered one of the first expert systems besides MYCIN (Shortliffe,
1974), a rule-based system for the diagnosis of blood infections. Both systems
were developed at Stanford University by the “Heuristic Programming Project”
group led by Edward Feigenbaum (Russell and Norvig, 2010).

2.2.1. Applications

Expert systems are used to find solutions to various problems in different in-
dustries. Clancey (1985) presents a taxonomy that allows for categorizing ex-
pert systems according to problem domains. To this end, Clancey (1985) pro-
poses three main groups:

• Analysis problems

• Synthesis problems

• Problems combining analysis and synthesis

For example, the problem domain diagnosis is assigned to the main group of
analysis problems whereas design is assigned to the main group of synthesis prob-
lems (Table 2.2).

Besides the problem domain it is also possible to differentiate between appli-
cations of expert systems by industry. The study of Wagner (2017) indicates

16



Chapter 2. Fundamentals and Related Work

Table 2.2.: Taxonomy of problem domains of expert systems, based on Clancey (1985).

Analysis problems

• Classification Categorizing based on observables
• Debugging Prescribing remedies for malfunctions
• Diagnosis Inferring system malfunctions from observables
• Interpretation Inferring situation descriptions from sensor data

Synthesis problems

• Configuration Configuring collections of objects under con-
straints in relatively small search spaces

• Design Configuring collections of objects under con-
straints in relatively large search spaces

• Planning Designing actions
• Scheduling Planning with strong time and/or space con-

straints

Problems combining analysis and synthesis

• Command and control Ordering and governing overall system control
• Instruction Diagnosing, debugging and student behavior
• Monitoring Comparing observations to expected outcomes
• Prediction Inferring likely consequences of given situations
• Repair Executing plans to administer prescribed reme-

dies

that expert systems are strongest in the areas of medicine, manufacturing, ac-
counting services, banking and financial services. But also in the automotive
industry and more unusual areas such as aerospace, expert systems have their
applications. The study demonstrates that expert systems are used in very dif-
ferent industries for very different problems.

2.2.2. Architecture

Expert systems consist of several components that are logically linked and ful-
fill different tasks (Styczynski et al., 2017). The two major components are the
knowledge base and the inference engine. In current work, the user interface is
usually referred to as the third component. The classical architecture, as shown
in Figure 2.3, contains additional components. In other works on architectures
of expert systems, these additional components are not always listed because
they are combined with other components or are generally optional. For in-
stance, the explanation facility can be seen as part of the user interface.
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Figure 2.3.: Classical architecture of an expert system, based on Maher et al. (1984).

In the following, the classical components of expert systems illustrated in Fig-
ure 2.3 and the important human actors are described in more detail.

• Knowledge Base: The knowledge base contains the knowledge that is
used to understand, formulate and ultimately solve problems. It can con-
tain both facts and heuristic knowledge. The knowledge base is char-
acterized by the chosen knowledge representation techniques that make
the knowledge machine-readable. For instance, the knowledge base of
a rule-based expert system contains a set of IF-THEN rules. Knowledge
representation techniques are introduced in detail in subsection 2.2.3.

• Inference Engine (Inference Mechanism): The inference engine (also
called inference mechanism) controls the processing of the program and
provides a methodology for reasoning (Tripathi, 2011). Based on a user
request, it infers conclusions from the knowledge base. Knowledge rea-
soning techniques depend on the chosen knowledge representation and
are described in subsection 2.2.5.

• Context: The context is a collection of symbols and facts reflecting the pro-
gram’s current state and contains all information generated in the course
of the current program run (Maher et al., 1984). It is modified by the in-
ference engine.

• User Interface: The user interface facilitates communication between the
user and the expert system. For this purpose, it converts knowledge from
its internal representation to a user understandable form and vice versa
(Tripathi, 2011). Specifically, the user interface allows the input of data
based on which the inference engine performs reasoning. The inferred
solutions are then displayed via the user interface.

18



Chapter 2. Fundamentals and Related Work

• Explanation Facility: The explanation facility explains the expert sys-
tem’s actions and serves to share knowledge of the system with the user
(Tripathi, 2011).

• Knowledge Acquisition Facility: The knowledge acquisition facility is a
subsystem that helps to build the knowledge base. Problem-solving ex-
pertise has to be accumulated, transferred and transformed to a computer
program (Tripathi, 2011).

• Human Actors: Users are the target group that the system is intended to
serve. They can, but do not usually have to be experts to use the expert
system. Experts are needed to make their expertise available. They pro-
vide domain-specific knowledge for the knowledge base. This knowledge
can be entered either directly by the expert or by a knowledge engineer.
In the development of many expert systems, the domain expert and the
knowledge engineer are one and the same person (Wagner, 2017).

2.2.3. Knowledge Representation

In order to make knowledge machine-readable, it must be formalized (Jakus
et al., 2013). Davis et al. (1993) explain the concept of knowledge representation
by the five roles it plays:

1. Surrogate: It represents its counterpart in the real world.

2. Set of Ontological Commitment: It represents only a part of the real
thing.

3. Fragmentary Theory of Intelligent Reasoning: It is expressed by its con-
ception of intelligent reasoning and the set of inferences the representa-
tion sanctions as well as those it recommends.

4. Medium of Efficient Computation: In order to use a representation, it
must be possible to compute with it. As a consequence, computational
efficiency is of importance.

5. Medium of Human Expression: It is a medium to communicate with
machines and other humans.

With regard to the fifth role, natural language is the most widespread medium of
human expression, but difficult to use for computer systems (Jakus et al., 2013).
This is why in most cases, machine-readable formalisms are used to represent
knowledge in expert systems. The most commonly mentioned formalisms are
rules, semantic networks, frames and description logics. They are described
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in more detail in the following, along with other knowledge representation
techniques. Due to their importance for this work, ontologies are discussed
separately in the following subsection 2.2.4.

Rules

According to a study presented by Wagner (2017), rules are the most frequently
used knowledge representation technique for expert systems. Rules are condi-
tional declarations linking given conditions to actions (Abraham, 2005). If a rule
is satisfied, logical conclusions must be made and existing facts can be extended
or changed (Styczynski et al., 2017). The most commonly used rules, produc-
tion rules, are written in the form of IF-THEN rules. Examples for IF-THEN
rules are shown in Figure 2.4. The three rules listed describe the mapping of
high-level requirements (e. g. application spray painting) to a list of constraints
for the selection of possible robotic systems (Boubekri et al., 1991).

Figure 2.4.: Rule-based expert system for the selection of robot arms, using IF-THEN
rules. Source: (Boubekri et al., 1991) © 1991 Elsevier Science Ltd.

The example demonstrates that IF-THEN rules represent knowledge in a natu-
ral way that is easy to understand and needs no translation (Nagori and Trivedi,
2014). Another advantage of rule-based systems is the strict separation of the
knowledge base containing rules and the inference engine, which allows both
parts of the expert system to be updated independently of one another (Nagori
and Trivedi, 2014).

However, a single IF-THEN rule can only encode a small chunk of knowledge,
which results in a knowledge base with a large number of rules even for simple
problems (Maher et al., 1984). Domain knowledge is often represented by hun-
dreds of rules and when facts are changed by the effect of rules, all rules should
be re-examined to check whether they lead to a different conclusion (Styczyn-
ski et al., 2017). To overcome these problems, rules are often combined with
other knowledge representation techniques.
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By using predicate logic, IF-THEN rules can be recasted into Horn-clauses (Ma-
her et al., 1984). A Horn-clause is a set of literals with at most one unnegated
literal (Maher et al., 1984). The rule “If A and B and C then D” can be expressed
by clause 2.1 which is equivalent to Horn-clause 2.2.

A ∧B ∧ C ⇒ D (2.1)

¬A ∨ ¬B ∨ ¬C ∨D (2.2)

This mapping of IF-THEN rules allows for taking advantage of logical pro-
gramming.

Semantic Networks

Semantic networks are graphical structures that represent static world know-
ledge (Jakus et al., 2013). The nodes of the graph represent objects, the edges
represent the semantic binary relationships between the objects, e. g. “has”, “is
a” or “needs” (Styczynski et al., 2017).

Frames

Frames, first introduced by Minsky (1975), are structures inspired by the or-
ganization of the human memory. They build on semantic networks (Jakus
et al., 2013), but take a more object-oriented approach. Frames facilitate the
representation of the entire knowledge of objects described by different, spe-
cific properties (Styczynski et al., 2017). These properties are called slots and
may include information on the frame name, the relationship between frames,
a range of slot values, a default slot value and procedural knowledge (Nagori
and Trivedi, 2014). The instances of a concrete object are determined by the fact
that each slot is concretely assigned a value (Styczynski et al., 2017).

Description Logics

Description logics are a family of knowledge representation languages that
combine concept descriptions from their predecessors, semantic networks and
frames, with logic-based semantics (Baader et al., 2008). They use decidable
fragments of first order logic, but are more expressive than propositional logic.
As a result, description logics represent knowledge in a structured and formally
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easily comprehensible way (Baader et al., 2008). Furthermore, they have good
computational properties, resulting in efficient reasoning (Jakus et al., 2013).

Cases

In contrast to approaches using classical knowledge representations, case-based
reasoning (CBR) does not rely on general knowledge, but on specific know-
ledge of previously experienced cases (Aamodt and Plaza, 1994). In order to
solve a new problem, a similar older case is searched for, applied to the real
world environment and modified if necessary (Aamodt and Plaza, 1994). In
order to make use of the gained experience for future developments, the know-
ledge base is updated by modifying or adding new cases (Aamodt and Plaza,
1994).

Decision Trees

A decision tree represents a function that takes a vector of attributes as input
and returns a single output value, the decision, by performing a series of tests
(Russell and Norvig, 2010). The inner nodes of the tree represent these tests,
edges correspond to possible attributes, e. g. true and false (Russell and Norvig,
2010). Figure 2.5 illustrates the principle of a decision tree used by an expert
system to test all robots in the knowledge base for meeting requirements.

Figure 2.5.: Expert system for robot selection, using a decision tree.
Source: (Keller et al., 2016) © 2016 IEEE.
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Uncertainty

In order to take human uncertainty and vagueness into account, fuzzy logic
and Bayesian networks, are used for knowledge representation.

Fuzzy Logic is an extension of the traditional logical systems (Jakus et al., 2013).
It is a many-valued logic that has properties aiming at modeling the vagueness
of natural language via a graded approach (Novák et al., 1999). Each value is
not necessarily true (1) or false (0), but rather represented by a number between
0 and 1.

An alternative to fuzzy logics are Bayesian networks, also known as belief net-
works. They are probabilistic directed acyclic graph (DAG) models (Russell
and Norvig, 2010). Each node represents a random variable whereas the edges
represent probabilistic dependencies between the random variables (Ben-Gal,
2008). The estimation of these conditional dependencies is often based on sta-
tistical and computational methods (Ben-Gal, 2008).

Artificial Neuronal Networks

Artificial neuronal networks are not a classical knowledge representation for
expert systems. However, they can be combined with the other presented tech-
niques. An example for such a hybrid system is given by Yang et al. (2004). It
combines case-based reasoning with a neuronal network to enhance fault diag-
nosis.

2.2.4. Ontologies

The term ontology originates from philosophy, in which it describes the study
of “being qua being”, the furniture and entities of reality (Øhrstrøm et al., 2005).
In modern computer sciences, one of the most cited definitions originates from
Studer et al. (1998), who combined the definitions of Gruber (1993) and Borst
(1997): “An ontology is a formal, explicit specification of a shared conceptualiza-
tion.”

Ontologies define entities and their relations in a domain of interest. Entities
can be classes, instances of the classes (called individuals), properties and data
types. Similar to taxonomies, ontologies can be used to classify objects hier-
archically. However, they go much further and are not limited to a strict hi-
erarchy. They can include several taxonomies, allow for multiple inheritance
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and are able to describe relations between different concepts. Various lan-
guages have been developed to formalize ontologies. The most widely used
are the web ontology language OWL (Horrocks et al., 2003) and its successor
OWL2 (Grau et al., 2008). By using description logics, they combine the ad-
vantages of different representation techniques presented in subsection 2.2.3,
in particular semantic networks, frames and first order logics. Initially, rule-
based knowledge representation was an alternative to ontologies and widely
used for industrial application (Staab and Studer, 2004). In order to benefit
from the advantages of both knowledge representations, the Semantic Web Rule
Language SWRL (O’Connor et al., 2005) was developed, allowing the addition
of rules and Horn-clauses to the expressive power of OWL.

Ontology Components

Ontologies consist of different components. The most important components
in OWL are presented in the following (Horridge et al., 2004):

• Classes are the main building blocks of an OWL ontology. They are used
to define and categorize objects. Class hierarchies, also called taxonomies,
can be created by inheritance.

• Individuals are instances of OWL classes. Thus classes can also be inter-
preted as a set of individuals.

• Properties are used to describe binary relations between individuals and
other entities. A distinction is made between different kinds of properties:

– Object properties link an individual to an individual. For the spe-
cific individuals this is called an object assertion.

– Data properties relate an individual to a concrete data value. For a
specific individual and value this is called a data assertion.

Upper Ontologies

One of the most important goals of ontology engineering is to share knowledge
between different domains of discourse by combining ontologies. However,
due to the ambiguity of semantic expressions it is often difficult to match con-
cepts and relations. Upper Ontologies try to overcome this problem by defining
common frameworks for concepts with placeholders that allow adding new
knowledge for other domains (Russell and Norvig, 2016).
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Figure 2.6.: Basis taxonomy of the Suggested Upper Merged Ontology (SUMO).
Source: (IEEE Robotics and Automation Society, 2015) © 2015 IEEE.

An example for a commonly used Upper Ontology is the Suggested Upper
Merged Ontology (SUMO). It was developed by the IEEE Standard Upper On-
tology Working Group with the aim of developing “a standard upper ontology
that will promote data interoperability, information search and retrieval, automated
inferencing, and natural language processing” (Pease et al., 2002). Figure 2.6 il-
lustrates the basic SUMO taxonomy. Its main category is Entity, which can
be divided into Abstract and Physical concepts. Subcategories can be further
broken into subsubcategories such as Object or Process and so on. The general
terms defined in SUMO make it very easy to match it with new ontologies for
different domains.
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Ontologies for Robotics

The Core Ontology for Robotics and Automation (CORA) is a domain specific
upper ontology developed by a working group of the IEEE Robotics and Au-
tomation Society (2015) that aims to “provide a methodology for knowledge repre-
sentation and reasoning in robotics and automation”. CORA uses SUMO as up-
per ontology, which allows to describe new entities like Robot, ArtificialSystem,
RoboticSystem, PhysicalEnvironment and RoboticEnvironment by relations to cate-
gories defined in SUMO (Figure 2.7).

Figure 2.7.: Categories and relations defined in CORA to describe robotic systems
and environments. Source: (IEEE Robotics and Automation Society, 2015)
© 2015 IEEE.

In the field of service robotics, various ontologies have been developed (Haideg-
ger et al., 2013). However, few (Juarez et al., 2011; Ramos et al., 2017) describe
the design and embodiment of humanoid robots. Juarez et al. (2011) work on
an ontology, called RoboDB, to describe robotic embodiments such as body
segments and sensors. However, the authors have only reported a single pro-
totype implementation so far. Ramos et al. (2017) present the Automatic Design
of Robots Ontology (ADRO) that uses the upper ontologies CORA and SUMO.
It provides additional definitions on structural robot parts, robot actions, robot
types and relations between actions and structural parts. ADRO is part of a
computational system (Ramos et al., 2018) that aims for automated robot de-
sign (see subsection 2.3.4). With the help of ADRO, possible robot types can be
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derived from desired robot actions. However, by focusing on robot classifica-
tion and actions as well as by using a modular design approach, ADRO does
not provide much detail about mechatronic subcomponents.

2.2.5. Knowledge Reasoning

In order to support problem solving, expert systems have to derive conclusions
from the explicitly represented knowledge. According to Jakus et al. (2013), the
most common types of reasoning are:

• Deduction: A specific conclusion is derived from more general evidence.

• Induction: General conclusions are drawn from observations of specific
instances. Thus induction is the opposite of deduction.

• Abductive reasoning: Instead of certain conclusions, observations are ex-
plained or hypotheses are made.

• Analogical reasoning: Two concepts are compared in terms of a specific
detail and it is concluded that they may be alike in terms of others.

The reasoning technique used by expert systems depends essentially on the
knowledge representation. In the following, deductive reasoning for rule-based
and ontology-based expert systems is described in more detail.

Rule-Based Reasoning

For rule-based expert systems, a distinction can be made between forward chain-
ing and backward chaining when deducing new knowledge. Forward chaining is
a data-driven mode for evaluating IF THEN rules. Available parameters are in-
serted in the rules and in an iterative way, each rule will be checked. In the case
that the IF-part is fulfilled, the THEN-part will be executed. In contrast, back-
ward chaining starts with the goal and checks which rules have to be satisfied in
order to fulfill the goal. Consequently, backward chaining is goal-driven.

Ontological Reasoning

Considering ontologies, there are many different reasoners. Abburu (2012)
presents several popular reasoners, including Pellet (Sirin et al., 2007), Racer-
Pro (Haarslev et al., 2012) and FaCT++ (Tsarkov and Horrocks, 2006). Just as
with reasoning for rule-based systems, ontological reasoning also distinguishes
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between forward chaining and backward chaining. When forward chaining, the rea-
soner starts with known facts and derives valid inferences from them, while
when backward chaining, the reasoner starts from a query or particular fact and
searches for all valid solutions (Abburu, 2012).

A special form of ontological reasoning is presented by Šaša Bastinos and Krisper
(2013). They describe a multi-criteria decision making method that uses ontologies
to model a decision tree. The tree, which consist of hierarchically ordered crite-
ria to which different values can be assigned, structures the decision problem in
such a way that solutions are obtained through reasoning on the ontologies.

2.3. Automated Design of Robotic and
Mechatronic Systems

As discussed in subsection 2.2.1, expert systems can be used to assist users
during the design process. Nowadays, however, not all knowledge-based sys-
tems that support the design process are called expert systems. The bound-
aries between expert systems and automated design are fluid. Therefore, this
section presents not only the state-of-the-art on expert systems, but also similar
systems that support mechatronic and robot design. In supporting the design
process, a distinction can be made between systems that only support the con-
ceptual phase and those that also pursue detailed design with existing com-
ponents. The synthesis of robot morphologies with evolutionary algorithms is
another category that, unlike the other two, does not follow traditional design
approaches. Expert systems which support the user only during the selection
of complete robotic systems represent a fourth category.

As a result, this section presents expert systems and similar automated systems
to support the selection, conceptual design, detailed design or evolutionary
design of robotic and other complex mechatronic systems. The classification of
related work into these four main categories is illustrated in Figure 2.8. Since
this thesis presents an expert system to support the detailed mechatronic design
of humanoid robot components, the focus is on the comparison of the detailed
design approaches. The section concludes by comparing the different types of
knowledge representation used by the presented expert systems.
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Figure 2.8.: Related work in the field of automated design of robotic and mechatronic
systems. The diagram illustrates the approaches by categorizing them into
four main categories: Selection, Conceptual Design, Evolutionary Design
and Detailed Design.

2.3.1. Robot Selection

Robot selection can be seen as a subproblem of robot design. While in robot
selection the synthesis of subcomponents to a new system is missing, in both
activities the search for suitable solutions for different requirements is carried
out, resulting in a multi-criteria decision problem. For more than four decades,
different methods have been proposed to solve the problem of selecting an
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appropriate robot for a given industrial application (Koulouriotis and Ketipi,
2014).

There are various examples of expert systems that support industrial robot se-
lection (Agrawal et al., 1991; Boubekri et al., 1991; Karsak, 2007). Based on dif-
ferent key attributes, such as payload, reach, repeatability and configuration,
the expert systems conduct an elimination search to obtain appropriate indus-
trial robot solutions. In a second step, Agrawal et al. (1991) and Karsak (2007)
rank the remaining solutions, which fulfill the threshold, by normalizing the
attributes and taking user-given weights into account.

A comparatively novel expert system by Keller et al. (2016) assists in choosing
a suitable robot for human-robot interaction. After a comparison of different
knowledge representations, the authors chose a decision tree. The decision
tree is used to find suitable solutions from a knowledge base with collabora-
tive robots by testing a single attribute in each node. The important attributes
were determined by interviews with experts. The knowledge base comprises
21 robots from different manufacturers such as KUKA or Universal Robots.

Pham and Tacgin (1991) present a learning expert system for detailed selection
of commercial robot grippers in two stages: First it guides the user in choosing
the suitable gripper type. Second, specific grippers from commercial catalogs
are recommended. A noteworthy feature of this expert system is the use of
a Bayesian uncertainty handling technique for computing confidence values,
which are used to rank the proposed grippers. If the user agrees with the dis-
played results, the expert system takes this as a positive reinforcement of its
conclusions and modifies the confidence values accordingly.

2.3.2. Conceptual Design

Conceptual design comprises the early steps of the design process before em-
bodiment design (Subsection 2.1.2). Based on a requirements list, principle
solutions are built by searching and combining solution principles. Common
representations are graphs and building blocks. Physical realizability is often
evaluated on an abstract level, for example by using geometric primitives.

Chen et al. (2006), Chiou and Sridhar (1999), Wahl et al. (2003) and Zu et al.
(2009) propose automated systems for the conceptual design of mechanisms
through the combination of kinematic building blocks. The idea of combining
building blocks is closely related to the morphological box, a heuristic problem-
solving method presented in subsection 2.1.4. Kinematic building blocks rep-
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resent basic mechanical elements such as gears, screw mechanisms and belt-
pulleys. They have characteristics that describe (1) the types of motion that
are transmitted between the input and output (e. g. rotation and translation),
(2) the orientation between the axes and (3) the direction of the motion (posi-
tive or negative). To enable automated synthetic reasoning, the building blocks
can be represented by motion transfer matrices (Chiou and Sridhar, 1999), mo-
tion vectors (Chen et al., 2006) or function codes (Zu et al., 2009). Starting from
a desired input and output motion, a reasoning process is conducted in which
the kinematic building blocks are combined and unsuitable solutions are fil-
tered out. Chen et al. (2006) and Wahl et al. (2003) further rank the solutions
according to the fulfillment of user-weighted criteria. Finally, the system dis-
plays the synthesized solutions as a list of the combined building blocks (Chen
et al., 2006; Wahl et al., 2003) or a simplified 3D model based on geometric
primitives (Chiou and Sridhar, 1999; Wahl et al., 2003).

Campbell et al. (1999), Komoto and Tomiyama (2012), Li et al. (2010) and Zheng
et al. (2019) propose more general approaches to support the conceptual de-
sign. Starting from requirements, a hierarchical system decomposition is per-
formed. As a result, a hierarchical model of the functions as well as a hierar-
chical model of the functional structures to realize these functions can be built.
Li et al. (2010) represent both hierarchical models with trees that are intended
to have the same structure. By comparing the matching status between the
two trees, conflicting functional structures requiring further extension are iter-
atively identified. Komoto and Tomiyama (2012) integrate both models into a
single meta-model. This meta-model is based on knowledge from a physical
concept ontology and interpreted as directed hypergraph. The meta-model is
used to develop a corresponding parameter network, which is also represented
by a graph. The parameter network describes relevant system parameters (e. g.
length, velocity, temperature) and their relations. Based on the parameter net-
work, an engineer develops a rough geometric model based on geometric prim-
itives. The system supports this process by evaluating consistency between the
geometric model and spatial constraints defined in the meta-model. The ap-
proach allows for a concurrent development of functional and parameter-level
descriptions by taking physical phenomena into account when building blocks
are unavailable. One limitation of this approach is that it mainly supports sys-
tem decomposition. Solutions for the physical realization of functions are not
automatically found by the system. In contrast, Zheng et al. (2019) propose a
procedure that includes an automated two-step selection process after system
decomposition. The first step is a preselection to eliminate incompatible com-
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ponent combinations based on functional requirements. In the second step,
the remaining combinations, consisting of various component alternatives, are
ranked. For this purpose, non-functional requirements (e. g. weight, size, heat
resistance) can be selected from a list of 125 entries according to user pref-
erences. Campbell et al. (1999) introduce an agent-based conceptual design
methodology that combines knowledge-based strategies with stochastic opti-
mization. The agents are analogous to individual specialists within a company.
Maker agents reason on desired user inputs and outputs using different rea-
soning strategies such as tree and pattern matching. Manager agents make
decisions about designs and penalize the maker agents for bad design contri-
butions. After every run, the results are evaluated and a new run is started
by modifying good and Pareto optimal design solutions until the maker agents
terminate the process. A case study for weighting machines demonstrates that
the iterative approach is suitable for changing multi-objective problems. It
uses a catalog with over 300 real electro-mechanical components, but similar
to other conceptual approaches, the components’ spatial dimensions are not
considered.

Besides the presented general approaches and mechanism design, there is work
intended to support conceptual design for specific mechatronic applications
(El-Nakla, 2012; Olier, 1985; Ziglar et al., 2017). A case-based expert system
to support the electronic filter design in mechatronic systems is proposed by
El-Nakla (2012). It assists non-domain experts to explore areas of conflict and
contradiction, e. g. a mismatch between the input of an A/D converter and the
output of an electronic filter. Approaches to support conceptual robot design
are presented by Olier (1985) and Ziglar et al. (2017). Olier (1985) describes
the theoretical architecture of an expert system that could support the prelim-
inary steps of space robot design. The input are mission requirements given
by spacecraft engineers. Based on a rule-driven analysis, synthesis and evalua-
tion, a set of design parameters and spatial relations among subsystems should
be determined. Ziglar et al. (2017) propose an approach that aims for automatic
synthesis of robots based on a set of available hardware and software compo-
nents. Taking functional requirements, mission context and modularity into
account, the components are automatically selected and organized into an op-
timal interconnection structure. The results of the synthesis are a hardware and
a software graph that express connections between the components, e. g. with
respect to data transmission. Case studies are a wheeled rescue robot and ES-
CHER, a humanoid disaster robot for the DARPA Robotics Challenge. Similar
to the other conceptual approaches, the approach evaluates the physical real-
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izability of the hardware components only on an abstract level by focusing on
their interconnections.

The approaches of Erdman et al. (1986), Chew et al. (1991) and Wu et al. (2008)
do not cover the whole conceptual design process, but parts of it. Wu et al.
(2008) focus on the generation of product ideas. The fuzzy case-based reasoning
framework aims for enhancing a given product by retrieving other scenario-
compatible products. The database comprises 1600 products that are modeled
by a 100-attribute vector. Attributes are described by linguistic variables in
fuzzy theory. They model the use scenario as well as manufacturing/recycling
features. Based on five use scenario attributes chosen by the user, a retrieve-
and-filtering mechanism is conducted. The retrieving mechanism is a fuzzy
case-based reasoning technique that uses the use scenario attributes for retriev-
ing ideas. The retrieved ideas are subsequently filtered using the manufactur-
ing/recycling features as filter criteria. Erdman et al. (1986) and Chew et al.
(1991) present expert systems that focus on a single part of conceptual robot
design: the selection of kinematic structures. The work of Erdman et al. (1986)
searches for suitable robot gripper kinematics whereas the approach of Chew
et al. (1991) evaluates kinematic structures of robot hands. Both expert systems
use graphs to represent different kinematic structures.

2.3.3. Evolutionary Design

The term “automated robot design” is widely used for systems that use evo-
lutionary methods to co-optimize the morphology and control of robots (Fig-
ure 2.9). In contrast to traditional design, evolutionary robotics use ideas and
principles of biology (Pfeifer et al., 2005). Inspired by Sims (1994) early work on
evolving virtual creatures, evolutionary algorithms have been used to design
various robotic systems:

• Sphere-based robots (Auerbach and Bongard, 2011; Tanev et al., 2005)

• Rod-based robots (Hornby et al., 2003; Lipson and Pollack, 2000)

• Voxel-based soft robots (Cheney et al., 2013; Hiller and Lipson, 2012)

• Robot gripper configurations (Datta and Deb, 2011; Saravanan et al., 2009)

• Robot hands (Meixner et al., 2019)

• Robot arms (Bongard, 2010; Leger et al., 1999; Shiakolas et al., 2002; Vila-
Rosado and Domınguez-López, 2006)
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Figure 2.9.: Evolutionary design of a three-legged robot creature.
Source: (Frutiger et al., 2002) © 2002 IMechE and John Wiley & Sons, Inc.

• Legged or wheeled robot creatures (Craft et al., 2002; Frutiger et al., 2002;
Lee, 1998; Nygaard et al., 2017; Römmerman et al., 2009; Samuelsen and
Glette, 2015).

A classical knowledge base with expert knowledge is not required. Instead, ini-
tial robot morphologies and controllers are repeatedly modified using stochas-
tic, metaheuristic optimization algorithms. This results in whole populations
of potential solutions, which are usually optimized for a single task such as an
efficient locomotion (Auerbach and Bongard, 2011; Lipson and Pollack, 2000)
or successful manipulation of different objects (Bongard, 2010; Meixner et al.,
2019). Most approaches test the robot morphologies only in simulation. How-
ever, some authors build up prototypes based on 3D printed structures that are
actuated by pneumatic pipes (Hiller and Lipson, 2012) or servomotors (Frutiger
et al., 2002; Hornby et al., 2003; Lipson and Pollack, 2000; Nygaard et al., 2017;
Samuelsen and Glette, 2015). For building up the prototypes, the simulated
results usually have to be modified (Frutiger et al., 2002; Hornby et al., 2003;
Lipson and Pollack, 2000). Considering the performance of the results, there is
a high variance: Some robots meet the simulated results whereas others do not
even reach half the performance (e. g. speed). This reality gap is reported by
several authors (Frutiger et al., 2002; Lipson and Pollack, 2000; Nygaard et al.,
2017; Samuelsen and Glette, 2015). It can be explained by the fact that evolu-
tionary algorithms are “blind” optimization algorithms which tend to exploit
every inaccuracy of the simulation (Doncieux et al., 2015).

2.3.4. Detailed Design

In contrast to most work on conceptual and evolutionary design, the approaches
summarized in the detailed design category consider existing subcomponents
with their properties. Mechatronic systems are compositions of various me-
chanical and electronic subcomponents. A major challenge during the design
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Table 2.3.: Automated detailed design of robotic and mechatronic systems.

Source Case Study Selection Arrangement

Auto Catalog Auto Various

Bhatia et al. (1998) Robot arm • • • ◦
Canaday et al. (2017) Legged robot ◦ ◦ • ◦
Desai et al. (2017) Legged & wheeled

robot
◦ ◦ OPT •

Desai et al. (2018a) Electromechanical
devices

◦ ◦ • •

Desai et al. (2018b) Robot arm • ◦ • •
Geilinger et al. (2018) Legged & wheeled

robot
◦ ◦ OPT •

Ha et al. (2018) Legged robot & robot
arm

• ◦ • •

Laugis and Vodovozov (2008) Motor, gearbox &
power converter

• • ◦ ◦

Megaro et al. (2015) Legged robot • ◦ • •
Mehta et al. (2015) Legged & wheeled

robot, robot arm
◦ ◦ • •

Myung and Han (2001) Machine tool ◦ • • ◦
Ramos et al. (2018) Legged & wheeled

robot, robot arm
• ◦ • ◦

Schulz et al. (2017) Legged & wheeled
robot

◦ ◦ OPT •

Spielberg et al. (2017) Legged robot &
quadcopter

• ◦ • ◦

Wang et al. (2014) Spindle box ◦ ◦ • ◦
Whitman and Choset (2019) Robot arm ◦ ◦ • •
Approach of this thesis Sensor-actuator units

& robotic hands
• • • •

Abbreviations: OPT = User defines initial arrangement, but system can optimize it.
Symbols: • = yes; ◦ = no;

of highly integrated mechatronic systems such as humanoid robots is the se-
lection of these subcomponents. To ensure a compact mechatronic system, the
selection must not only take the subcomponents physical dimensions and in-
terfaces into account, but also their arrangement. In this way, the resulting di-
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mensions of the overall system can be calculated and it can be checked whether
subcomponent combinations are suitable to meet the spatial requirements.

In the following, related work in the area of detailed design is presented and
compared in Table 2.3 with regard to the degree of automation in the selection
and arrangement of subcomponents. The automation of both aspects can al-
ready lead to a detailed, fully automated system that takes physical feasibility
into account. However, a solution tailored to the conflicting requirements of
highly-integrated components is most likely to be achieved if the system pro-
vides numerous possibilities, i. e. a large solution space. This can be achieved
by not having only a few options in subcomponent selection, but entire subcom-
ponent libraries based on manufacturer catalogs. Likewise, completely new so-
lutions result if there are various possibilities to arrange subcomponents relative
to each other instead of only a single parameterized arrangement solution.

Canaday et al. (2017) and Whitman and Choset (2019) present approaches to
automate parts of the robot design process based on computational simula-
tions. The iterative approach described by Canaday et al. (2017) starts with
a fixed topological structure of a quadruped robot. Geometric and mass pa-
rameters are automatically adjusted until a target velocity is achieved and the
resulting actuation parameters can be fulfilled by a given actuator. Whitman
and Choset (2019) optimize the topology of an initial robot arm based on a
set of given waypoints that describe the arm’s path to fulfill a task. Design
parameters are the link lengths, the orientation of the axes and the base loca-
tions. These parameters are involved in the inverse kinematics problem which
has to be solved to follow the specified waypoints. The elimination of joints
is also considered in the approach. However, the preselected HEBI robotics
actuators are only taken into account in terms of their torque limits. Both ap-
proaches (Canaday et al., 2017; Whitman and Choset, 2019) are evaluated by
building prototypes based on the experimental results. However, the authors
report that their results are not always physically realizable either because of
self-collisions (Whitman and Choset, 2019) or by not taking fabrication con-
straints into account (Canaday et al., 2017). Since both approaches only con-
sider few characteristics of a single catalog component, the actuator, they are
classified between conceptual and detailed design approaches in Figure 2.8.

A possibility to ensure physical realizability for a similar approach is presented
by Spielberg et al. (2017) who present parametric trajectory optimization of
legged robots and quadcopters. The authors model the constraints resulting
from the masses and dimensions of the actuators conservatively. Their op-
timization approach does not only vary the lengths and masses of the robot
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Figure 2.10.: Interactive design of robot devices via drag-and-drop (a). The system also
makes suggestions about possible connections for a chosen module (b).
Source: (Desai et al., 2017) © 2017 IEEE.

topology but also considers actuator selection based on the required torques.
However, the subcomponent library comprises only three different Dynamixel
actuators. Furthermore, the approach only considers a single, parameterized
topology for each case study.

Modules represent another possibility to achieve physical realizability of mecha-
tronic systems easily by taking a minimum of electromechanical interfaces into
account. A popular approach for automated design is to synthesize mecha-
tronic systems by combining few commercially available modules with pa-
rameterized 3D printable structures. Desai et al. (2017), Desai et al. (2018a),
Geilinger et al. (2018), Mehta et al. (2015) and Schulz et al. (2017) present soft-
ware that enables the user to design mechatronic systems very easily in an
interactive way (Figure 2.10). Through a simple drag-and-drop interface, the
user selects modules to build a mechatronic system and obtains a visualization
on the screen. The modules can be off-the-shelf servo motors (Geilinger et al.,
2018), sensor-actuator units such as Dynamixel actuators with fitting hinges
(Desai et al., 2017), modified catalog components (Desai et al., 2018a), elec-
tromechanical building blocks designed by experts (Mehta et al., 2015) and in
all cases simple structures or end-effectors that can be 3D printed. Even if there
are only a few modules to choose from, the almost free arrangement allows a
wide range of possibilities. When arranging the modules, the systems support
the user in different ways: While the systems of Desai et al. (2017) and Schulz
et al. (2017) provide support in finding a local optimum to enable function and
manufacturing, the approach of Geilinger et al. (2018) provides a mode for au-
tomatic design optimization of segment lengths. Some approaches go further
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Figure 2.11.: Example for a search tree, used for design optimization.
Source: (Ha et al., 2018) © 2018 IEEE.

by automatizing the whole arrangement process. Mehta et al. (2015) arrange
the user-selected modules based on predefined interfaces automatically. Desai
et al. (2018a) provide an auto-arrangement mode that solves an optimization
problem by placing subcomponents according to their size, starting with the
largest.

Other module-based systems do not only support arrangement, but also per-
form automated selection (Desai et al., 2018b; Ha et al., 2018; Megaro et al.,
2015; Ramos et al., 2018). Different approaches are used for automated module
selection. Regarding the system of Megaro et al. (2015), the user loads an exist-
ing skeletal structure of a legged robot and defines motion targets. This is used
to generate the geometry of the robot, including the selection and arrangement
of the modules. Based on simulations, the user can edit the structure in an
iterative process by adding, removing, repositioning or aligning motors. The
systems of Desai et al. (2018b) and Ha et al. (2018) also use motion trajectories
as input, but no predefined skeletal structures. Instead, an A* search is per-
formed to find a robot that can perform the motion trajectory while being as
simple as possible. As illustrated in Figure 2.11, the problem is formulated as
shortest path problem, starting with the robot’s base link. The nodes of the di-
rected acyclic graph represent the solutions that are possible on the basis of a
library containing modules, mostly sensor-actuator units and mechanical links.
Ramos et al. (2018) introduce a system that generates robot structures and con-
trollers based on an input set of abilities such as grasping or walking. These
abilities are used to find suitable robot configurations. For example, a robot
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that is supposed to walk and grasp leads to the configuration of a humanoid
robot. For this purpose, the system uses an ontology that relates robot config-
urations and abilities. The chosen robot configuration is passed to a structure
generator that loads and modifies a corresponding, parameterized model. Pa-
rameters and motors are selected based on further requirements, e. g. payload
and workspace.

All the presented module-based design systems have in common that they aim
for an end-to-end system. As a result, they do not only focus on an easy de-
sign, but also simple manufacturing using rapid prototyping techniques. By
reducing the required expert knowledge through the use of modules and an
easily accessible GUI, such interactive design systems also allow novices such
as students to build simple robot creatures (Desai et al., 2017; Mehta et al., 2015;
Ramos et al., 2018; Schulz et al., 2017) or electromechanical devices (Desai et al.,
2018a). In the evaluation of the systems, this is demonstrated by building sim-
ple, small prototypes, consisting of 3D printed structures and low-cost servo
motors. However, this also means that these systems are more focused on edu-
cational and research applications rather than on industrial use. Furthermore,
engineers often cannot rely on modules to design highly integrated mecha-
tronic products that meet the requirements. Instead, they have to select and ar-
range catalog components as well as they have to build customized parts that
take the necessary electromechanical interfaces into account. As a result, de-
tailed design becomes more complex and interdisciplinary expert knowledge
is necessary. Only a few systems support the mechatronic design process with-
out modules in a high level of detail (Bhatia et al., 1998; Laugis and Vodovo-
zov, 2008; Myung and Han, 2001; Wang et al., 2014). In order to deal with the
complexity of the mechatronic design process, all these approaches use a com-
prehensive knowledge base.

The automated design optimization of a comparatively complex system, a spin-
dle box system, is presented by Wang et al. (2014). The geometry of the spin-
dle is highly decisive for the stiffness and the natural frequencies of the whole
system. However, it cannot be optimized without taking the properties and
arrangement of other subcomponents such as the hydrostatic bearings into ac-
count. To handle these dependencies, ontologies are used. They represent de-
sign knowledge by describing the spindle box system with respect to its re-
quirements, component configuration, design parameters, linking interfaces
and control loops. It should be noted that the subcomponents under consider-
ation are neither modules nor catalog components, but customized parts based
on parametric models.
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Figure 2.12.: Left: Parametric model of a SCARA, Right: Adapted for a larger reach.
Source: (Bhatia et al., 1998) © 1998 Elsevier Science Ltd.

Bhatia et al. (1998), Laugis and Vodovozov (2008) and Myung and Han (2001)
present expert systems that incorporate libraries with existing catalog compo-
nents. Similar to the module-based approaches, they differ in the way they au-
tomate the design process. The expert system of Laugis and Vodovozov (2008)
supports a simultaneous gear-motor-converter assemblies calculation and se-
lection. Structured query language (SQL) sentences are used to extract infor-
mation from a database that includes catalog components from different man-
ufacturers. This results in more than 20,000 possible drive variants. However,
the system is limited to the selection of catalog components and does not con-
sider their spatial dimensions or arrangement. Conversely, the expert system
of Myung and Han (2001) automates the arrangement but not the selection of
catalog components. It combines a CAD model with an expert system to han-
dle the parametric design of machine tool assemblies. With the help of the GUI,
the user selects the catalog components. Based on this selection, the resulting
dimensions of the assembly are calculated and the parameterized CAD model
is adapted. Bhatia et al. (1998) present another expert system that interacts with
a CAD package. In order to design a SCARA (Selective Compliance Assembly
Robot Arm), the user specifies top-level design parameters such as workspace,
reach, and payload. Based on this input, calculations are carried out which
are used to decide on link lengths, motors, bearings, belt lengths and transmis-
sions. The variables resulting from the catalog components and calculations
are used to adjust a parametric SCARA model in CAD (Figure 2.12), which in
turn allows a more accurate calculation of the masses and joint torques. In an
iterative process, the values calculated by the expert system and the parameters
of the CAD model are adjusted to refine the model. Other than the expert sys-
tems of Laugis and Vodovozov (2008) and Myung and Han (2001), the expert
system of Bhatia et al. (1998) considers both, the automated selection and the
arrangement of catalog components.
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Summary

This subsection compared detailed design approaches with regard to the au-
tomation of subcomponent selection and arrangement (Table 2.3). Although
there are a few approaches that automate both, selection and arrangement,
strong simplifications are made, most notably modularization and parameteri-
zation of a single solution. Both simplifications are plausible to a certain extent
and can lead to useful computational systems for automated design. However,
they drastically reduce the number of possible solutions, which is crucial for
the design of highly integrated mechatronic systems such as humanoid robots.
Considering the described case studies in the field of robot design, the pre-
sented detailed approaches mostly focus on laboratory and educational use.
There is no detailed approach that enables automated design of highly inte-
grated mechatronic components for high-performance humanoid robots based
on expert knowledge.

A comparison of related work (Figure 2.8) in the field of automated robot de-
sign shows that detailed design approaches have been increasingly pursued
in recent years. It is to be expected that this field will continue to develop
strongly in the future. An example for this trend is the recently started BMBF
project Q-Rock (Roehr et al., 2019), which pursues the ambitious goal to semi-
automate robot hardware/software co-development as follows: First, robots
explore their own capabilities based on their existing hardware configuration in
simulation. These capabilities are then clustered and semantically annotated by
humans, creating a database that links capabilities to hardware/software com-
ponents. Based on this database and a user-specified task description, suitable
robot software and hardware components shall be proposed. To date, however,
no detailed results have been published.

2.3.5. Knowledge Representation

Many of the presented approaches for automated design use expert systems
(ES) or other knowledge-based (KB) systems. In this context, other knowledge-
based systems are defined as systems that use a knowledge base but are not ex-
plicitly described as expert systems by their authors. Table 2.4 compares these
systems with regard to the chosen techniques for knowledge representation.
The comparison is restricted to common representations (subsection 2.2.3) that
have been chosen at least once. Sorting the approaches by the main categories
introduced in this section shows that the presented “Evolutionary Design” ap-
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Table 2.4.: Knowledge representation of expert systems (ES) and other knowledge-
based systems (KB).
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Robot Agrawal et al. (1991) ES ◦ ◦ ◦ • ◦ ◦ ◦ •
Selection Boubekri et al. (1991) ES • ◦ ◦ ◦ ◦ ◦ ◦ •

Karsak (2007) ES • ◦ ◦ ◦ • ◦ ◦ •
Keller et al. (2016) ES ◦ ◦ ◦ • ◦ ◦ ◦ •
Pham and Tacgin (1991) ES • • ◦ ◦ ◦ • ◦ ◦

Conceptual Campbell et al. (1999) KB ◦ ◦ ◦ ◦ ◦ ◦ ◦ •
Design Chen et al. (2006) KB • ◦ ◦ ◦ ◦ ◦ ◦ •

Chew et al. (1991) ES • ◦ ◦ ◦ ◦ ◦ ◦ •
Chiou and Sridhar (1999) KB ◦ ◦ ◦ ◦ ◦ ◦ ◦ •
El-Nakla (2012) ES ◦ ◦ • ◦ ◦ ◦ ◦ ◦
Erdman et al. (1986) ES • ◦ ◦ ◦ ◦ ◦ ◦ •
Komoto and Tomiyama (2012) KB • ◦ ◦ ◦ ◦ ◦ • ◦
Olier (1985) ES • ◦ ◦ ◦ ◦ ◦ ◦ ◦
Wu et al. (2008) ES ◦ ◦ • ◦ • ◦ ◦ ◦
Zu et al. (2009) KB • ◦ ◦ ◦ ◦ ◦ ◦ •

Detailed Bhatia et al. (1998) ES • ◦ ◦ ◦ ◦ ◦ ◦ ◦
Design Laugis and Vodovozov (2008) ES • ◦ ◦ ◦ ◦ ◦ ◦ •

Myung and Han (2001) ES • • ◦ ◦ ◦ ◦ ◦ ◦
Ramos et al. (2018) KB ◦ ◦ ◦ ◦ ◦ ◦ • ◦
Wang et al. (2014) KB ◦ ◦ ◦ ◦ ◦ ◦ • ◦

Abbreviations: Symbols:

ES Expert system • yes

KB Other knowledge-based system ◦ no
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proaches do not use a classical knowledge base. This can be explained by the
fact that the approach of using evolutionary algorithms is contradictory to a
knowledge base in which expert knowledge is stored. Nevertheless, Campbell
et al. (1999) demonstrate that a hybrid system can combine both approaches.

With regard to the frequencies of the individual representation techniques, it
can be stated that rule-based knowledge representation is by far the most fre-
quently used: 12 of the 20 knowledge-based systems presented (60%) use rules
to represent design knowledge. This corresponds approximately to the same
proportion (63%) that Wagner (2017) determined in his analysis on knowledge
representation techniques used for expert systems. Since rules are well suited
to represent procedural knowledge, but ineffective to describe numerous so-
lutions and components, rules are often combined with other knowledge rep-
resentation techniques that can express concepts such as frames or ontologies.
Considering these other knowledge representation schemes, a large variance
can be observed. Furthermore, many authors do no not use classical knowledge
representation techniques and introduce new schemes instead. They are sum-
marized under the term “Miscellaneous” and represent knowledge on compo-
nents or partial solutions through matrices (Chiou and Sridhar, 1999; Erdman
et al., 1986), vectors (Chen et al., 2006), codes (Agrawal et al., 1991; Boubekri
et al., 1991; Karsak, 2007; Zu et al., 2009), SQL databases (Laugis and Vodovo-
zov, 2008) and other schemes with component properties (Campbell et al., 1999;
Chen et al., 2006; Keller et al., 2016). Graphs are also named by different au-
thors as chosen knowledge representation technique (Erdman et al., 1986; Chew
et al., 1991). However, it is difficult to distinguish clearly between graphs and
other knowledge representation schemes when categorizing, since graphs can
be used to visualize most other schemes such as ontologies or rules.

Wagner (2017), who in his study also examined the temporal development of
knowledge representations with regard to their frequency, notices that ontolo-
gies have become increasingly popular in recent years. This trend can also be
observed when looking at the publications presented in Table 2.4: Three of the
five knowledge-based systems that have been published since 2012, use ontolo-
gies to represent design knowledge.
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2.4. Sensor-Actuator Units for Robot Joints

This section motivates the design of sensor-actuator units and presents related
work to the SAC units, which were developed as part of this thesis. An earlier
version on related work was previously published in Rader et al. (2017).

2.4.1. Motivation and Requirements

Sensor-actuator (SA) units are modules that include a motor as well as one or
several sensors. Other typical mechanical components are gearboxes and bear-
ings. SA units, which also integrate electronics for motor control and commu-
nication, are referred to as sensor-actuator-controller (SAC) units.

The main motivation for the development of SA units is to simplify the design
of high-performance robotic systems by using easy-to-use components. Ideally,
a SA unit is placed in each robot joint and just by adding simple mechanical
structures as well as a minimum of cable connections between the SA units, a
robotic system is created. In order to meet the different space and performance
requirements of robot joints, SA units are therefore usually developed in dif-
ferent sizes. The capabilities of the resulting robotic system depend largely
on the components integrated in the SA units. To realize as many capabili-
ties as possible, a high degree of integration is necessary. Besides modularity,
scalability and a high degree of integration, robustness and reliability are key
requirements for SA units.

A distinction can be made between rotary and linear SA units. Rotary SA units
can usually be integrated directly into the axis of the robot joint, which makes
them a popular choice for robot arms. Linear SA units, on the other hand,
facilitate the integration of spring compliance and are often used in robot legs.
An example of such a linear Series Elastic Actuator (SEA) is the RRLab SEA
(Schütz et al., 2016), which is used for the Compliant Robot Leg CARL (Schütz
et al., 2017).

2.4.2. Related Work

Due to their increased popularity in recent years, there are numerous sensor-
actuator units that have been developed by research facilities and companies.
Therefore, the following related work is limited to a choice of compact mod-
ular rotary sensor-actuator units based on an electric motor, which are built
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for use in human-centered robotics applications such as humanoid and service
robots.

An early work on rotary SA units as they are used today was published by
Albu-Schäffer et al. (2007). The paper introduces the lightweight arm LWR III,
whose SA units consist of the following components: a brushless DC motor,
a brake, a Harmonic Drive, position sensors on the motor and the output, a
torque sensor and an electronic stack for control and power supply. The LWR
III includes 7 SA units, which are linked by a carbon fibre hollow structure.
Its design serves as the basis for the commercially available KUKA LBR arms.
But also other purchasable robot arms designed for collaborative work with
humans are based on the principle of connecting SA units through various hol-
low structures, including the popular arms of Franka Emika (Panda), Universal
Robots (UR3, UR5, UR10) and Kinova (JACO, Gen2, Gen3).

Asfour et al. (2013) presented an early work on highly integrated, rotary SA
units for humanoid robots. The SA of the humanoid robot ARMAR-4 include
a brushless DC motor, a Harmonic Drive, an incremental encoder, an absolute
encoder and a strain-gauge-based torque sensor. Particularly noteworthy are
the compact rotary SA units of the hip and legs: By applying the strain gauges
to a spoke wheel on the output and placing the drive bearings under the motor,
these SA units are very short (84 mm) for a maximum peak torque of 157 Nm.
As a result, they allow for an anthropomorphic appearance of ARMAR-4.

The DARPA Robotics Challenge (DARPA, 2015) demonstrated that nowadays
not only companies producing robot arms, but also many research institutions
developing humanoid robots are taking advantage of highly integrated, modu-
lar SA units. Beside robots based on self-developed sensor-actuator units (Ne-
grello et al. (2015); Stentz et al. (2015); Radford et al. (2015)), at least seven teams
used commercially available Dynamixel units (Robotis, 2015). The Dynamixel
Pro series offers sensor-actuator units in different sizes, which all include a mo-
tor and gear box as well as sensors (incremental and absolute position encoder),
a controller and a network module. Furthermore, the units include connectors
and flanges for an easy electrical and mechanical integration in robots of a wide
variety of physical shapes. This encapsulation and the degree of integration is
high compared to many other commercially available SA units (Schunk, 2011;
TQ-Systems, 2016; Harmonic Drive AG, 2016; SENSODRIVE, 2020). However,
in recent years, the need for easy-to-use SA units has led to more develop-
ments with a high degree of integration of which some have been commer-
cialized. The ANYdrive joint (ANYbotics, 2017) and the R-Series actuators of
HEBI Robotics (HEBI Robotics, 2019) offer even more functionalities. Com-
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Table 2.5.: Comparison of integrated components and functionalities in state-of-the-art
sensor-actuator (SA) units and sensor-actuator-controller (SAC). The com-
parison is limited to rotary SA/SAC units for human-centered robotics.
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ANYdrive Joint Unit1 (ANYbotics, 2017) • ◦ • • ◦ ◦ • •
CanisDrive (Harmonic Drive AG, 2016) • (•) (•) ◦ ◦ ◦ ◦ ◦
CMU NREC Drive Joint (Stentz et al., 2015) • • • • ◦ • ◦ ◦
DLR Joint Unit (Albu-Schäffer et al., 2007) • • • • ◦ ◦ D •
Dynamixel Pro Series (Robotis, 2015) • ◦ • C ◦ ◦ • ◦
Gear Motor RD-HD (TQ-Systems, 2016) • (•) • ◦ ◦ ◦ ◦ ◦
IIT CENTAURO SEA2 (Baccelliere et al., 2017) • ◦ • • ◦ ◦ D •
IIT WALK-MAN SEA (Negrello et al., 2015) • ◦ • • ◦ ◦ D •
K-Series Actuators1 (Kinova Robotics, 2015) • ◦ • • A • • ◦
KIT ARMAR-4 SA Unit (Asfour et al., 2013) • ◦ • • ◦ ◦ ◦ ◦
RoboSimian Actuator (Radford et al., 2015) • • • ◦ ◦ ◦ D •
SENSO-Joint (SENSODRIVE, 2020) • (•) (•) • ◦ ◦ ◦ ◦
Schunk PRL Actuator (Schunk, 2011) • • • ◦ ◦ ◦ • ◦
X-Series Actuator1 (HEBI Robotics, 2019) • ◦ • • • ◦ • •
KIT Sensor-Actuator-Controller Unit • ◦ • • • • • •

Symbols: • = fully integrated; (•) = optional; ◦ = not integrated/placed outside
A = No IMU, but accelerometers
C = Torque sensing based on current sensing
D = Controller is directly attached to the unit, but not encapsulated
1 SA unit series with a maximum peak torque of less than 50 Nm
2 Similar units were made commercially available by IIT (TREE ACTUATORS)

pared to the Dynamixel series, they allow for precise torque control as they are
not based on current control which needs a complex friction model to be reli-
able. Furthermore, they use EtherCAT, an Ethernet-based fieldbus system, for
high-speed control and communication that is suitable for real-time computing.
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In addition, the HEBI-Robotics actuators contain an inertial measurement unit
(IMU), that is composed of a 3-axis accelerometer/gyroscope. A major disad-
vantage of the HEBI Robotics actuators and the ANYdrive robot joint, however,
is that the maximum peak torque is 38 Nm and 40 Nm, respectively. Therefore
these SA units are only very limited usable for the design of high-performance
humanoid robots.

For safe interaction with humans and the environment, compliance is of ut-
most importance (Vanderborght et al., 2013). Therefore, in recent years, sev-
eral Series Elastic Actuators (SEA) have been developed for humanoid robots
such as WALK-MAN (Negrello et al., 2015), CHIMP (Stentz et al., 2015), iCub
(Tsagarakis et al., 2009), COMAN (Vo-Gia et al., 2014), Robonaut 2 (Diftler et al.,
2011), Valkyrie (Radford et al., 2015) and CENTAURO (Baccelliere et al., 2017).
SEA include spring components for passive compliance. With regard to safety,
passive compliance has the advantage of inherent reliability since it is realized
in hardware. However, compliance parameters of most SEA are fixed and po-
tentially not appropriate for a given interaction task. Furthermore, such passive
compliance significantly increases the complexity of control.

Another possibility for realizing compliance is active compliance, where com-
pliance parameters are freely adaptable during operation. Based on accurate
and fast torque control, the motors are controlled in a way that emulates nat-
urally compliant behavior. Common techniques for torque sensing in torque
control loops are either current sensing (Robotis, 2015) or the measurement of
small mechanical deformations in the actuator’s output. This deflection can be
measured by strain gauges (Albu-Schäffer et al., 2007; Asfour et al., 2013; Vo-
Gia et al., 2014; Englsberger et al., 2014), two highly accurate position encoders
(Negrello et al., 2015; Stentz et al., 2015; Diftler et al., 2011; Radford et al., 2015)
or a combination of both (Baccelliere et al., 2017). For a precise and reliable real-
ization of active compliance, a high control bandwidth is necessary. Therefore,
a fast communication bus such as EtherCAT is needed.

Table 2.5 compares rotary sensor-actuator units from related work in terms
of their integrated components and functionality. The last entry refers to the
KIT sensor-actuator-controller (SAC) units, which differ from related work by
a comparatively high degree of integration, in particular compared to units
which allow peak torques of more than 50 Nm. Their design is described in
more detail in subsection 5.2.1.
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2.5. Summary and Review

This chapter presented fundamentals and related work. The fundamentals ad-
dressed systematic design and expert systems. Guidelines such as classical
product development methodologies or NASA Systems Engineering offer pro-
cedural knowledge for the systematic design of technical systems. However,
such procedures cannot be applied without the necessary domain knowledge
(Pahl et al., 2007). Answers to the question of how domain knowledge can be
made usable were provided by the fundamentals of the AI research fields of
knowledge representation and expert systems.

The related work presented approaches aiming to automate the design of robotic
and mechatronic systems. It focused on detailed design approaches by com-
paring them with regard to the automation of subcomponent selection and
arrangement. Although there are a few approaches that automate both, se-
lection and arrangement, strong simplifications are made, most notably mod-
ularization and parameterization of a single solution. Both simplifications are
plausible to a certain extent and can lead to useful computational systems for
automated design. However, they drastically reduce the number of possible
solutions, which is crucial for the design of highly integrated mechatronic sys-
tems such as humanoid robots. Considering the described case studies in the
field of robot design, the presented detailed approaches mostly focus on labora-
tory and educational use. The same applies to evolutionary design approaches
that generate robot morphologies but do not consider mechatronic subcompo-
nents in detail. In summary, it can be stated that there is no detailed approach
that enables automated design of highly integrated mechatronic components
for real-sized humanoid robots. Also, no systematic procedure is described
showing how existing expert knowledge can be used to create such a compu-
tational system.

Finally, related works on rotary SA/SAC units for robot joints were presented
and compared in terms of their degree of integration. This demonstrated the
comparatively high degree of integration of the KIT SAC units, which were de-
veloped as part of this thesis and which serve as a case study (subsection 5.2.1).
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3. Design Knowledge Acquisition
and Formalization

This chapter presents the first two steps of the approach of this thesis: (1) the
acquisition of design knowledge and (2) the formalization process. The goal of
these steps is to acquire and formalize design knowledge so that it can serve as
the knowledge base of an expert system.

The approach starts with the acquisition of design knowledge. As illustrated in
Figure 3.1, a robot developer can gain design knowledge both by designing hu-
manoid robots and by analyzing related work. Based on the acquired expert know-
ledge, the formalization process is carried out: First, specific models are created for
each robot component that serves as a knowledge source. From these specific
models, a generalized model of a robot component type is then induced. Finally,
this generalized model as well as component data from manufacturer catalogs is
represented by ontologies and rules. These ontologies and rules serve as the know-
ledge base of an expert system.
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Figure 3.1.: Acquisition (green) and formalization (red) of expert design knowledge.
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In the following, the design knowledge acquisition and the steps of the formal-
ization process are described in detail. Preliminary results on the formalization
process were first published in (Karrenbauer, Rader and Asfour, 2018).

3.1. Design Knowledge Acquisition

The acquisition of design knowledge represents the first step of the approach
presented in this thesis. This knowledge is gained through robot design and
related work. After discussing these two possibilities, a procedure for system
analysis of robot components is described. This procedure takes into account
what knowledge is required for the upcoming formalization process.

3.1.1. Knowledge Gained through Robot Design

Since the presented approach serves to support the development of complex,
highly integrated mechatronic systems, detailed expert knowledge is necessary.
Concepts or pure simulations are not sufficient as a source of knowledge. Gaps
in knowledge or incorrect knowledge can result in fatal misconstructions. To
avoid this, the successful development process of one or more humanoid robot
components of the same type should serve as the basis for the formalization
process and ultimately the expert system. Furthermore, the robot developer
providing the expert knowledge should have been heavily involved in this de-
velopment process. This provides the following advantages, among others:

• The physical feasibility of the design is proven. All parts fit together and
can move as intended. For example, there are no unforeseen collisions
between rotating and non-rotating parts of the mechatronic system.

• The assembly and disassembly for maintenance purposes can be ensured.

• Installation, functionality, robustness and cooling of the electronics can be
verified. This includes electronic boards with all their components as well
as connectors and cabling.

• The theoretically calculated properties of the robot component can be
compared to measurements. If there should be larger deviations, the for-
mulas can be adjusted to improve the model of the robot component.

• Deviations between the actual catalog components and manufacturer’s
specifications can be taken into account in formulas.

• Sources of friction and abrasion can be identified and eliminated at best.

50



Chapter 3. Design Knowledge Acquisition and Formalization

• Unpredictable load cases can be detected by evaluating the robot compo-
nent, in particular as part of a humanoid robot. This knowledge can be
used to improve the system and future developments.

The advantages listed relate to typical problems that can arise when design-
ing robot components. The smallest details can make the difference whether
a robot component fulfills its function or not. Many of the problems can be
avoided in advance through exact models and a careful development process
that considers expert knowledge of all mechatronic disciplines. But only as-
sembly and integration as well as practical tests can guarantee that the robot
component works. And only then is the design knowledge of the robot compo-
nent a good basis for future developments.

Although the knowledge gained by robot design should be the main source of
knowledge, this does not mean that it would not be useful to derive additional
knowledge from related work.

3.1.2. Knowledge Gained through Related Work

Since the development of new robot components is usually inspired by related
work, some knowledge from related work may already have been considered.
In addition, well-documented knowledge of related work can be used to extend
the existing knowledge of designing a robot component type. In most cases it
is worth considering alternative solution principles and information on other
manufacturers of suitable catalog components. It is particularly valuable if the
robot components are physically available and can be inspected and tested, but
detailed CAD models and PCB layouts also prove to be helpful. The more
detailed the related work can be analyzed, the more knowledge can be used.

3.1.3. System Analysis

The system analysis can be understood as a reverse engineering process, which
closes the missing knowledge gaps. If not already available, the following
knowledge about specific robot components should be gained in order to use it
for the formalization process:

1. Robot component functions and properties: The relevant functions and
properties of the robot component must be determined. The functions are
usually known, but should be evaluated. Considering the properties, this
might not always be the case. In order to obtain the data, measurements
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are ideally carried out on the real, physically realized system. This can
be supplemented by calculations and the use of very exact models such
as the final CAD model. For robotic components, typical properties are:
spatial dimensions, mechanical performance data, weight and costs.

2. Robot component interfaces: The interfaces between the system and its
environment must be specifically defined. This is crucial because inter-
face information determines whether a system can be used for a future
project without any changes, only with an adapter, or not at all. For
mechatronic systems, these are mainly mechanical interfaces (such as screw
connections), electrical interfaces (electrical plugs with information on
electrical power data) and communication interfaces (e.g. bus systems).

3. Subcomponents of the robot component: The relevant subcomponents
of the robot component must be determined. These may be specific cat-
alog components, but also customized parts that have been specially de-
signed for the system, such as connecting structural parts, covers or PCBs.

4. Subcomponent functions and properties: The relevant functions and
properties of the subcomponents can be determined by consulting man-
ufacturer catalogs and other documentation. In case of gaps, the same
procedure as for determining the properties of the overall system must
be followed.

5. Relations between robot component and subcomponents: The proper-
ties and functions of the overall system, the robot component, result from
the combination of the subcomponents. Therefore, this step examines for
each property and function which subcomponents it depends on. While
the integration of a single subcomponent can be sufficient for the boolean
fulfillment of a function, properties of the robot component usually have
to be calculated from properties of several subcomponents. For example,
the length of the robot component results from the spatial dimensions of
the subcomponents. Also in this step, models, especially CAD models,
are an important source of knowledge.

6. Relations between different subcomponents: Finally, the dependencies
between the subcomponents are investigated. In order to understand
why the robot component is designed the way it is, the interaction of sub-
components should be examined with regard to functions and properties
as well as interfaces and compatibilities. Of particular importance is the
arrangement of subcomponents to each other. Whether a subcomponent
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can be placed in, around, or only beside another subcomponent can be
decisive for its selection.

3.2. Development of Specific Models

The development of specific models is the first part of the formalization pro-
cess. Based on the knowledge gained through robot design and system anal-
ysis, a specific model is created for each specific humanoid robot component,
which serves as a source of knowledge. Its development starts with model-
ing the overall system as a composition of its subcomponents. This work dis-
tinguishes between two types of subcomponents: Catalog components and cus-
tomized parts.

Subcomponents = {{Catalog Components} ∪ {Customized Parts}}

Catalog components are already existing components, which can either be pur-
chased from manufacturers or have been used for earlier developments. Their
properties are given (usually by catalog data) and cannot be changed. With re-
gard to the overall system, they are regarded as the smallest part that cannot
be further subdivided. Examples of catalog components are motors, gearboxes,
bearings and most sensors.

Customized parts, on the other hand, are subcomponents that are created specif-
ically for a new design. Their properties can be changed and they are designed
depending on catalog components and other customized parts. Examples of
typical customized parts are structural parts, covers, cables and PCBs. Of par-
ticular importance for this approach are structural parts that mechanically con-
nect a set of subcomponents. A typical example of a structural part is a motor
housing. It has dependencies on the dimensions and interfaces of catalog com-
ponents such as the motor, gearbox and bearings, but also on other customized
parts such as the motor shaft, covers or cable connections.

To model the specific robot components, SysML block definition diagrams (BDD)
are used (subsection 2.1.3). SysML BDD allow to represent a robot component
and its subcomponents as blocks, which optionally include properties (values)
and functions (operations). However, in this formalization process, the BDD is
primarily used to express relationships between a robot component and its sub-
components. The BDD in Figure 3.2 illustrates a Specific Robot Component as
composition (lines with diamond) of specific Catalog Components (A,B,C,...,N)
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Catalog Cmpt. A Catalog Cmpt. B Catalog Cmpt. C Catalog Cmpt. N

Specific Robot Component

Customized Part 1 Customized Part 2 Customized Part iCustomized Part 3

Figure 3.2.: SysML block definition diagram (BDD): Specific robot component.

and Customized Parts (1,2,3,...,i). In addition to illustrating the subcomponents,
the BDD also serves to express relationships between individual subcompo-
nents. This is illustrated by lines, optionally with an open arrowhead to express
an unidirectional access from the client (no arrowhead) to the supplier (arrow-
head). The definition of these relationships is an important preliminary task for
setting up the hierarchical structure in the next step.

It should be noted that the BDD only represents a part of each specific model
describing a robot component. The specific models include further data col-
lected during the design process and the system analysis, in particular the sub-
component properties and the calculation of the robot component properties as
a function of these specific subcomponent properties.

3.3. Development of a Generalized Model

So far, only knowledge on the design of a few, specific robot components has
been modeled. By identifying similarities and differences, a generalized model
is induced from the specific models. The goal is to use the generalized model
to represent knowledge about numerous specific robot components of the same
robot component type.

The development of the generalized model can be divided into three steps. In
the first step, the robot component type is modeled hierarchically. The overall
system is broken down into subsystems up to placeholders for catalog compo-
nents. In the second step, the model is extended by different solution princi-
ple variants for conceptual design parameters. This includes different subcom-
ponent arrangements, kinematics and possibilities to realize functions. In the
third step, it is explained how requirements can be considered in the generalized
model. The individual steps are explained in more detail in the following.
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Partial Solution ABC

Partial Solution AB

Catalog Component A Catalog Component B Catalog Component C Catalog Component N

Robot Component ABC...N

Figure 3.3.: SysML block definition diagram (BDD): System hierarchy tree.

3.3.1. System Hierarchy Tree

Trees are a frequently used form for representing hierarchical relationships in
the product development process (section 2.1). In particular, in the conceptual
design phase and corresponding processes of systems engineering (technical
requirement definition and logical decomposition) hierarchical trees are used
for function trees and functional structure trees (subsection 2.3.2). The neces-
sity of a hierarchical representation can be explained by the typical procedure of
systematic product development: A top-down decomposition of requirements
and functions is followed by a bottom-up solution definition and implementa-
tion.

Based on the specific models, a tree is created, which describes the general hier-
archical structure of a robot component type: The leaves of the tree are the cata-
log components, the root is the robot component to be designed, and all other nodes
are partial solutions of different hierarchy levels. If the tree is traversed bottom-
up, it describes the design of the robot component: The design starts with exist-
ing catalog components, which are not further subdivided and thus represent
the lowest hierarchy level, the leaves. Catalog components are combined to
build partial solutions. These partial solutions are combined with other catalog
components or partial solutions to build partial solutions at a higher level of the
robot component. This is continued until the robot component to be designed,
the root, is reached.

For example, the procedure for the robot component type sensor-actuator unit
is as follows: Catalog components of type motor and gearbox are combined to
form a partial solution, the motor-gearbox combination. This partial solution is
further combined with catalog components of the bearing type, resulting in a
higher-level partial solution, the drive section. This procedure is continued until
solutions for the overall system, sensor-actuator units, are formed.
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The tree nodes can also be regarded as states, while the edges are the transitions
from one state to another. These transitions are described by rules and formu-
las. In contrast to the specific model, specific catalog components are replaced
by catalog component types. Consequently, concrete values of specific catalog
components are also replaced by parameters in the formulas and rules. When
setting up rules and formulas, it is necessary to consider how exactly catalog
component properties and interfaces are specified by manufacturers. Therefore
it is important to induce general knowledge from catalogs as well (Figure 3.1).

As with the specific models, a SysML BDD is used to represent the general-
ized model of the system (Figure 3.3). It describes the robot component hier-
archically by using blocks for nodes and composite associations for edges. The
BDD for the specific robot components (Figure 3.2) serve as the starting point.
Their relationships are particularly relevant for deciding how the tree describing
the robot component is structured. For example, they help to identify when
catalog components have to be combined with other catalog components in
order to have all relevant information for selecting and generating partial solu-
tions when bottom-up traversing the tree. Another difference compared to the
specific models is that customized parts are no longer represented by separate
blocks. Since they are designed depending on catalog components and cannot
be treated separately, they are defined when partial solutions are built.

3.3.2. Solution Principle Variants

The crucial difference between a specific and the generalized model is that the
generalized model describes millions, if not billions, of different variants of the
robot component instead of a single one. Replacing specific catalog compo-
nents with catalog component types is one measure to describe more possibil-
ities for building a robot component type. However, from a conceptual point
of view, the result is only a single, parameterized solution. When developing
highly integrated robot components that have to meet a wide variety of require-
ments in a very confined construction space, it is worth considering different
concept variants and evaluating them against each other. As described in sub-
section 2.1.2, such concept variants are combinations of solution principles that
reflect selected characteristics for the relevant conceptual design parameters of
the system.

For the conceptual design of robot components, this work introduces three
groups into which these parameters and their corresponding solution principles
can be divided: structural, kinematic and functional parameters (Table 3.1).
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Table 3.1.: Parameter groups for the conceptual design of robot components.

Parameter
group

Solution
principles

Description Example

Functional
parameter

2n Use of component types (or
groups of catalog components)
to meet functional requirements

Possibilities for
torque sensing

Structural
parameter

n Arrangement of catalog compo-
nents relative to each other

Bearing arrange-
ment relative to
motor

Kinematic
parameter

n Kinematic configuration and
coupling of degrees of freedom

Number of fin-
ger joints

n ∈ N \ {0} realization possibilities

Unlike the other two parameter groups, the number of solution principles for a
functional parameter does not correspond to the realization possibilities n, but 2n

(Table 3.1). In the simplest case, this can be explained by the fact that a catalog
component type (or a group of catalog components) is either used to fulfill a
certain function or not {0, 1}. If there exist n independent realization possibil-
ities (i. e. binary features), the number of solution principles results from the
Cartesian product |{0, 1}n| = 2n. As a result, this definition allows to represent
optional functions, i. e. functions which do not have to be fulfilled at all. Fur-
thermore, it can represent redundancy by solution principles that describe the
fulfillment of a function by multiple independent realization possibilities.

The procedure how parameters and solution principles are defined and pro-
cessed is based on the procedure of the morphological analysis (subsection 2.1.4):
By determining the relevant parameters for the problem and possible charac-
teristics for each parameter (solution principles), a matrix can be built up, the
morphological box. Concept variants are built by selecting exactly one solu-
tion principle for each parameter. In order to consider each concept variant
contained in the morphological box, all possible combinations of solution prin-
ciples must be considered. However, to prevent the emergence of too many
concept variants, only the most relevant parameters and only the solution prin-
ciples that differ significantly are taken into account. The use of morphological
boxes adds a heuristic method to the formalization process and at the same
time allows the classification of existing robot components.

With regard to the SysML BDD for the generalized model, concept variants of
the morphological box are represented by inheritance (generalization) between
the parameter (supertype) and several solution principles (subtypes). In Fig-
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Partial Solution (ABC)1 Partial Solution (ABC)i Partial Solution (ABC)2

Partial Solution AB

Catalog Component A Catalog Component B Catalog Component C Catalog Component N

Robot Component (ABC)i...N

Figure 3.4.: Expanded SysML BDD: System hierarchy with solution principle variants.

ure 3.4, Partial Solution (ABC)i is the parameter, while Partial Solution (ABC)1

and Partial Solution (ABC)2 are possible solution principles for this parameter.
In this case, for instance, the parameter (ABC)i could define how the drive
bearings are arranged (structural parameter). Solution principle (ABC)1 could
describe an arrangement of the bearings beside the motor, while solution prin-
ciple (ABC)2 could describe an arrangement below the motor’s rotor.

Solution principles, in particular for functional parameters, can be represented
similarly to catalog components by leaves of the hierarchical structure tree.
However, if their effect on the selection and arrangement of catalog compo-
nents is large (e.g. for structural parameters), the strict tree structure may turn
out to be unsuitable and has to be abandoned. These solution principles are
then no longer represented by a single block, but by several blocks with re-
lationships between them. As a result, the subsequent transformation of the
BDD into a graph will result in a directed acyclic graph (DAG), which in most
cases will no longer be a tree. In the DAG, different solution principles with
significant influence on selection and arrangement of catalog components are
represented by different paths.

With regard to the rules and formulas that describe the transition from par-
tial solutions or catalog components to higher-level partial solutions, different
solution principles are taken into account by making case distinctions. Thus,
the rules and formulas are formulated and evaluated depending on the chosen
solution principles.

3.3.3. Requirements

So far, the generalized model describes various possibilities for designing a
robot component type. In order to use this knowledge to generate a suitable
solution for future designs, the properties of the robot component must meet
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technical requirements. NASA Systems Engineering (Kapurch, 2010) defines
requirement types and describes the processes by which they are decomposed,
allocated and validated (subsection 2.1.3). In the following, it serves as a basis
for integrating requirements into the generalized model of the robot compo-
nent.

Types of Requirements

Kapurch (2010) identifies technical requirements, performance requirements
and interface requirements as the most important types of requirements (sub-
section 2.1.3). Table 3.2 shows typical examples for these three types of require-
ments, that have to be met by mechatronic robot components.

Table 3.2.: Types of requirements and examples for mechatronic robot components.

Functional requirement Examples

Mechanical Provides torque, has brake, continuous rotation

Sensing Position/torque sensing capability

Data processing Has PCB for internal data processing

Performance requirement Examples

Spatial dimensions Max. length, max. diameter, max. height

Mass Max. mass (“weight”)

Costs Max. costs

Mechanical Min. peak torque/force, min. (angular) speed

Sensing Min. sensor resolution, min. absolute accuracy

Data processing Min. bit rate

Interface requirement Examples

Mechanical Specific screw flange (ISO flange)

Electrical Power supply (supply voltage, max. current)

Communication Bus system, serial ports

Functional requirements, which define what functions must be accomplished,
are largely determined by the type of robot component selected. For example,
a sensor-actuator unit is expected to provide torque. However, other functional
requirements such as a braking function (has brake) or a torque sensing capability
may or may not be necessary depending on the application. With regard to the
fulfillment of functional requirements, there are only two possibilities: either
they are fulfilled or not.
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Performance requirements, on the other hand, define how well a system must
perform functions. In order not to be too restrictive, Kapurch (2010) recom-
mends to distinguish between the threshold value (i.e. the minimum acceptable
value) and the desired baseline. Inspired by this, performance requirements are
defined in the following not only by a single value, but by a desired value with
a permitted deviation. Thus, different design solutions that meet all functional
requirements can also be compared quantitatively. Typical performance re-
quirements for physical components are spatial dimensions, mass (“weight”) and
costs. With regard to mechatronic robot components, max. torque/force and max.
(angular) speed are typical mechanical performance requirements. Further typi-
cal performance requirements arise in the areas of sensing and data processing.
The similarity of the categories of functional and performance requirements in
Table 3.2 is explained by the fact that theoretically there is a performance re-
quirement for each functional requirement. For example, min. sensor resolution
and min. absolute accuracy are the corresponding performance requirements for
the functional requirement torque sensing capability.

Interface requirements define interfaces between the robot component and its
environment. Mechanically, these are usually fastening options such as spe-
cific screw flanges. A typical electrical interface requirement is the power supply,
whereby not only the supply voltage but also the maximum current must be taken
into account. In order to combine different robot components with each other,
the communication interfaces for bus systems or serial ports are also crucial.

Transformation into a Directed Acyclic Graph (DAG)

As described in subsection 3.3.1, the classic design process consists of a top-
down approach to allocate and decompose the requirements, followed by a
bottom-up approach with regard to the synthesis of design solutions. So far,
only the bottom-up synthesis of the robot component is reflected by the gener-
alized model, in particular by the structure of the SysML BDD (Figure 3.4).

To consider requirements in the generalized model, first the SysML BDD (Fig-
ure 3.4) is transformed into a directed acyclic graph (DAG)G = (V,E) compris-
ing a set of nodes (or vertices) V and a set of edges E (Figure 3.5). Therefore,
all blocks of the SysML BDD are transformed into nodes v and all relationships
between the blocks (composite associations or generalizations) are transformed
into edges e. The direction between the nodes v is chosen so that the robot com-
ponent is built bottom-up, from catalog components (sources) to higher-level
partial solutions up to the overall system, the robot component (sink). It should
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Partial Solution (ABC)1 Partial Solution (ABC)i Partial Solution (ABC)2

Partial Solution AB

Catalog Component A Catalog Component B Catalog Component C Catalog Component N

Robot Component (ABC)i...N

Satisfied Prtl. Sol. AB

Satisfied Prtl. Sol. (ABC)1

Satisfied Ctlg. Cmpt. C Satisfied Ctlg. Cmpt. NSatisfied Ctlg. Cmpt. BSatisfied Ctlg. Cmpt. A

Satisfied Prtl. Sol. (ABC)i Satisfied Prtl. Sol. (ABC)2

Satisfied Robot Component (ABC)i...N

Figure 3.5.: DAG with requirement checks based on expanded SysML BDD.
It is later referred to as a Multi-Stage Design Graph.

be noted that due to the transformation from a tree to a DAG all leaf nodes
are now referred to as sources and the root node as the sink. As described in
subsection 3.3.2, the representation of the robot component as DAG allows to
model different solution principles as different paths.

In the next step, requirements checks are added so that the DAG not only de-
scribes the bottom-up design of the robot component, but also takes require-
ments into account. These requirement checks are performed at each step dur-
ing the generation of the robot component. As will be explained in more detail
later in subsection 4.3.2, this serves to exclude unsuitable catalog components
and partial solutions as early as possible. In the DAG, requirement checks are
represented by new nodes (white) with the prefix Satisfied. To include these
nodes, the number of nodes is first doubled by creating exactly one counter-
part vs for each node v of the DAG. This pairing is expressed by the name of
counterpart node vs, which differs only from v by the prefix Satisfied. For ex-
ample, in Figure 3.5 Satisfied Catalog Component A is the counterpart node to
Catalog Component A. These new counterpart nodes vs are integrated into the
DAG in a way that they are the only successor nodes of v. The original succes-
sor nodes of v will then become the successor nodes of the counterpart node
vs. The only exception to this are the nodes for the original supertypes of the
SysML BDD for solution principles, from which different paths now originate.
As illustrated in Figure 3.4, the successor nodes of Partial Solution (ABC)i are
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still the two solution principle variants Partial Solution (ABC)1 and Partial Solu-
tion (ABC)2, while its counterpart node Satisfied Partial Solution (ABC)i is used
to reunite the two different paths.

Graph Traversal with Requirement Checks

As in the initially presented system hierarchy tree (subsection 3.3.1), the edges
of the graph represent transitions from one state to another. This is described
by rules and formulas. The edges between nodes v and their counterpart vs
represent requirement checks. IF-THEN rules define under which constraints
requirements are satisfied and when they are not. For the bottom-up traversal
of the DAG (see also Figure 3.5), this proceeds as follows:

1. The source nodes of the DAG, catalog components or solution principles,
are checked whether they are suitable to be part of a robot component
satisfying a given set of high-level requirements or not. Depending on
the type of requirement, the procedure is different:

a) Functional requirements: These requirements can usually be allo-
cated directly to catalog components or solution principles. Thereby
the functional requirement is mapped to a property, which serves as
a constraint. An IF-THEN rule checks if the catalog component or
solution principle has this property or not:
IF ComponentHasProperty==true THEN SatisfiedRequirement

b) Performance requirements: In contrast to functional requirements,
performance requirements for the overall system such as spatial di-
mensions usually cannot be mapped directly to a property of a single
catalog component. The performance requirement must therefore be
hierarchically decomposed until constraints on the selection of the
catalog component can be derived. Since at this point is not yet de-
termined which other catalog components and solution principles
will be selected, it is possible that parameters in the formulas are still
unknown. In this case, heuristic assumptions based on expert know-
ledge must be made, which allow early recognition of which catalog
components will not satisfy the requirements even in the best case.
For example, catalog components should be excluded directly if they
are already larger, heavier or more expensive than the overall system
is allowed to be.

62



Chapter 3. Design Knowledge Acquisition and Formalization

c) Interface requirements: This type of requirement can be decom-
posed into functional and performance requirements for catalog com-
ponents or solution principles - see a) and b).

2. If all requirements for a catalog component (or solution principle) are sat-
isfied, it is considered a satisfied catalog component (or solution princi-
ple) of its type. Satisfied catalog components and solution principles are
represented in the DAG by the counterpart nodes with the prefix Satisfied.

3. During further traversing of the graph, partial solutions are formed by
combining different catalog components and/or solution principles. As
indicated by the graph structure, only satisfied catalog components and
satisfied solution principles are considered.

4. The newly formed partial solutions are checked like catalog components
and solution principles with regard to high-level requirements for the
overall system. High-level functional and interface requirements can be
completely satisfied by selecting suitable catalog components and solu-
tion principles. Therefore, the checks for partial solutions concentrate on
performance requirements. Since the partial solutions are already more
precisely defined with regard to the selection of catalog components and
solution principles, more parameters of the formulas are known. This
allows a more precise calculation of the property used to check the per-
formance requirement. As a result, the check can be more restrictive.

5. In order not only to consider high-level requirements but also physical
feasibility and compatibility between catalog components and solution
principles, it may be necessary to define further constraints that must be
satisfied by the partial solution.

6. If all requirements and constraints for a partial solution are satisfied, it
is considered a satisfied partial solution of its type and represented by a
corresponding counterpart node with the prefix Satisfied.

7. to n.: In the following, the DAG is traversed further bottom-up and steps
3 to 6 are performed for partial solutions with increasing hierarchy level.
The properties for the performance requirements checks can be calculated
more and more precisely. At each transition from a node to its satisfied
counterpart node, partial solutions are discarded before the remaining
ones are combined to higher-level partial solutions. As a consequence,
catalog components and solution principles that were only part of dis-
carded partial solutions are also no longer considered. The process ends
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at the satisfied counterpart node of the overall system, the Satisfied Robot
Component, representing design solutions that meet all requirements.

The generalized model in combination with the described procedure takes both
parts of the design process into account, the (1) top-down requirement decom-
position and allocation process as well as the (2) bottom-up synthesis of design
solutions. While bottom-up synthesis is reflected in the structure of the DAG
and its bottom-up traversal, requirements are mainly considered by IF-THEN
rules that are used to determine which catalog components, solution princi-
ples, partial solutions or overall solutions meet the requirements. Functional
and interface requirements can be decomposed and allocated directly to cata-
log components or solution principles. As a result, they can be validated very
early. Performance requirements, on the other hand, are usually checked sev-
eral times when traversing the DAG with increasing accuracy of the calculated,
relevant properties. This reflects the iterative and recursive nature of the design
process as described by systems engineering (subsection 2.1.3).

3.4. Ontological Knowledge Representation

The final step of the formalization process is the transformation of the gener-
alized model into ontologies and rules that can be used as knowledge base of
an expert system. Besides the generalized model, knowledge about catalog
components is also stored in the ontologies. After motivating the selection of
ontologies as a knowledge representation technique, this section describes the
architecture of the ontological knowledge base and the rules in detail.

3.4.1. Why Ontologies?

As mentioned in subsection 2.2.4, ontologies have evolved from frames, se-
mantic networks and finally description logics. By using SWRL (O’Connor
et al., 2005), IF-THEN rules can also be stored in the ontology. Ontologies
therefore combine the advantages of several classical knowledge representa-
tion techniques. This results in a powerful knowledge representation, which,
as for many other applications, is well suited to store design knowledge about
robot components. The main advantages are as follows:

• Machine-readable: Ontologies are formal and explicit specification of
conceptualizations that are suitable for automated reasoning.
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• Knowledge generation: Ontologies have the advantage that not all facts
have to be explicitly specified. If they are well designed they can also
be used to extract explicit knowledge. This is of particular interest for
design processes during which knowledge gaps often have to be bridged
(Hu et al., 2004).

• Accessibility and extendability: Ontologies are easy to understand for
human users because of their structure, which is mostly based on tax-
onomies. They can be easily modified and extended by user-friendly edi-
tors like Protégé (Noy et al., 2000).

• Common language: Ontologies provide a common language for software
developers and experts providing domain knowledge thanks to their high
semantic expressiveness.

• Separate use: The separation of knowledge representation and reason-
ing allows both parts to be used separately. Thus ontological knowledge
bases can be used for different applications.

• Standardization: Due to their increasing popularity (Wagner, 2017), on-
tologies are the best known representation of knowledge in current litera-
ture (Ramos et al., 2018). Standardization in the form of upper ontologies
allows the use of this trend to match ontologies from different sources and
persons.

• Description of complex domains: Ontologies provide enough concepts
and relations to describe even complex domains. An example of this is
the biomedical domain: The Open Biomedical Ontology (OBO) Foundry
(Smith et al., 2007), a collective of numerous ontology developers, works
on interoperable ontologies that can be used for applications such as ex-
pert systems. Also with regard to design, different developers confirm
that ontologies are a suitable form of knowledge representation (Hu et al.,
2004; Juarez et al., 2011; Nilsson et al., 2009; Ramos et al., 2017). They al-
low for describing the concepts underlying the design process (function-
alities, structures and resources) and their relationships to one another
(Ramos et al., 2018).

3.4.2. Ontology Architecture

In the final step of the formalization process, the knowledge describing the
design of a humanoid robot component type is stored in several ontologies
that import each other. Figure 3.6 shows the modular ontology architecture,
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Figure 3.6.: UML diagram of the ontology architecture describing relationships be-
tween upper ontologies (gray) and newly developed ontologies (white).

consisting of existing upper ontologies (gray) and newly developed ontologies
(white). The modular development offers the advantage of well defined in-
terfaces that simplify the independent development of ontologies, especially
when different developers are involved. Furthermore, modularity also sim-
plifies the separate use of ontologies for different applications. And finally, it
avoids prolonging the reasoning process by unnecessarily extensive ontologies.
All ontologies shown in Figure 3.6 are implemented in OWL2 (subsection 2.2.4).
In the following they are described in detail.

Upper Ontologies

As described in subsection 2.2.4, the development of new ontologies based on
upper ontologies, existing ontologies describing general concepts, brings many
benefits. For this reason, when creating new ontologies, one or more upper on-
tologies are usually loaded first. Entities of the new ontology will then, if pos-
sible, be linked by inheritance or other relationships to existing classes or other
entities. Three upper ontologies were chosen as a basis for the ontologies pre-
sented in this work: SUMO, CORA and FMA. The Suggested Upper Merged On-
tology (SUMO) is a very general upper ontology that can be used for various do-
mains. The Core Ontology for Robotics and Automation (CORA) uses SUMO as its
upper ontology and extends it by adding entities for the domain of robotics and
automation. SUMO and CORA are described in more detail in subsection 2.2.4.
The Foundational Model of Anatomy (FMA) ontology is a reference ontology for
anatomy (Rosse and Mejino, 2008). It represents entities and relationships that
are necessary for the symbolic modeling of the structure of the human body.
In this work, the FMA serves as a basis for representing knowledge on human
kinematics, which is required for the design of humanoid robot components.
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Figure 3.7.: UML class diagram of the Abstract Ontology. It is based on the upper on-
tologies SUMO and CORA (gray).
Source: (Karrenbauer, Rader and Asfour, 2018) © 2018 IEEE.

Abstract Ontology

The Abstract Ontology describes the general concept of what a humanoid robot
component is and how it can be systematically designed. This includes the
representation of a humanoid robot component as a Multi-Stage Design Graph
as well as the description of the associated procedure to generate it in a bottom-
up process with requirement checks (section 3.3).

Figure 3.7 illustrates classes of the Abstract Ontology and their relationships,
which are used to describe the nodes of the Multi-Stage Design Graph: Sub-
component (catalog component), Stage Node (partial solution), Humanoid Robot
Component (overall system) and Satisfied Node (counterpart nodes for require-
ment checks). An important relationship is the object property hasChild: It
describes that the overall solution (HumanoidRobotComponent) and partial so-
lutions (StageNode) include lower-level partial solutions that fulfill all require-
ments (SatisfiedNode). In order to distinguish Physical catalog components from
purely Abstract partial solutions when composing the overall solution , the com-
posedOf object property (Figure 3.7) is used to express the relationship between
HumanoidRobotComponent and Subcomponent instead of hasChild.

Besides presenting important classes and relations of the Abstract Ontology,
Figure 3.7 illustrates classes of CORA and SUMO from which they inherit. As
a consequence, the Abstract Ontology also represents the interface between
CORA, SUMO and the more specific ontologies describing the design of a robot
component type. But the Abstract Ontology does not only act as an interface to
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Table 3.3.: Examples of classes of the different ontologies.

Ontology Example (OWL 2)
Abstract SubClassOf (AbstractNode, SUMO:Abstract)

SubClassOf (AbstractNode,
restriction (hasChild, someValuesFrom (SatisfiedNode)))
SubClassOf (StageNode, AbstractNode)
SubClassOf (Subcomponent, SUMO:Device)

Component SubClassOf (Motor, Abstract:Subcomponent)
SubClassOf (ElectricMotor, Motor)
SubClassOf (FramelessBrushlessDCMotor, ElectricMotor)
SubClassOf (RoboDrive, FramelessBrushlessDCMotor)
SubClassOf (ServoKitILM, RoboDrive)
SubClassOf (ILM85x13, ServoKitILM)
SubClassOf (ILM85x13,
restriction (has n max, hasValue(2900)))

Human Body SubClassOf (IndexFinger50thPercentileMale, FMA:IndexFinger)
SubClassOf (IndexFinger50thPercentileMale,
restriction (hasLengthDistalPhalanx, hasValue(16)))

HRC Design SubClassOf (MotorGearboxMatch, Abstract:StageNode)
SubPropertyOf (hasMotor, hasChild)
SubClassOf (MotorGearboxMatch,
restriction (hasMotor, someValuesFrom (SatisfiedMotor)))

the upper ontologies. It also facilitates the realization of a minimum of inter-
faces between the ontologies and a possible inference machine. The code of the
inference engine does not have to refer to entities describing the design of a spe-
cific robot component type, but can use the concepts generally described in the
Abstract Ontology. The resulting encapsulation between knowledge related to
specific robot components and the inference engine allows easy extension and
reuse of both parts.

Component Ontology

The Component Ontology contains knowledge of catalog components and other
existing hardware components that can be used to build robot components and
similar mechatronic systems. Within the ontology, the catalog components are
defined hierarchically. All catalog components are represented by the class Sub-
component, which is defined in the Abstract Ontology. Children of this class
are main categories into which catalog components can be grouped, i.e. Mo-
tor, Gearbox, Bearings, MotorController, Brake, Screw and Sensor. These groups
are further broken down hierarchically until specific catalog components are
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specified. Table 3.3 demonstrates this at the example of the motor ILM85x13.
In order to describe this specific catalog component, the group Motor is fur-
ther broken down by technology (ElectricMotor), structure (FramelessBrushless-
DCMotor), manufacturer (RoboDrive) and series (ServoKitILM).

At each hierarchy level, data properties are assigned to the catalog compo-
nent. Inheriting these properties facilitates adding similar catalog components.
The data properties used have similarities with the requirements for mecha-
tronic robot components (subsection 3.3.3) to which they are mapped. Typical
data properties are spatial dimensions (hasDimensionInnerDiameter), costs (has-
Cost), weight (hasWeight) as well as electrical (hasVoltage) and mechanical per-
formance data such as maximum rotational speed (has n max). But also know-
ledge about the installation of a component (hasScrewCount) and compatibili-
ties between components (isCompatibleWithEncoder) is stored as data property.
In the ontology, data properties are treated like superclasses (SubClassOf ), with
the difference that in addition to the identifier (has n max), a value is specified
(hasValue(2900)).

Most of the knowledge about catalog components comes from manufacturers’
catalogs, which may provide specifications for the component itself, but also
information about installing it. If relevant knowledge for the use of a catalog
component is missing in the manufacturer’s catalogs, it must be supplemented
by further documentation material such as technical drawings, CAD models,
circuit diagrams, enquiries to manufacturers or expert knowledge gained from
the use of similar systems.

The Component Ontology is created in such a way that its knowledge can be
used in the design of any robot component or any other mechatronic system.
Furthermore, it is also possible to use the ontology independently of an expert
system. For example, it is possible to use the Component Ontology to retrieve
information on catalog components or to search for all known catalog compo-
nents that have a certain property.

Human Body Ontology

The purpose of the Human Body Ontology is to provide knowledge about the
human body needed to design robot components based on their human coun-
terparts. It uses fragments of the FMA, which describe the Musculoskeletal sys-
tem of the Human body, as upper ontology. The Human Body Ontology extends
the FMA ontology by adding data on human proportions. The data source is
DIN 33402, which comprises 69 human body measures based on the German
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resident population aged between 18 and 65 (Jürgens, 2004). All measures are
given for the 5th, 50th and 95th percentile male and female. To include data
for other percentiles in the Human Body Ontology, measures for missing per-
centiles were derived from known data by assuming a normal distribution.

Table 3.3 lists the class IndexFinger50thPercentileMale as an example for the Hu-
man Body Ontology. It comprises measures for the class IndexFinger from the
FMA ontology. Specifically, it describes measures for the 50th percentile male,
i. e. measures of a man who is larger than 50% of the population and smaller
than the other 50%. The specified data property, the length of the distal pha-
lanx of the index finger (hasLengthDistalPhalanx), is assigned a value of 16 mm
(hasValue(16)).

Humanoid Robot Component (HRC) Design Ontologies

The Humanoid Robot Component (HRC) Design Ontologies are the only spe-
cific ontologies of the modular ontology architecture. Each of them includes
knowledge that describes the design of a specific robot component type. As
shown in Figure 3.6, a distinction is made between HRC Design Ontology A
and B. Type A imports the upper ontologies SUMO and CORA as well as the
Abstract and Component Ontology. Type B additionally imports the FMA and
Human Body Ontology. It is intended for the design of robot components based
on their human counterparts.

Each HRC Design Ontology includes knowledge describing the generalized
model of a robot component type (section 3.3). Specifically, these are all nodes
of the Multi-Stage Design Graph and classes that confirm that single require-
ments such as a maximum rotation speed are met (SatisfiedRotationSpeed). Ad-
ditionally, the HRC Design Ontology defines object properties, which are used
to define the order of the nodes when traversing the graph. Furthermore, re-
lationships between individuals of the node classes are defined, based on the
hasChild object property defined in the Abstract Ontology. Table 3.3 demon-
strates this using the example of the object property hasMotor, which assigns an
individual motor to a partial solution (StageNode) consisting of a motor and a
gearbox (MotorGearboxMatch).

Besides definitions of classes and properties, the HRC Design Ontology also
comprises the rule set associated with the generalized model of a specific robot
type, which is explained in the following.
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Table 3.4.: Examples of formulas modeled as SWRL rules.

Formula SWRL Rule

nMi,max =
nM,max

i
MGM(?mgm)ˆhasM(?mgm, ?m)ˆ
hasG(?mgm, ?g)ˆhas n M max(?m,
?n M max)ˆhas i(?g, ?i)ˆswrlb :
divide(?n Mi max, ?n M max, ?i)
→ has n Mi max(?mgm, ?n Mi max)

nReq,max ≤ nSol,max MGM(?mgm)ˆRequirement(?req)ˆ
has n Sol max(?mgm, ?n Sol max)ˆ
has n Req max(?req, ?n Req max)ˆ
swrlb : lessThanOrEqual(
?n Req max, ?n Sol max)
→ Satisfied n max(?mgm)

3.4.3. Rule Set

Both the rules and formulas describing the transitions between the nodes of
the Multi-Stage Design Graph are stored in the HRC Design Ontologies of the
corresponding robot components. This is made possible by the fact that rules
formulated in Semantic Web Rule Language SWRL syntax can be stored in OWL
files (subsection 2.2.4). Ultimately, this means that rules can be part of an ontol-
ogy just like classes, individuals, and properties.

SWRL rules provide the means to express IF-THEN rules (antecedent→ conse-
quent), which can be solved in the sense of Horn-clauses. The examples in Ta-
ble 3.4 demonstrate that SWRL rules can express both, formulas for calculating
properties (nMi,max =

nM,max

i
) as well as rules for requirement checks (nReq,max ≤

nSol,max). The SWRL rule for nMi,max =
nM,max

i
describes the maximum speed

nMi,max of a motor-gearbox combination after a gearbox reduction of i. It checks
first, if there are motor-gearbox combinations MGM(?mgm) that include a mo-
tor hasM(?mgm, ?m) and a gearbox hasG(?mgm, ?g). Then the rule refers to the
speed of the motor ?n M max and the ratio ?i of the gearbox that are needed to
perform the arithmetic operation swrlb : divide(?n Mi max, ?n M max, ?i). If
all conditions are fulfilled, the calculated value is assigned to the motor-gearbox
combination has n Mi max(?mgm, ?n Mi max).

The second rule nReq,max ≤ nSol,max describes a constraint for a requirement
check. The constraint is derived from a performance requirement regarding
the maximum speed of a motor-gearbox combination. If the speed of the solu-

71



Chapter 3. Design Knowledge Acquisition and Formalization

Figure 3.8.: Definition of the catalog component CPL-20-160-2A, a Harmonic Drive
gearbox, with Protégé (Left: Class hierarchy; Right: Description).

tion ?n Sol max is greater than the speed ?n Req max defined in the require-
ment Requirement(?req), the property Satisfied n max(?mgm) is assigned to
the motor-gearbox combination.

3.4.4. Ontology Modeling

The ontologies are created with Protégé (Noy et al., 2000), an easy-to-use ontol-
ogy editor and knowledge management system. It allows both, the ontology
developers and domain experts, to easily extend the ontologies. Figure 3.8 illus-
trates how ontology classes are displayed in the Protégé editor using the cata-
log component CPL-20-160-2A as an example. By displaying the class hierarchy
(Figure 3.8, left) it is easy to categorize the class defining the catalog component
within the ontology. In this case, CPL-20-160-2A is a Harmonic Drive Component
Set of the CPL-2A series. The description of the component (Figure 3.8, right)
lists the classes from which the class inherits as well as properties. In this case,
three data properties are used to relate individuals of CPL-20-160-2A to concrete
values: One data property describes the maximal efficiency of the catalog com-
ponent (83%), two other data properties are peak torque specifications of the
manufacturer (92 Nm and 147 Nm). Further properties are inherited by super-
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classes (Figure 3.8, bottom right). For example, CPL-20-160-2A inherits proper-
ties such as spatial dimensions, costs and weight from very similar Harmonic
Drives (Gear CPL-2A Size 20) that differ only in the gear ratio. The inheritance of
properties considerably reduces the development effort of ontologies. It should
be noted that ontologies, unlike taxonomies, allow multiple inheritance.

Unlike catalog components, customized parts are not represented by a class in
the Component Ontology. Instead, their properties (e. g. spatial dimensions,
mass, costs) are defined in the course of reasoning as part of the generated
partial solutions (subsection 4.3.3).

3.5. Summary and Review

This chapter presented the first two steps of the approach of this thesis: the
acquisition and the formalization of expert design knowledge.

First, it was described how to acquire the design knowledge required for the
approach presented in this work. The main source is the knowledge gained
through the design of robot components, because successful implementation
and evaluation ensures the reliability of the knowledge. This is extended by
knowledge gained through the analysis of well-documented designs from re-
lated work. Furthermore, it was described which knowledge must be gained
through system analysis in order to formalize the design knowledge.

This was followed by the introduction of a novel formalization process, which
allows the transformation of knowledge gained during robot design into an
ontological knowledge base of an expert system. To this end, it was described
how a detailed generalized model of a robot component can be developed that
takes both procedural knowledge as well as domain-specific expert knowledge into
account.

Procedural knowledge as it is provided by product development and systems en-
gineering is considered by modeling the design of the robot component as a
directed acyclic graph (DAG). The graph describes the incremental bottom-up
design of the robot component. Inspired by morphological boxes, different so-
lution principles for conceptual design parameters are taken into account. They
are represented by different nodes or paths. Further nodes serve to evaluate re-
quirements. The identification of structures, the search for different solution
principles and their subsequent use for a bottom-up synthesis while continu-
ously evaluating requirements represents typical procedures of product devel-
opment and systems engineering.
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Domain-specific expert knowledge is mainly represented by formulas and rules
that describe the transition between the nodes of the DAG. They define which
subcomponents, solution principles and partial solutions under which condi-
tions are combined to build higher-level partial solutions. In addition, they
define which properties result from this combination. Domain-specific expert
knowledge on specific catalog components is taken into account by collecting
data from manufacturer catalogs.

By considering procedural as well as domain-specific knowledge, the presented
graph-based approach allows to model knowledge about systematic design of
complex, highly integrated robot components in detail. However, the novel
formalization process does not only include the development of the general-
ized model, but also its transformation into an ontological knowledge base that
allows for automated reasoning. Hence, it describes how systematic develop-
ment of mechatronic systems can be enriched by methods of knowledge repre-
sentation and reasoning, a branch of artificial intelligence, so that parts of the
design process can be automated.

With regard to the research question, the presented formalization process de-
scribed how knowledge on the design of humanoid robot components can be preserved.
The following chapter will describe how an expert system can be created that
uses this knowledge to support future developments.
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4. Expert System for Robot Design

Once formalized, the knowledge is used to support the design of humanoid
robot components as part of an expert system. The development of expert sys-
tems is located in the field of artificial intelligence and aims to create programs
that can assist in solving problems similar to human experts (section 2.2). In
this work an expert system is developed, which generates design solutions for
robot components based on user requirements (Figure 4.1). This automates
large parts of the design process. As motivated in chapter 1, with regard to
NASA Systems Engineering this encompasses the technical requirement defi-
nition, the logical decomposition and finally the design solution definition.

This chapter describes the architecture and the individual components of the
expert system. Furthermore, it includes a run-time analysis for the presented
Multi-Stage Reasoning Process. First results on the presented expert system
framework were published in (Karrenbauer, Rader and Asfour, 2018).
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Figure 4.1.: Expert system (blue) to support the design of humanoid robot components.
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4.1. Architecture

As illustrated in Figure 4.1, the expert system consists of three components: a
knowledge base, an inference engine and a user interface (UI). These are the
typical components that today’s expert systems usually consist of. The user se-
lects the robot component to be designed in a user interface. Depending on his
selection, different sets of requirements can be specified. Performance require-
ments can be prioritized by weight and allowed deviations can be set. In addi-
tion to defining and prioritizing requirements, the user interface also serves to
start the reasoning process. The reasoning is controlled by an inference engine.
It infers design solutions from the ontological knowledge base by executing a
Multi-Stage Reasoning Process. At the end of a reasoning procedure, the re-
sulting design solutions are visualized by the user interface, including catalog
components, chosen solution principles and calculated properties.

4.2. Knowledge Base

The ontological knowledge base of the expert system is the result of the for-
malization process presented in chapter 3. It is composed of several ontolo-
gies (subsection 3.4.2) that contain all the knowledge needed to automatically
generate design solutions for a given robot component type: the general ap-
proach how to design robot components (Abstract Ontology), the Multi-Stage
Design Graph that describes the robot component type (HRC Design Ontology),
catalog component data (Catalog Ontology) and - if needed - knowledge on hu-
man body proportions (Human Body Ontology). Besides classes, individuals and
properties, the HRC Design Ontology also includes SWRL rules, which are used
to describe the transitions of the Multi-Stage Design Graph by calculating prop-
erties and checking requirements. All ontologies are implemented in OWL2.
Their structure and creation with Protégé have already been discussed in detail
in section 3.4. During runtime, all ontologies are combined into a single ontol-
ogy from which the reasoner derives design solutions. In the following, this
ontology is referred to as working ontology.

4.3. Inference Engine

The purpose of the inference engine is to infer new information from the know-
ledge base. In the case of this particular expert system, its task is to generate de-
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sign solutions for robot components based on the ontological knowledge base.
After a short introduction to the reasoner, a novel Multi-Stage Reasoning Pro-
cess is described, which is used to generate robot components in a bottom-up
approach taking user requirements into account.

4.3.1. Pellet Reasoner

The inference engine is written in Java and utilizes Pellet (Sirin et al., 2007), an
open-source Java-based reasoner. Pellet is very popular since it provides the
most complete support for OWL and SWRL expressions (Šaša Bastinos and
Krisper, 2013). Therefore, it is suitable for both ontological and rule-based
reasoning. In order to access and modify the working ontology, it uses the
OWL API (Horridge and Bechhofer, 2011).

In this work the Pellet reasoner is used for a deductive reasoning process, in
which knowledge is derived from ontologies and rules by forward chaining (sub-
section 2.2.5). However, the reasoning process presented in the following dif-
fers significantly from conventional approaches, since the reasoner does not
perform just one but several runs.

4.3.2. Multi-Stage Reasoning

Each robot component represents a combination of catalog components and
solution principles. A brute force approach would consist of firstly generat-
ing any possible combination and secondly evaluating them. However, this is
inefficient and leads to a combinatorial explosion. Instead of generating each
combination for a robot component type at once, it is more effective to generate
partial solutions first, sub-combinations of catalog components and solution
principles. These partial solutions are then evaluated against the requirements.
Only partial solutions that fulfill these requirement checks are pursued further
by combining them with other partial solutions to form higher-level partial so-
lutions, i.e. combinations of sub-combinations. This procedure is continued
until solutions for the robot component type, complete combinations, are gen-
erated and evaluated. As a result, unsuitable combinations can be discarded at
the earliest stage possible.

But how can this approach be realized when inferring from an ontological
knowledge base? Šaša Bastinos and Krisper (2013) use ontologies and SWRL
rules to model a decision tree that structures the reasoning process for a multi-
criteria decision problem. Thus, an individual can be evaluated according to
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several criteria in sequence. The idea of combining a graph-based approach
with ontological reasoning is adapted for the approach presented in this work.
But instead of applying the graph to an individual like Šaša Bastinos and Krisper
(2013), this approach combines individuals in order to build new individu-
als while traversing the graph. The creation of new individuals is performed
generically by the Java code at the transitions between the graph nodes. Since
new individuals are evaluated by the reasoner after their creation, but before
their combination with other individuals, the reasoner is not only called once,
but several times. The approach is therefore referred to as Multi-Stage Reasoning
in the following.

Partial Solution (ABC)1 Partial Solution (ABC)i Partial Solution (ABC)2

Partial Solution AB

Catalog Component A Catalog Component B Catalog Component C Catalog Component N

Robot Component (ABC)i...N

Satisfied Prtl. Sol. AB

Satisfied Prtl. Sol. (ABC)1

Satisfied Ctlg. Cmpt. C Satisfied Ctlg. Cmpt. NSatisfied Ctlg. Cmpt. BSatisfied Ctlg. Cmpt. A

Satisfied Prtl. Sol. (ABC)i Satisfied Prtl. Sol. (ABC)2

Satisfied Robot Component (ABC)i...N

Figure 4.2.: During the Multi-Stage Reasoning Process the Multi-Stage Design Graph is
traversed bottom-up.

The Multi-Stage Reasoning Process is based on a bottom-up traversal of the Multi-
Stage Design Graph, which describes how a robot component is built up incre-
mentally with requirement checks (Figure 4.2). The creation and the structure
of this graph as well as its transformation into an ontological knowledge base
have already been described in chapter 3. In the following the algorithm for the
Multi-Stage Reasoning is presented, which refers to elements of the Multi-Stage
Design Graph represented by the Abstract Ontology (Figure 3.7).

The Multi-Stage Design Graph is a directed acyclic graph G = (V,E).

V = {(v1, .., vk), (vk+1, .., vn−1), vn} (4.1)

E = {hasChild} (4.2)
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Algorithm 1 Multi-Stage Reasoning

1: procedure REASONING(G = (V,E)) . G is traversed bottom-up
2: for all {v | v ∈ {v1, .., vk}} do
3: createIndividuals(v.type)
4: end for
5: for all {v | v ∈ {vk+1, .., vn}} do
6: for all {vj | vj ∈ V, e ∈ E, e = (v, vj)} do
7: I := I ∪ {(vj, getIndividuals(vj))}
8: end for
9: if ∀(vj, Ij) ∈ I | Ij 6= ∅ then

10: C := generateCombinations(I)
11: for all {c | c ∈ C} do
12: iparent := createIndividual(v.type)
13: for all {ichild ∈ c.I} do
14: vj := getNode(ichild)
15: e := (v, vj)
16: createObjectPropertyAssertion(

e.type, iparent, ichild)
17: end for
18: end for
19: end if
20: end for
21: end procedure
Abbreviations: i individual, Ij set of satisfied individuals for vj , I map of individuals Ij per vj

The vertexes (v1, .., vn) represent different entities of the reasoning process:

• (v1, .., vk) are the source nodes of G and represented mostly catalog com-
ponents, but also solution principles. In the Abstract Ontology they are
modeled by the class Subcomponent .

• (vk+1, .., vn−1) are nodes of G that represent partial solutions. They de-
scribe dependencies between other nodes. In the Abstract Ontology they
are modeled by the class StageNode.

• vn is the sink node of G and represents the robot component to be de-
signed, the overall solution. In the Abstract Ontology it is modeled by the
class HumanoidRobotComponent .

The edgesE are composed of concrete subclasses of the abstract hasChild object
property between the nodes V .

The Multi-Stage Reasoning (Algorithm 1) is executed for a Multi-Stage De-
sign Graph G, which is traversed bottom-up. At the beginning, an individ-
ual for each Subcomponent node (v1, .., vk) is created in the working ontology.
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In the next step, getIndividuals(vj) is called for a given node v and each subn-
ode vj . This function uses the reasoner to evaluate which individuals of vj
have satisfied the SWRL rule set. The rule set is modeled in a way, that for
each vj , calculations and evaluation of constraints are executed. When vj sat-
isfies the constraints it will be assigned to a respective SatisfiedNode, for which
getIndividuals(vj) is called. Only if each vj has satisfied individuals (Ij 6= ∅), the
node v will be further processed.

A set of combinations C is generated with generateCombinations(I) for each in-
dividual over the set of {vj}. For example, a motor-gearbox combination has
two hasChild dependencies to a motor and a gearbox. Each individual of a mo-
tor is then combined with each individual of a gearbox. For each combination
c a new individual (iparent) is created in the working ontology with the type of v
(the motor-gearbox combination). The edges {e = (v, vj)} are mapped to a new
object property assertion like hasMotor (e.type) from the motor-gearbox combi-
nation (iparent) to a motor (ichild). The algorithm terminates when all nodes V are
traversed. Afterwards, the satisfied individuals of the HumanoidRobotComponent

vn can be inferred along with the composedOf subcomponents and the calcu-
lated properties, which can be partially mapped to the requirements.

4.3.3. Ontology Modifications during Reasoning

During the execution of Multi-Stage Reasoning Process, the working ontology
(section 4.2) is continuously changed by creating, modifying and deleting in-
dividuals. Figure 4.3 illustrates how individuals of the working ontology are
represented in Protégé using the example of motor-gearbox combinations. On
the left side of Figure 4.3 all individuals of the working ontology are listed,
usually several thousand. These individuals represent specific catalog com-
ponents, solution principles, partial solutions as well as overall solutions that
are created and modified during reasoning. The right side of Figure 4.3 shows
the property assertions of the selected individual. For example, an individual
of the motor ILM70x18 is assigned to the selected motor-gearbox combination
via the object property assertion hasMotor. In addition to other individuals,
each motor-gearbox combination is also assigned data properties by executing
rules, e.g. a weight of 580 g (has Weight m unit kg 0.58). The center of Figure 4.3
illustrates the classes of which the selected individual is a member. The Satisfied
classes shown are assigned to individuals during reasoning to indicate which
individuals meet requirements such as a maximum weight (SatisfiedWeightMax)
and are therefore pursued further.

80



Chapter 4. Expert System for Robot Design

Figure 4.3.: Individuals for motor-gearbox combinations in the working ontology.

4.3.4. Run-Time Analysis

For the run-time analysis of the Multi-Stage Reasoning Process, it is assumed
that the number of individuals i created in the working ontology by the com-
bination of catalog components and solution principles is the decisive variable.
This can be explained by the fact that these individuals are not only created but
also tested by the rules. The number of individuals strongly depends on the
structure of the Multi-Stage Design Graph. Therefore, several parameters are
identified to describe it (Table 4.1).

For the run-time analysis, it is assumed that the nodes of the Multi-Stage De-
sign Graph are not changed, which means that the maximum number of direct
predecessor nodes p and the longest path h of the directed acyclic graph (DAG)
are fixed. Only the number of catalog components and solution principles n
represented by the source nodes can be changed. Each source node represents
nj catalog components of one catalog component type or nj solution principles
for one parameter.

n =
k∑

j=1

nj (4.3)
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Table 4.1.: Parameters describing the structure of the Multi-Stage Design Graph and
the individuals resulting from it.

Parameter Description

i Total number of individuals created by the combination of cat-
alog components and solution principles

iv Number of individuals (combinations) assigned to a node v
n Total number of catalog components and solution principles

assigned to multiple source nodes (resp. leaf nodes)
nj Number of catalog components for one specific component

type or number of solution principles for one specific parame-
ter assigned to a single source node j (resp. leaf node)

k Number of source nodes (resp. leaf nodes) representing com-
ponent types and parameters

p Maximum number of direct predecessor nodes
h Maximum path length of the DAG (resp. height of the tree)

The Multi-Stage Reasoning Process aims to discard solutions as early as possi-
ble. It can be interpreted as a brute force graph search with pruning, which is
realized by rules. However, pruning is too case-specific to be considered in the
run-time analysis. In this respect, the early exclusion of individuals by rules
cannot be considered. The worst-case would be that all possible individuals
are created because all rules are fulfilled. For a Multi-Stage Design Graph as
shown in Figure 4.4 (a), the worst-case number of individuals to be created and
tested is therefore:

i(n) ∈ O(nm) (4.4)

m = ph (4.5)

Since m is defined by the structure of the DAG and thus fixed, the number
of individuals grows polynomially to the number of catalog components and
solution principles. To avoid a combinatorial explosion, the graph should be
constructed in a way that m is as small as possible. First of all, the number of
predecessor nodes should be reduced to p ≤ 3 or even better p ≤ 2. When de-
termining the maximum path length h of the DAG, the Satisfied Nodes should
not be taken into account, since during the transition from nodes to their Satis-
fied counterparts no new individuals are created. In general, before calculating
the worst-case runtime, the DAG should be shortened by all nodes that have
only one predecessor node (p = 1.).
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Figure 4.4.: Examples for Multi-Stage Design Graphs with a maximum path length
h=3: (a) Directed Acyclic Graph (DAG) (b) Directed Tree.

Considering the Multi-Stage Design Graph as any DAG results in an upper
boundary for generated individuals, which in most cases is far above the ac-
tual limit of a graph describing the design of a specific robot component. The
average case is therefore based on a directed tree from which the DAG devel-
ops by a few additional paths. For a directed tree with k leaf nodes as shown in
Figure 4.4 (b), the following upper limit results for the number of individuals
for the root node r, the HumanoidRobotComponent:

ir =
k∏

j=1

nj ∈ O(nk) , nj ≤ n (4.6)

Similarly, the maximum number of individuals iv can be calculated for every
node v. By summing up all individuals that are assigned to a node, the total
maximum i is obtained:

i =
r∑

v=1

iv ∈ O(nk) (4.7)

For the directed tree, the number of individuals also increases polynomially to
the number of catalog components and solution principles. But the exponent
k, the number of leaf nodes, is usually much lower.
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4.4. User Interface

The user interface (UI) is developed in Java SWT (Northover and Wilson, 2004),
a graphical widget toolkit that allows to quickly build user interfaces. The UI
serves to define requirements, set allowed deviations and present design solu-
tions to the user. Therefore, it provides three main tabs (Requirements, Optimiza-
tion and Solution), which are presented in the following.

4.4.1. Requirements Definition

The requirements definition is specifically adapted to the robot component
type. Therefore, when starting the program, the user must first select which
robot component type is to be designed with the help of the expert system. This
selection then defines which ontologies are loaded into the working ontology.
The specific HRC Design Ontology contains individuals representing specific
UI requirements. Each individual defines which user input is allowed for a re-
quirement, which default values are used, in which category the requirement
is classified and which description is displayed. Based on this ontology data,
the UI is generated.

In the requirements definition tab the user can define functional, performance
and interface requirements:

• Functional requirements are visualized by checkboxes or drop-down lists.

• Performance requirements are visualized by two input fields each for
defining a minimum and maximum value.

• Interface requirements are visualized like functional or performance re-
quirements.

Besides requirements definition, an expert mode allows the user to customize
values used to calculate formulas and to choose specific solution principles.
Furthermore, each requirement and value is explained to the user.

Figure 4.5 shows an example of a requirements definition tab. On the left side,
the user can select the requirement category (Performance, Dimensions, Struc-
ture,...). For the selected category, the user defines functional requirements
(Brake) and performance requirements (Peak Torque and Maximal Speed). Fur-
thermore, the values used to calculate the formulas can be changed in expert
mode (Peak Torque % of motor, Peak Torque of motor and Peak Torque of gearbox).
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Figure 4.5.: Requirements tab of the expert system in which the user can specify the
requirements.

In this case, this enables experts to dimension motor-gearbox combinations ac-
cording to different key characteristics, which are selected via a drop-down list.
For each requirement and value a description is given on the right side.

4.4.2. Deviations, Rating and Optimization

As with all other requirements, performance requirements are defined in the re-
quirements tab of the UI. For performance requirements, this is done by a mini-
mum or maximum threshold value. However, as described in subsection 3.3.3,
it is advantageous to define performance requirements not only by a thresh-
old value, but also by an allowed deviation. This deviation can be adjusted in
the optimization tab by a percentage value between 0 and 100 relative to the
threshold value. The resulting constraints are displayed as numerical values in
the UI (Figure 4.6). Instead of entering the deviation value in an input field, the
user can also use a slider.

If several design solutions meet all requirements, selected performance require-
ments can be used to rank the solutions. To prioritize performance require-
ments differently, a weight wi ∈ N0 between 0 (do not consider) and 5 (highest
priority) can be selected in the optimization tab for each requirement i.

In the following two rating functions are introduced to rank design solutions on
the basis of selected performance requirements and their weightingwi: the Nor-
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Figure 4.6.: Optimization tab of the expert system in which the user can specify the
allowed deviations and priorities of the performance requirements.

malized Root-Mean-Square Deviation (NRMSD) and the Performance Index (PX).
The NRMSD is used to rank design solutions so that the solution with the least
negative deviation (“error”) from the performance requirements comes first.
Positive deviations are not considered. In contrast, PX ranks first the solutions
for which the positive deviations outweigh the negative deviations the most.
PX is therefore particularly suitable for optimizing existing solutions.

Normalized Root-Mean-Square Deviation (NRMSD)

A performance requirement uReq,i ∈ U = Umin ∪ Umax should either be maxi-
mized uReq,i,min ∈ Umin or minimized uReq,i,max ∈ Umax. This allows to distin-
guish between a positive and a negative deviation. A deviation is negative, if
uSol,i < uReq,i,min or uReq,i,max < uSol,i, with uSol,i the solution value for the per-
formance requirement uReq,i. A positive deviation is defined inversely and rep-
resents a value uSol,i which is better than required. The relative error ei is:

ei =

(uReq,i)
−1 (uReq,i − uSol,i) , uReq,i ∈ Umin

(uReq,i)
−1 (uSol,i − uReq,i) , uReq,i ∈ Umax

(4.8)
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As error function for the negative deviation a weighted variation of the Normal-
ized Root-Mean-Square Deviation (NRMSD) is used. The error ei is normalized
between 0 and 1 to compare requirements with different ranges.

NRMSD =

√√√√(#U∑
i=1

wi

)−1 #U∑
i=1

wi max(0, ei)2 (4.9)

NRMSD ∈ [0, 1] (4.10)

The smaller the negative deviations, the smaller the NRMSD. If all perfor-
mance requirements are fully met, meaning, if there are no negative deviations,
NRMSD = 0. In the worst case, if all performance requirements have a neg-
ative deviation of 100% from their thresholds, which is the maximum allowed
by the UI, NRMSD = 1.

Performance Index (PX)

Beside the NRMSD the Performance Index (PX ) is calculated, which also takes
positive deviations into account to represent an overall performance of a solu-
tion:

PX =

(
#U∑
i=1

wi

)−1 #U∑
i=1

wi (1− ei) (4.11)

PX ≥ 0 (4.12)

The higher the performance index PX, the better the design solution. In case of
a negative deviation of all performance requirements by 100%, PX = 0 applies.
If the values of the solution correspond exactly to the threshold values of the
performance requirements, PX = 1. In case that PX > 1, the solution can be
classified as better than required, the positive deviations outweigh the negative
deviations.

PX can thus be used to check whether existing solutions, represented by thresh-
old values of performance requirements, can be optimized. In order to control
which priority the individual performance requirements have in this optimiza-
tion, the user can use different weights wi for them.
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Figure 4.7.: Solution tab of the expert system in which design solutions are listed.

4.4.3. Solution Presentation

The solutions tab has two functions: Firstly, clicking on this tab starts the rea-
soning process, and secondly it presents the design solutions to the user.

Each design solution consists of the selected catalog components and solution
principles as well as the resulting properties, i.e. values for the performance
requirements and the two rating functions. Only those solutions are presented
that meet all requirements or at least lie within the allowed deviation range.
The solutions are initially presented in tabular form (Figure 4.7). Each design
solution is represented by one row of the table. The associated catalog com-
ponents, solution principles and properties are listed in the columns of the ta-
ble. The user can decide according to which performance property or rating
function (NRMSD, PX) the solutions are ranked. A second property or rating
function can be specified to further differentiate design solutions with identical
values. To support the exploration of the design solutions, there are various
tools, for example a search window and the possibility to show only entries in
which there are differences between the design solutions.
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Figure 4.8.: Presentation of a single design solution.
Left: Conceptual drawing visualizing the arrangement of the components.
Right: Catalog components, solution principles and properties.

Double-clicking on a design solution of the table opens a new window in which
the specific solution is presented to the user in detail (Figure 4.8): On the left
side, a conceptual drawing is shown that visualizes the solution principles and
arrangement of the catalog components. On the right side the catalog compo-
nents, solution principles and properties are listed.

The specific design solutions as presented in Figure 4.8 can be exported as PDF.
Another possible export for specific solutions is a text file that lists all sub-
components with data on the manufacturer, material, prices and weights. And
finally, the working ontology that results from the reasoning process, can be
saved as OWL file. It contains all design solutions.
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4.5. Summary and Review

This chapter concluded the description of the approach that aims to preserve
knowledge on robot design in order to support future developments. The result
is an expert system that presents design solutions for robot components based
on user requirements. It is composed of an ontological knowledge base, an
inference engine and a user interface.

A novelty is the Multi-Stage Reasoning Process, which is used by the expert
system. Similar to the work presented by Šaša Bastinos and Krisper (2013),
it combines ontological reasoning with a graph-based approach. The differ-
ence, however, is that the graph is not only applied to a single individual that
is evaluated according to several criteria. Instead, when traversing the graph,
individuals are also combined to generate new individuals. The graph is the
Multi-Stage Design Graph resulting from the formalization process. Thus, dur-
ing Multi-Stage Reasoning, individuals representing catalog components or so-
lution principles are combined to form new individuals representing partial
solutions. These new individuals are then evaluated. If they meet the require-
ments they are further combined with other individuals until individuals are
generated which represent design solutions for the overall system, the robot
component. By filtering early on individuals that do not meet the user require-
ments, the runtime can be reduced. Since the Multi-Stage Design Graph con-
siders multiple solution principles for important design parameters (such as
different arrangements of subcomponents), this also applies to the expert sys-
tem. In addition, the expert system has access to a large selection of catalog
components whose data is stored in the ontological knowledge base.

By automatically selecting and arranging catalog components, the novel expert
system framework can support large parts of the design process. Compared
to related work, it avoids typical simplifications such as the use of modules
instead of catalog components or the adaptation of only a single, parameterized
solution. Its potentially high level of detail is demonstrated in the following
evaluation chapter.
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5. Evaluation

This chapter presents the evaluation of the approach presented in this work,
which describes how expert knowledge on the design of humanoid robots can
be preserved to support future developments. The evaluation is based on know-
ledge gained during the mechatronic design of the humanoid robot ARMAR-6.
Specifically, two case studies will be conducted on the two components of
ARMAR-6 that have the highest level of integration: sensor-actuator-controller
(SAC) units and robotic hands (Figure 5.1).

Figure 5.1.: The humanoid robot ARMAR-6: Its two components with the highest
degree of integration, sensor-actuator-controller (SAC) units and robotic
hands, serve as case studies.
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After an introduction to ARMAR-6, the two case studies demonstrate how de-
sign knowledge gained through the design of robot components and analysis of
related work can be formalized and ultimately made usable by an expert system.
Finally, it is demonstrated that the resulting expert systems are capable of re-
producing existing design solutions as well as generating optimized or novel
design solutions.

5.1. The Humanoid Robot ARMAR-6

This section introduces the humanoid robot ARMAR-6, the youngest member
of the ARMAR humanoid robot family (Asfour et al., 2019a). The development
of hardware and software of ARMAR-6 as well as a validation of the entire
system were presented in detail in Asfour et al. (2019b). The dual-arm system
(Rader et al., 2016) and the sensor-actuator-controller units (Rader et al., 2017)
were presented in further publications. Therefore this section is a summary of
previous publications, in particular Asfour et al. (2019b), with a focus on the
design of the mechatronic components of ARMAR-6.

5.1.1. Motivation

Developed as part of the SecondHands project, the vision in the development of
ARMAR-6 was to create a humanoid robot that can not only collaborate with
humans but even help them autonomously and proactively. In concrete terms,
the ambitious scenario envisages that a robot assists a technician in the mainte-
nance of conveyor belts in a highly automated warehouse.

5.1.2. Requirements

The scenario results in numerous requirements for the hardware.

To work collaboratively with a human, the robot must guarantee its safety.
Known measures to achieve safe human-robot collaboration include lightweight
design, anthropomorphic kinematics and high-speed torque control.

The requirement to implement cognitive abilities in software, which are neces-
sary for the robot to help autonomously and proactively, also results in require-
ments for the hardware: The robot should be equipped with various exterocep-
tive sensors as well as sufficient on-board computer resources.
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Figure 5.2.: Essential internal components (A-T) of ARMAR-6.
Adapted from Source: (Asfour et al., 2019b) © 2019 IEEE.

The use of the robot in a real warehouse also requires exceptionally high ro-
bustness and reliability. If the robot nevertheless needs to be repaired, a high
degree of modularity should ensure that these repairs are easy to carry out.

The concrete scenario requires the mobile manipulation of human tools and
other objects in confined spaces. This requires not only that the robot can move
holonomically, but also that it can grasp human tools.

Furthermore, the robot should be able to pick up objects from the ground and
at the same time hand over objects to a technician on a ladder at a height of
2.3 meters. The objects to be manipulated can weight up to 20 kg. As a result, a
manipulation system with both a large workspace and a high payload capacity
are needed.
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Finally, the need to integrate this number of functionalities into a single au-
tonomous system with a human-like appearance results in an very high level
of system integration.

5.1.3. Robot Design

ARMAR-6 is a humanoid robot with a total of 28 active degrees of freedom
(DoF). It has a height of 192 cm, a maximum arm span of over 300 cm and a
weight of 160 kg (with battery packs up to 40 kg more). Figure 5.2 illustrates
the essential components of the robot. At the highest level, the hardware of
ARMAR-6 can be divided into five different subsystems, which can also be
used separately due to their modularity: dual-arm system, robotic hands, torso,
mobile platform and sensor head.

Dual-Arm System

The dual-arm system (Rader et al., 2016) consists of two identical high-perfor-
mance robot arms with 8 DoF each. Table 5.1 enlists the Denavit-Hartenberg
parameters of the arm as well as its joint limits.

Table 5.1.: Denavit-Hartenberg parameters, joint limits and sensor-actuator-controller
(SAC) units of a single KIT Arm with 8 DoF.

Joint θ [◦] α[◦] a [mm] d [mm] Joint limits SAC unit (size)
Cla1 θ1 75 0 0 ±82◦ Large (L)
Sho1 -90 + θ2 90 0 300 ±∞ Large (L)
Sho2 75 + θ3 90 0 0 -22◦/+202◦ Large (L)
Sho3 -90 + θ4 90 -55 409 ±∞ Medium (M)
Elb1 180 + θ5 90 0 0 -36◦/+154◦ Medium (M)
Elb2 90 + θ6 90 0 364 ±∞ Medium (M)
Wri1 90 + θ7 90 0 0 ±40◦ Small (S)
Wri2 θ8 0 227 0 ±90◦ Small (S)

Each arm comprises one clavicle joint of the inner shoulder joint (Cla1), three
intersecting shoulder joints emulating a spherical joint (Sho1-3), two intersect-
ing elbow joints (Elb1-2) and two wrist joints (Wri1-2). The wrist joints intersect
with Elb2, building a second spherical joint. This joint configuration is inspired
by the work of Asfour (2003), who introduced a model of the human arm kine-
matics with 9 DoF. It was first realized with 8 DoF for the arms of the humanoid
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ARMAR-4 (Asfour et al., 2013). The clavicle shoulder joint (Cla1), which is only
included in few robotic arms, significantly increases the bimanual workspace
of the dual-arm system (Rader et al., 2016). Combined with a reach of 1.3 me-
ters and a large range of motion in most joints (Table 5.1), the dual-arm system
has a massive total workspace of 8.4 m3 and a bimanual workspace of 4.9 m3.

To enable ARMAR-6 to carry objects weighing up to 20 kg, both arms have
been designed to carry up to 11 kg at long range. The necessary mechanical
power is provided by highly integrated sensor-actuator-controller (SAC) units
in each joint (Rader et al., 2017). A SAC unit includes a motor, a gearbox, an
IMU, sensors for torque, position and temperature measurement as well as em-
bedded electronics for high-speed control and communication via EtherCAT.
The design of the three different-sized SAC units is described in more detail in
subsection 5.2.1.

In order to achieve both a lightweight design as well as high robustness, the
structure of the arm follows an exoskeleton design approach: The SAC units
are linked by a hollow structure made of high-strength aluminum that serves
as load-bearing structure and cover. Due to the high concentration of the arm’s
most important subcomponents in the SAC units as well as well-defined inter-
faces, the actual arm assembly is greatly simplified: Mechanically the units are
connected to the hollow structure by flanges and clamps, electrically the units
are daisy-chained via three cables (EtherCAT bus, DC bus and emergency stop).
The cables run inside the hollow structure, which protects them and further in-
creases the robustness of the arm.

In addition to the sensors in the SAC units, both arms include a 6D force/torque
sensor in the wrist, which supports the robot in perceiving its environment. The
sensor is directly connected to a SCHUNK hand adapter, which allows to easily
attach different robotic hands or other end effectors like the KIT Swiss Knife
Gripper (Borràs et al., 2018) to the arm. The adapter offers both an electrical
and mechanical interface according to DIN-ISO 9409-1-50-7-M6.

Robotic Hands

To operate in man-made environments, ARMAR-6 has two five-fingered hands.
The hands have an anthropomorphic appearance and kinematics based on hu-
man proportions. The 14 finger joints per hand (two per thumb, three per fin-
ger) are driven by two motors. One motor drives the thumb, the other motor
drives the four fingers. To actuate multiple joints simultaneously, a rope runs
through each finger. The force distribution between the fingers is realized by
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Figure 5.3.: Sectional view through the 10.7 m3, nearly ellipsoidal workspace of the
dual arm system incorporating the prismatic torso joint.
Source: (Asfour et al., 2019b) © 2019 IEEE.

a modified version of the TUAT/Karlsruhe mechanism (Fukaya et al., 2000,
2013). This adaptive underactuation mechanism makes it possible that the fin-
gers can wrap around objects while automatically adapting to their shape. The
robotic hand as well as its underactuation mechanism are described in more
detail in subsection 5.3.1.

Torso

The torso of ARMAR-6 consists of a single prismatic joint, which allows a
height adjustment of up to 40 cm. This results in an increase of the working
space of the dual-arm system from 8.4 to 10.7 m3. In addition, ARMAR-6 can
manipulate objects both on the floor and at a height of 2.3 meters, as demanded
by the requirements. The prismatic joint is driven by a DC motor whose ro-
tation is converted into a translatory movement by a belt and a spindle. Two
linear guides relieve the spindle and ensure robust force transmission between
upper body and mobile platform. An energy chain serves the same purpose
for the electronic connection between by protecting the cables and avoiding
mechanical stress. To ensure that ARMAR-6 consumes as little energy as pos-
sible while keeping the height of the torso constant, a brake is installed. The
absolute position of the torso is measured by a draw wire sensor.
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Mobile Platform

To enable ARMAR-6 to move holonomically in confined spaces, the robot has
an ominidirectional, mobile platform with four separately driven Mecanum
wheels. Additionally, the platform offers space for all components necessary
for the robot to operate autonomously and safely without external cables: four
computers plus a GPU for on-board computing, network peripherals, a sound
system, the power management system, battery packs, two different emer-
gency stop systems and two laser scanners. All these internal components are
hidden and protected by covers made of glass fibre reinforced plastics.

Sensor Head

The sensor head equips ARMAR-6 with five cameras, exteroceptive sensors,
that enable it to perceive its environment visually. The five cameras are di-
vided into three independent systems. The first camera system is a Robocep-
tion rc visard 160, a stereo camera system with a baseline of 16 cm and on-board
depth image processing. It is used for peripheral vision at distances between 0.5
and 3 meters. The second system is a pair of Point Grey Flea3 cameras, a second
stereo vision system with a baseline of 27 cm for foveal vision. The third system
is a Prime Sense Camine, an active red-green-blue-depth sensor (RGB-D) which
is used for unicolored, featureless surfaces. The camera systems are mounted
on a aluminum frame structure that is actuated by a pan-tilt unit (2 DoF) in the
robot’s neck. This pan-tilt unit is based on two sensor-actuator units, consisting
of brushed DC motors, precise Harmonic Drives reduction gearboxes as well as
incremental and absolute encoders. The units allows for a precise positioning
of the cameras with angular speeds of up to 510 ◦/s.

5.1.4. Validation

To validate its hardware and software development, ARMAR-6 had to demon-
strate its capabilities in a challenging demonstration scenario. This scenario
required advanced scene understanding, human intention recognition, mobile
manipulation and physical human-robot interaction (HRI). Derived from the
objectives of the SecondHands project, ARMAR-6 assists a human technician in
maintaining a conveyor belt in a warehouse.

The scenario starts with ARMAR-6 recognizing that the technician needs help
removing a cover plate. It proactively offers its help and together, robot and
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Figure 5.4.: The technician and ARMAR-6 remove the cover panel in a cooperative bi-
manual mobile manipulation task. Source: (Asfour et al., 2018) © 2018 IEEE.

technician carefully remove the cover plate, carry it to a suitable location speci-
fied by the technician and place it on the ground (Figure 5.4). Based on an initial
diagnosis of the damage by the technician, ARMAR-6 picks up the appropriate
tool from a workbench and hands it over to the technician, who may already
have climbed a ladder in the meantime. When maintenance is complete, the
robot receives the tool from the technician and places it on the workbench.

To successfully complete this scenario, ARMAR-6 must recognize the techni-
cian’s need for help. For this purpose it uses various sensor modalities, includ-
ing visual perception, haptic feedback and speech recognition. Human-robot
interaction (HRI) is also of particular importance. In this context, ARMAR-6 is
capable of estimating human poses and interacting with humans both verbally
and physically.

ARMAR-6 has successfully completed the described demonstration scenario
more than a hundred times with various technicians, including 20 professional
maintenance technicians. However, as a humanoid robot with a wide range
of capabilities, ARMAR-6 is not limited to a single scenario or use in ware-
houses. For a more detailed description of its software framework ArmarX
(Vahrenkamp et al., 2015), its capabilities, and the demonstration scenario pre-
sented, please refer to Asfour et al. (2019b).
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Figure 5.5.: The KIT sensor-actuator-controller (SAC) units in three different sizes
Source: (Rader et al., 2017) © 2017 IEEE.

5.2. Case Study 1: Sensor-Actuator Units

Sensor-actuator (SA) and sensor-actuator-controller (SAC) units for robot joints
serve as a first case study to evaluate the approach. The case study starts with
a presentation of the KIT SAC units (Figure 5.5), which are part of the dual-arm
system of ARMAR-6. Thereafter, the knowledge derived from these designs
and related work is formalized to serve as the knowledge base of an expert
system for SA/SAC units. Finally, this expert system is used to reproduce and
optimize existing SA/SAC units as well as to generate a novel design.

5.2.1. Design Knowledge

The main source of knowledge for this case study are the three KIT SAC units
developed for the dual-arm system of the humanoid robot ARMAR-6. In the
following, their design is described with a focus on the challenges of develop-
ing such a highly integrated mechatronic system. Furthermore, it is explained
which designs from related work serve as additional sources of knowledge to
expand the design knowledge. The description of the KIT SAC units was pre-
viously published in Rader et al. (2017).

KIT SAC Units: Mechatronic Design

Based on the experience gained from the development of the ARMAR robots,
in particular ARMAR-4 (Asfour et al., 2013), and insights from related work,
three highly integrated sensor-actuator-controller units were developed: the
KIT SAC units. Theses units were originally designed for the dual-arm sys-
tem of the humanoid robot ARMAR-6 (subsection 5.1.3). However, due to their
high level of integration, modularity, robustness, encapsulation and scalability,
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Figure 5.6.: Labeled cross section of the medium-sized KIT SAC unit. Cables are col-
ored blue. Source: (Rader et al., 2017) © 2017 IEEE.

they can easily be used for other robotic systems. Table 2.5 in subsection 2.4.2
demonstrates their high level of integration compared to related work. There
are no other rotary SA units that combine this high level of integration with
high torques of up to 176 Nm. In the following the design of the units is de-
scribed in more detail using the example of the medium-sized SAC unit (Fig-
ure 5.6).

Mechanical Design: The medium-sized SAC unit is driven by a brushless DC
motor (ILM 70x10 RoboDrive), which is specifically designed for the use in
robotics. It combines high torque density with low thermal losses and allows
an easy integration into compact actuator units. The rotor sits on the motor
shaft, which is supported by two bearings (SBN 61808 2RU 2Z), and drives
the wave generator of the Harmonic Drive reduction gear unit (CSD-25-160-
2A-GR-BB). Harmonic Drive units combine a high gear ratio with a compact
and lightweight design. Furthermore, their lack of backlash facilitates precise
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position control of the actuator. The output of the Harmonic Drive, the flex
spline, is linked to a hollow shaft with strain gauges for torque sensing. The
hollow shaft is attached to the output flange, which is supported by a compact
and rigid cross roller bearing (THK RA 7008C). A high-strength aluminum al-
loy was chosen as the material for the structural parts (white), as it combines
low density with a high yield strength. Protective covers (dark gray) for the
cables and electronic components are made from ABS plastic using 3D printing
technologies.

Sensors: Each SAC unit provides a comprehensive sensor setup. For posi-
tion sensing two magnetic encoders are integrated: An incremental encoder
with 5760 events per motor revolution is directly connected to the motor driver,
while a 20 Bit single turn absolute encoder (Renishaw Aksim MBA8) measures
the absolute position of the output flange with an accuracy of±0.1◦. For torque
measurement the output hollow shaft was applied with four strain gauges,
which are wired as H-bridge for temperature compensation. The analog sig-
nal is digitized using a differential ADC (Texas Instruments ADS1220). This
setup allows very precise torque control which, in combination with a high con-
trol frequency, can be used to realize active compliance. Besides position and
torque sensors, each SAC unit integrates a 9-axes absolute orientation sens-
ing device (IMU) with on-board temperature sensing (Bosch BNO055) that is
placed on the motor PCB. The comparatively large amount of sensory data is
used in feedback control loops, and for in-depth system monitoring. All sensor
data is available over the high-level bus interface.

Electronics: For communications the Ethernet-based EtherCAT (Ethernet for
Control Automation Technology) is used, which offers real-time performance
and a data rate of 100 Mbit/s. The high bandwidth allows for a high data
throughput at high frequencies even on buses with many connected actuators.
The two core components of the electrical architecture are the motor controller
and the microcontroller for sensor data sampling. Both devices are directly
connected to the EtherCAT bus and are slaves to the master PC. The motor
controller is a compact industrial grade servo controller for current-, position-
and velocity-control, allowing a maximum continuous current output of 10 A

(ELMO Gold Twitter 10/100). It is placed on a specially designed PCB. The
sampling microcontroller (Atmel ATmega1284P), located on the sensor PCB at
the center of the SAC unit, has two main responsibilities: One of them is run-
ning the EtherCAT interface stack, including the state machine. The other task
is periodically sampling all connected sensors (at 1 khz) and maintain an up-to-
date representation of all of their readings.
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Figure 5.7.: Mechanical interfaces: Clamp ring interface highlighted in red (left);
Flange interface used in an elbow joint (right). Source: (Rader et al., 2017)
© 2017 IEEE.

Cabling: For a robust SA unit, a robust cabling strategy is crucial. Hollow
shafts are a popular solution for routing cables between the input and output
of a SA unit , but this does not prevent motion-induced stress. Furthermore, the
maximal rotation of the actuator units is limited due to the cables. To overcome
this problem, a slip ring is used (Senring SNE01-24X). Slip rings are based on
the principle of transmitting power and electrical signals from brushes to metal
rings. This allows a design in which cables can be fixed on the input side and
still rotate infinitely on the output side

Interfaces: For the modularity and usability of SA units, well-defined mechan-
ical and electronic interfaces are of major importance. Mechanically, the SAC
units offer two alternative interfaces (Figure 5.7): While a clamping ring inter-
face is suitable for roll joints such as forearm rotation, a screw flange interface at
the output is intended for pitch joints such as elbow flexion/extension. Electri-
cally there is a minimum of interfaces through which the SAC units can easily
be daisy-chained. The input consists of a total of three connectors for the DC
power bus (48 V), the communication bus (Ethernet) and a separate emergency
stop (optional). For the output the same three connections are used.

Scaling: To take the different space and performance requirements of the in-
dividual robot joints into account, the KIT SAC units were designed in three
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Table 5.2.: Specifications of the three KIT SAC units.

SAC
Unit

Peak
Torque
[Nm]

Max.
Speed
[◦/s]

Weight
[kg]

Length
[mm]

Diameter
[mm]

Motor
(ILM)

Gearbox
Harmonic
Drive

Small 56/641 206 1.1 117 85 50x08 CSD-20-160-2A

Medium 123 131 1.8 113 112 70x10 CSD-25-160-2A

Large 176 79 2.1 159 112 70x18 CPL-25-160-2A
1 Peak torque based on motor/gearbox

different sizes (Table 5.2). By using the same or similar subcomponents despite
scaling, the design process can be drastically simplified. For the development
of the large-sized SAC unit a Harmonic Drive CPL-25-2A unit was used. It has
a higher peak torque than the shorter CSD-25-2A unit, while having the same
diameter. As there also exist longer RoboDrive motors with the same diameter
but higher nominal torques (ILM 70x18), the medium-sized SAC unit had only
to be lengthened to get a unit with a higher torque capacity. As the diameter of
the SAC unit did not have to be changed, each of the five PCB with all their sub-
components, all sensors and the bearings could be reused. Thus, the electrical
setup for the large unit is identical to the setup described above. Furthermore,
five out of the ten aluminum parts are exactly the same. The remaining five
parts only differ in few parameters, mostly in length. This strategy does not
only reduce the costs and time for design but also shortens the testing period.
The third member of the SAC unit series is the small-sized SAC unit with a ILM
50x08 motor and a CSD-20-160-2A-GR-BB Harmonic Drive. In order to reduce
the diameter compared to the medium-sized SAC unit (a critical dimension for
most subcomponents), the reusability of the parts could not be achieved in the
same way. However, either the same subcomponents or their smaller version
and the same cabling concept were used. As shown in Table 5.2, the small-sized
SAC unit roughly shares its length with the medium-sized SAC unit, whereas
the medium-sized and the large-sized SAC unit share their diameter. The peak
torques of the SAC units correspond to the limits for repeated peak torques of
the Harmonic Drive units. Based on these limits, static analyses for every part
are conducted to ensure a safety factor S = 2 against plastic deformation.

KIT SAC Units: Challenges

The main challenge in the mechatronic development of the SAC units was to
achieve a high degree of integration on the one hand and to ensure physical
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Figure 5.8.: Example of the electro-mechanical co-design: The slip ring has to fulfill
electronic requirements and simultaneously it defines mechanical require-
ments. Source: (Rader et al., 2017) © 2017 IEEE.

feasibility and robustness on the other. A high level of integration can only be
achieved if the design, selection and arrangement of the mechanical and elec-
tronic subcomponents are not performed separately but simultaneously. With
regard to robustness, the complex cabling system resulting from the integra-
tion of so many sensors and other electronic subcomponents was of particular
importance. As a result, an electro-mechanical co-design approach was pur-
sued.

The electro-mechanical co-design started with first concepts for the mechanism
and the electronic structure with a focus on the dependencies between both
domains: installation space, fixation of all subcomponents and cabling. An
example of a subcomponent that is highly dependent on both mechanics and
electronics is the slip ring: On the one hand, it must provide all necessary cables
for the output and the torque sensor, on the other hand, it requires sufficient
installation space and is fixed by the output hollow shaft (Fig. 5.8).

Based on the first concepts, specific catalog components such as the motor, gear-
box and sensors were chosen. Only after that, the exact electronic requirements
could be specified and a slip ring could be chosen. Thereafter, structural parts
such as the output shaft, which fixes the slip ring on one side, could be adjusted.
Finally, each cable of the unit was inserted into the CAD model, considering
each cable’s bending radius and connectors. This led to further adjustments of
the structural parts. In summary, it can be noted that the SAC unit ran through
repeated iterations between mechanical and electronic design in its early de-
sign stage, especially because of the cabling concept. As a consequence, this
exact model led to a highly integrated but still robust robotic component that
could be assembled without unpleasant surprises.

For further details on the design and evaluation of the KIT SAC units please
refer to Rader et al. (2017).
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Table 5.3.: Sources from which knowledge on the design of SA units is gained.

Name Source
Type

Knowledge
Acquisistion

Derived Solution
Principles

Derived
Components

KIT SAC unit L Main
source

Design, system
analysis

All All

KIT SAC unit M Main
source

Design, system
analysis

All All

KIT SAC unit S Main
source

Design, system
analysis

All All

ARMAR-4 SA
unit leg

Supple-
mentary

System analysis
(CAD, tests, lit-
erature1)

Compact drive, com-
pact ouput, motor
controller external,
through bore cabling

No new data

WALK-MAN
SEA (Size A)

Supple-
mentary

System analysis
(Literature2)

Output two-sided,
encoder-based torque
sensor, Hall sensor

Kollmorgen
motors

1 (Asfour et al., 2013) 2 (Negrello et al., 2015)

Knowledge Sources

The presented KIT SAC units serve as the main sources of design knowledge
that will be formalized in order to use it for an expert system. It was gained
both through the actual design process and subsequent system analysis.

This knowledge was extended by analyzing the ARMAR-4 SA units (Asfour
et al., 2013). Since the development of the SAC units is based on the design of
the ARMAR-4 SA units, a part of the design knowledge overlaps. For example,
they use many catalog components from the same manufacturers and series, in-
cluding RoboDrive ILM motors, Harmonic Drives, AMS incremental encoders
and THK cross roller bearings. The strain-gauge-based torque measurement is
also similar. However, as Table 5.3 shows, the analysis of the ARMAR-4 SA
units for the legs still allowed to extend the design knowledge by adding fur-
ther solution principles. In particular, the ARMAR-4 SA units for the legs offer
an alternative solution principle for arranging the components of the drive and
output section in a compact way (Figure 5.9, left).

A further complementary source of knowledge is the IIT WALKMAN SEA in
size A (Negrello et al., 2015). Besides adding Kollmorgen BLDC motors as an
alternative to RoboDrive motors, this unit provides a new solution principle
for arranging components. Thereby the output torque is transmitted back to
the drive side via a long hollow shaft (Figure 5.9, right). A longer hollow shaft
results in higher deflection under load, making it easier to measure torque with
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Figure 5.9.: Cross sections of SA units that serve as additional knowledge sources.
Left: SA unit for the hip and legs of ARMAR-4 (Asfour et al., 2013).
Right: SEA of WALK-MAN. Source: (Negrello et al., 2015) © 2015 IEEE.

two absolute encoders instead of strain gauges. In order to analyze this solution
principle in more detail, it was re-modeled in CAD.

5.2.2. Formalization

Based on the design knowledge gained from the five SA/SAC units, specific
models were created. By identifying the similarities and differences of the spe-
cific models, a generalized model for the design of SA units could be created,
which is described below. First results on the generalized model of the SA units
were presented in (Karrenbauer, Rader and Asfour, 2018).

Similarities and differences between robot components of the same type mainly
result from the selected catalog components and solution principles. For SA
units a total of 29 solution principles for 11 parameters (4 structural and 7 func-
tional parameters) were identified.

Solution principles for structural parameters describe different possibilities for
arranging catalog components and other subcomponents. They are depicted
in Figure 5.10. In the sense of a morphological box, each SA unit is assigned
exactly one solution principle for each of the four parameters Drive Structure,
Output Structure, Motor Controller and Cabling. Each solution principle has dif-
ferent advantages and results in different spatial dimensions. For example, the
drive bearings can be placed under (D2) instead of beside the motor (D1), re-
sulting in a shorter length, but a smaller through bore for cabling.
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Figure 5.10.: Solution principles for the structural parameters of SA units.
Source: (Karrenbauer, Rader and Asfour, 2018) © 2018 IEEE.

Solution principles for functional parameters express how functions are real-
ized and whether they are fulfilled at all. Table 5.4 represents the morpholog-
ical box for the solution principles of the 7 functional parameters for SA units.
While it is always an option not to realize a function at all (0), the other so-
lution principles result in integrating additional catalog components or other
subcomponents. The latter results in changed properties of the overall sys-
tem. For example, the solution principle Hide Cables Yes (HC2) adds additional
plastic covers to hide and protect cables and electronics, which increases the
length, diameter, costs and weight of the SA unit. As with structural param-
eters, exactly one solution principle is chosen for each functional parameter.
Thus it is also possible to classify solutions for SA units on a conceptual level
by the chosen solution principles of the morphological boxes. For instance,
the abbreviation (D1,O1,M1,C1,MF1,AE1,TS1,IM1,SB1,BR0,HC1) describes the
design concept of the medium-sized KIT SAC unit (Figure 5.6).
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Table 5.4.: Solution principles for functional parameters of SA units.

Motor
Feedback

Absolute
Encoder

Torque
Sensor

IMU Sensor
PCB

Brake Hide
Cables

(MF) (AE) (TS) (IM) (SB) (BR) (HC)
0 None None None None None None No
1 Incremental

Encoder
Yes Strain-Gauge-

Based
Yes Yes Yes Yes

2 Hall
Sensor

Encoder-Based

3 Both Both

Apart from the solution principles, the selection of the catalog components is
decisive for the properties of the SA unit. For the following 7 component types
different catalog components are considered: Motor, Gearbox, Brake, Drive Bear-
ing, Output Bearing, Absolute Encoder and Slip Ring. Important component types,
of which only one catalog component is considered, are motor controllers, in-
cremental encoders and the IMU. This can be explained by the fact that these
components are not available in various sizes suitable for SA units.

The generalized model consists of a Multi-Stage Design Graph as well as rules
and formulas that describe the transitions between the nodes. Figure 5.11 shows
the Multi-Stage Design Graph for SA units. The sink node of the DAG repre-
sents the overall solution, the SA unit (dark violet). All catalog component
types are represented by source nodes (dark violet). Solution principles are ei-
ther represented by source nodes for their parameters (light violet) or different
paths of the graph (D1, D2, O1, O2, O3). Start and end of the different paths
are represented by light green nodes. All other nodes for partial solutions are
shown in dark green. Table 5.5 lists what the abbreviations for the nodes of the
partial solutions in Figure 5.11 stand for. As explained in subsection 3.3.3, each
node has a counterpart node with the Satisfied prefix (white). To better illustrate
the graph, these nodes are not represented in Figure 5.11, with a few exceptions
for the Motor-Gearbox Match.

The Multi-Stage Design Graph for the SA units and all associated rules and for-
mulas for the different solution principles are stored in a specific HRC Design
Ontology: The SA Unit Design Ontology. This ontology is used by an expert sys-
tem to support the design of SA units. As mentioned in subsection 3.4.2, other
ontologies that are not robot component specific are also part of the knowledge
base of the expert system, e.g. the Component Ontology.
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Figure 5.11.: Multi-Stage Design Graph for SA units.
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Table 5.5.: Nodes of the Multi-Stage Design Graph for SA units.

Node Description Node Description

€ Total costs of the SA unit G-SB Gearbox-Sensor-PCB Match
CptsO Output-Components Match H Max. height of the SA unit
D Max. diameter of the SA unit L Total length of the SA unit
DD Diameter of the drive section LD Length of the drive section
DDB Diameter-Drive-Bearing Match LE Length of the electronic section
DE,O Diameter of the electronic section LO Length of the output section
DO Diameter of the output section m Total weight of the SA unit
DOU Diameter-Output-Bearing Match MGM Motor-Gearbox Match
G-AE Gearbox-Absolute-Encoder Match TS-C Torque-Sensor-Cabling Match

5.2.3. Expert System

The ontological knowledge base resulting from the formalization process is
used by an expert system for SA units. There follows a description of which
requirements can be defined and how Multi-Stage Reasoning is performed by
traversing the Multi-Stage Design Graph (Figure 5.11). First results on the ex-
pert system for SA units were presented in (Karrenbauer, Rader and Asfour,
2018).

Requirements Definition

To use the expert system, requirements for the SA unit must first be entered
via the user interface. Table 5.6 lists which functional, performance and inter-
face requirements can be defined. Most of the functional requirements can be
mapped directly to functional parameters. In the case of functional parameters
with more than two solution principles, the user can decide whether the func-
tion has to be fulfilled by any arbitrary means or by a specific solution principle.
The performance requirements are defined by a minimum and/or maximum
value. Allowed deviations and their weighting for rating functions are defined
in the optimization tab (subsection 4.4.2). The interface requirements consider
the electrical input and output.

Besides the requirements, the user also has the possibility to restrict the genera-
tion of design solutions by additional constraints. For example, specific solution
principles for structural parameters can be defined. In expert mode it is also
possible to adjust parameters of the formulas via UI: the motor-gearbox combi-
nation can be dimensioned for other load cases, materials for structural parts
can be freely selected and costs can be adapted to current supplier offers.
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Table 5.6.: Requirements, constraints and adjustable parameters of the expert system.

Requirements

Functional BR, MF, AE, TS, HC, SB, IM, continuous rotation (C)
Performance Peak torque, speed, length, diameter, height, weight, costs
Interface Input voltage, output current, other output cables (commu-

nication, emergency stop)

Constraints

Structural Parameters Drive Structure (D), Output Structure (O), Motor Controller
Position (MC)

Motor-Gearbox Match Do (not) allow small gearboxes with big motors

Adjustable Parameters (Expert Mode)

Motor-Gearbox Match Peak torque of motor (percentage of nominal or max.
torque), peak torque of gearbox (repeated or momentary),
use efficiency of gearbox and other devices

Structure Wall thickness of drive and output structure
Material Percentage of materials for structural parts (aluminum/

magnesium/steel alloys or test material with chosen den-
sity)

Costs Costs of the structural parts, cover and cables

Based on the defined requirements and constraints as well as the ontological
knowledge base, the Multi-Stage-Reasoning process for SA units is executed. It
starts with the Motor-Gearbox Matching. Each of the equations presented in the
following is represented in the knowledge base by SWRL rules, as described in
subsection 3.4.3.

Motor-Gearbox Matching

The goal of this step is to find motor-gearbox combinations, which fulfill the
performance requirements, in particular the maximum speed nReq,max and the
peak torque TReq,p. At first, both devices, the Motors(M ) and the Gearboxes(G),
are filtered separately and assigned to their satisfied counterpart SatisfiedM and
SatisfiedG (Figure 5.12). Therefore, the mechanical limits of the gearbox, i.e. the
maximum output speed nG,max and the peak torque TG,p, have to satisfy the
requirements:

nReq,max ≤ nG,max (5.1)

TReq,p ≤ TG,p (5.2)
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Figure 5.12.: Motor-Gearbox Matching (A) as part of the Multi-Stage Design Graph.

The filtering of the motors with a maximum speed nM,max and a peak torque
TM,p can be described as follows:

nReq,max ≤
nM,max

i
= nMi,max (5.3)

TReq,p ≤ TM,p ηG ηother i = TMi,p (5.4)

The motor filter considers all possible gearbox reductions i at an efficiency of
the gearbox ηG = 1. For this purpose, the output speed nMi,max and the peak
torque TMi,p of the motor at gear ratio i are calculated. After filtering both de-
vices separately, the expert system checks each MotorGearboxMatch(MGM ):

nReq,max ≤ nSol,max = min(nG,max, nMi,max) (5.5)

TReq,p ≤ TSol,p = min(TG,p, TMi,p) (5.6)

In contrast to the motor filter, the efficiency ηG < 1 and ratio i of the respec-
tive gearbox are used. The result of the motor-gearbox matching is a set of
SatisfiedMGMs with performance parameters (nSol,max, TSol,p), which fulfill or
surpass the requirements (nReq,max, TReq,p). It should be noted that the expla-
nation of filtering only based on torques and speeds is exemplary. In order
to be assigned to their satisfied counterpart, Motors, Gearboxes and MotorGer-
aboxMatches must further satisfy the other performance requirements: length,
diameter, costs and weight. Since no catalog component or partial solution may
be larger, heavier or more expensive than the overall system, rough filtering is
carried out early on.
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Selection of Other Catalog Components

Similar to the described motor-gearbox matching, the remaining catalog com-
ponents, such as sensors and bearings, are selected in different nodes of the
Multi-Stage Design Graph, based on rules described by mathematical expres-
sions. Based on the requirements, a catalog component setup is determined
for each motor-gearbox match and each solution principle for a structural pa-
rameter. For example, for each motor-gearbox match the system chooses two
different drive bearing setups as two solution principles for the drive structure
are implemented (D1, D2). Besides construction space and performance re-
quirements, electrical requirements like the cabling of sensors are considered.
For example, slip rings are chosen based on electrical requirements of the rotat-
ing sensors and following SA units, i.e. the necessary power supply and data
lines for a bus. However, as a result of the slip ring choice, the gearboxes and
structural options are filtered based on the necessary construction space.

Output
Section (O)

Drive
Section (D)

Electronics
Section (E)

Figure 5.13.: The three sections of SA units.

Sections and Paths

Based on the selection of catalog components and solution principles, the spa-
tial dimensions of the three cylindrical sections of the SA unit (Figure 5.13) can
be determined: drive (DD, LD), output (DO, LO) and electronics (DE, LE). The
structural parameters for the drive structure and the output structure, which
determine the arrangement of the subcomponents, have a great influence on
these spatial dimensions. Therefore they are modeled in the graph as different
paths to which different rules are assigned.

Equation 5.7 and 5.8 present the calculation of the drive section length LD for
both drive structure options simplified for a better understanding by summa-
rizing comparatively short lengths with ε1, ε2, ε3. As LD mostly depends on the
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Figure 5.14.: Different paths (B) and final nodes (C) of the Multi-Stage Design Graph.

lengths of the motor-encoder-brake unit (LMHB) and the drive bearings (LLB,
LFB), the parallel arrangement (D2) results in a shorter length than the linear
arrangement (D1). This is reflected in the equations by using the maximum
instead of the sum. The rules described by Equation 5.7 and 5.8 are evaluated
in the correspondent nodes LD1 and LD2 (B in Figure 5.14). They are based on
the Diameter-Drive-Bearing Matches DD1B and DD2B, in which the best fitting
DriveBearing(B) is selected depending on the solution principle (D1 and D2).

LD1 = LMHB + LLB + LFB + ε1 (5.7)

LD2 = max(LMHB + ε2, LLB + LFB + ε3) (5.8)

Analogous to LD, the remaining diameters and lengths of the three sections are
determined for all solution principles of the structural parameters. Thereafter,
the system determines the total length L and maximum diameter D of each
possible SA unit combination (C in Figure 5.14):

L = LD + LO + LE (5.9)

D = max(DD, DO, DE) (5.10)

Due to the placement of the motor controller (height HMC) tangentially to the
drive section (DD), solution principle M1 requires the calculation of the SA
unit’s height H :

H = max
(D

2
+
DD

2
+HMC , D

)
(5.11)

Until now, the weight of the SA unit m could only be calculated roughly as
the sum of all catalog components mCatalogComp. Now that the dimensions and
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all solution principles are known, cables mCables, covers mCovers and structural
parts mStructure can also be taken into account. Since structural parts for SA
units are usually rotary parts, their volume VStructure is approximated by the
volume of q hollow cylinders VHollowCylinder,j . For each solution principle of
a structural parameter a different parameterized formula set is used that de-
pends on the dimensions of the catalog components and their interfaces. The
thickness of the hollow cylinder parts depends mainly on the wall thicknesses
tw selected for the drive and output section. The density of the structural parts
ρStructure depends on the material, which the user can choose freely (Table 5.6).
The weight for covers mCovers is a constant and only considered if the user
wishes to hide cables (H1).

m =
n∑

i=1

mCatalogComp +mStructure +mCovers +mCables (5.12)

mStructure = ρStructure · VStructure = ρStructure ·
q∑

j=1

VHollowCylinder,j (5.13)

Finally, the net costs c of the overall system are calculated in euros (€). The costs
of the structural parts cStructure, covers cCovers and cables cCables are based on the
corresponding costs of the KIT SAC units. These default values can be adjusted
via the UI.

c =
n∑

i=1

cCatalogComp + cStructure + cCovers + cCables (5.14)

The SA units that satisfy all requirements are presented to the user via the UI.

Scope of the System

The ontological knowledge base of the SA unit expert system comprises 980
OWL classes, 115 object properties, 216 data properties and 273 SWRL rules.
Part of this knowledge base is the Component Ontology with approximately
500 catalog components, including 288 gearboxes and 68 motors. Taking into
account compatibilities, there are 2162 valid motor-gearbox matches for SA
units. They are suitable for a torque capacity range from 1.8 to 823 Nm. Tak-
ing all 29 solution principles of the 11 parameters into account as well as other
catalog components, the expert system is able to generate more than 100 mil-
lion valid solutions for SA units. The exact calculation and an overview of the
Component Ontology can be found in Appendix A and B.
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5.2.4. Reproduction

In the following, the KIT SA/SAC units and state-of-the-art SA units are re-
produced by the expert system. By reproducing the KIT SA/SAC units as ac-
curately as possible, it can be demonstrated that the formalization process to
create an expert system for SA units based on design knowledge was success-
ful. This serves to validate the first part of the research question of this thesis,
how knowledge on robot design can be preserved. The reproduction of further state-
of-the-art SA units serves to evaluate the generalized model by showing how
comprehensively it considers different SA units.

The properties of the SA units to be reproduced serve as performance require-
ments: spatial dimensions (length L, diameter D, height H), mechanical perfor-
mance (peak torque Tp, maximum speed nmax) and weight m. Capabilities of
the existing units, i.e. torque sensing, are specified by functional requirements.
Whenever solution principles of the real units are known, they are specified by
constraints. Otherwise, the expert system will consider any option to realize
the capability. To measure how well solutions generated by the expert system
reproduce existing units, the Normalized Root-Mean-Square Deviation (NRMSD)
is calculated (subsection 4.4.2). The NRMSD takes only negative deviations
from the required performance properties into account. In the case of SA units,
negative deviations are larger spatial dimensions, a higher weight and lower
mechanical performance. The smaller the NRMSD, the better the solution. If
NRMSD = 0 there are no negative deviations, i.e. all performance requirements
are fulfilled or surpassed. To rank solutions with the same NRMSD, the Perfor-
mance Index (PX) is used as second criterion, which considers both positive and
negative deviations. If PX = 1, the properties correspond exactly to the re-
quirements. If PX > 1 the positive deviations outweigh, for PX < 1 it is the
opposite.

Reproduction of the KIT SA/SAC Units

Table 5.7 lists results for the reproduction of the three KIT SAC units and the
ARMAR-4 SA unit. There are two rows for each SA/SAC unit: The first row
shows the requirements (Req) derived from the properties of the real SA units.
The second row presents the properties of the best solution (Sol) with the least
negative deviation, i.e. the smallest possible NRMSD. As demonstrated by the
low NRMSD < 0.05 and the comparison between performance requirements
and properties of the solutions, the KIT SA/SAC units could be reproduced
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Table 5.7.: Reproduction of the KIT SA/SAC units.
Performance Requirements / Properties Rating
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KIT SAC L Req 159 112 118 176 79 2.1
units1 Sol 153 106 114 176 79 2.1 6151 0.000 1.02

M Req 113 112 118 123 131 1.8
Sol 114 103 112 123 131 1.7 4966 0.003 1.03

S Req 117 85 90 56 206 1.1
Sol 111 86 86 56 206 1.0 5039 0.005 1.03

ARMAR-4 Leg Req 84 112 112 157 174 1.4
SA units2 Sol 83 113 113 157 174 1.5 4248 0.042 0.98

Parameters for solution principles Catalog Comp.
Size Structural Functional Motor Gearbox

L Req D1 O1 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1
Sol D1 O1 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 70x18 CPL25-160

M Req D1 O1 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1
Sol D1 O1 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 70x10 CSD25-160

S Req D1 O1 M2 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1
Sol D1 O1 M2 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 50x08 CSD20-160

Leg Req D2 O2 M0 C2 MF1 AE1 TS1 SB0 IM0 BR0 HC0
Sol D2 O2 M0 C2 MF1 AE1 TS1 SB0 IM0 BR0 HC0 85x13 CPL25-100

Catalog Components
Size Slip Ring Absolute Encoder Drive Bearing Output Bearing

L Req
Sol AC7195 Aksim MBA/MRA 8 61808 2RU 2Z THK RA 7008C

M Req
Sol SNE01-24X Aksim MBA/MRA 8 61808 2RU 2Z THK RA 7008C

S Req
Sol SRA-73805 Aksim MBA/MRA 7 61706 2RU 2Z THK RA 5008C

Leg Req
Sol - Aksim MBA/MRA 8 61807 2RU 2Z THK RA 8008C

Abbreviations: Req = Requirements, Sol = Best solution (minimum NRMSD)
Settings for motor-gearbox matching: TM,p = 0.5 TM,max and TG,p = TG,repeated

Settings for material and structure: 100% aluminum alloys, wall thickness tw = 4

Rating (NRMSD , PX ): L,D,H, Tp, nmax,m are weighted equally (wi = 1)
1(Rader et al., 2017) 2(Asfour et al., 2013)
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very well by the expert system. Torque and speed correspond exactly to the
specifications, spatial dimensions and weight vary only minimally. The solu-
tions tend to be slightly better (PX > 1), as some minor potential for improve-
ment was identified and taken into account during the implementation of the
expert system. The catalog components suggested by the expert system corre-
spond exactly to the components of the existing units (subsection 5.2.1). Due to
the successful reproduction it can be concluded that the design knowledge of
the KIT SA/SAC units was successfully preserved and implemented.

Table 5.8.: Reproduction of state-of-the-art SA units for humanoid robotics.
Performance Requirements / Properties Rating

SA Unit Size L
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WALK-MAN A Req 150 110 110 270 84 2.0
SEA3 Sol 147 113 113 299 109 2.1 4866 0.031 1.05

B Req 140 100 100 140 100 1.5
Sol 136 103 103 147 131 1.6 4669 0.039 1.04

C Req 100 60 60 56 68 0.7
Sol 86 80 80 54 210 0.9 2955 0.232 1.20

NREC Drive NGT Req 135 140 140 660 65 5.2
Joint4 200 Sol 157 133 133 630 65 4.7 5495 0.068 1.00

NGT Req 131 112 112 360 89 3.0
100 Sol 137 113 113 304 85 2.6 4376 0.070 0.97

NGT Req 114 95 95 175 163 2.2
50 Sol 121 103 103 147 174 2.1 4368 0.088 0.95

NGT Req 91 77 77 50 182 1.0
20 Sol 108 80 80 54 210 1.1 3833 0.092 0.98

ANYdrive5 - Req 95 90 120 40 684 1.0
Sol 89 93 113 41 548 1.1 4812 0.097 0.97

Gear Motor 50 Req 78 97 97 28 330 0.9
RD-HD6 x08 Sol 77 80 80 28 480 0.6 2929 0.000 1.19

70 Req 100 128 128 92 132 2.6
x10 Sol 83 113 113 96 348 1.4 3664 0.000 1.42
85 Req 111 141 141 176 108 3.7

x13 Sol 99 133 133 278 195 3.1 3763 0.000 1.30
Abbreviations: Req = Requirements, Sol = Best solution (minimum NRMSD)
Rating (NRMSD , PX ): L,D,H, Tp, nmax,m are weighted equally (wi = 1)
See Appendix D for detailed settings and solution principles.
3(Negrello et al., 2015) 4(Stentz et al., 2015) 5(ANYbotics, 2017) 6(TQ-Systems, 2016)
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Reproduction of State-of-the-Art SA Units

Table 5.8 shows the results for the reproduction of 11 further state-of-the-art SA
units for humanoid robots. In comparison to the KIT SA/SAC units, not all
solution principles and catalog components are known for these units, so that
various options are taken into account to realize capabilities or to arrange sub-
components. This also applies in part to the WALK-MAN SEA in size A, through
whose analysis catalog component series (Kollmorgan motors) and new solu-
tion principles could be derived, but for which not all details are known.

However, Table 5.8 shows that the best solutions for 10 out of 11 SA units are
very close to the real units (NRMSD < 0.1). The only negative exception is the
reproduction of WALK-MAN SEA in size C with NRMSD = 0.232. The neg-
ative deviations result in particular from the higher diameter. As the volume
increases with the diameter, the weight also increases, resulting in an overall
higher NRMSD. To enable the expert system to better reproduce this unit in
the future, a new solution principle for the output structure would have to be
implemented, which selects and arranges the subcomponents at the output dif-
ferently. In contrast, the WALK-MAN SEA in size A and B can be reproduced
very well (0.03 < NRMSD < 0.04). The solutions for the ANYdrive and NREC
Drive Joints offer small deviations (0.06 < NRMSD < 0.10), which can be ex-
plained by the use of different catalog components. For example, the NREC
Drive Joints use smaller brakes, which results in a reduced total length. The
solutions for the RoboDrive Gear Motor RD-HD units surpass the requirements
(NRMSD = 0, PX > 1). The system uses the construction space to integrate
motor-gearbox combinations with higher performance.

Reproduction Summary

In total, 15 SA units for humanoid robots were reproduced: 5 were used to
derive the design knowledge for the expert system, the other 10 were unknown
state-of-the-art units. 14 out of 15 SA units could be reproduced close to the real
units (NRMSD < 0.1), including all 5 (partially) known and 9 unknown units.
The generalized model of SA units has thus proven to be very precise, but can
be slightly improved by new catalog components and solution principles.

5.2.5. Optimization

The reproduction of SA units demonstrated that the approach presented in this
work is an answer to the first part of the research question (How can expert
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knowledge on robot design be preserved?). In the following it will be shown that the
approach is also suitable for answering the second part of the research question
(How can it support future developments?) by optimizing designs for SA units.

Most product development tasks are not original designs, but based on existing
designs that are adapted or to which variants are designed (subsection 2.1.1). In
this case, the three KIT SAC units serve as a basis for the expert system to find
new, optimized solutions. For the same or a smaller installation space they will
be optimized according to the different performance requirements (L, D, H , Tp,
nmax, m, Costs) and the rating functions (NRMSD , PX ). The allowed negative
deviations relative to the existing SAC units are 5% for the spatial dimensions
and 20% for the other performance requirements. The expert system is free to
choose how capabilities are realized and how the subcomponents are arranged
in the drive and output section. Considering the structural parts, default pa-
rameters are used for material (100% aluminum) and wall thickness (tw = 2).

In the following, for each SAC unit a table is presented with the best opti-
mizations results by all performance requirements and rating functions. If sev-
eral solutions for the requirement to be optimized have the same result, PX
is used as a second criterion for ranking. For comparison, the properties and
rating functions for the reproduced SAC units (subsection 5.2.4) are given in
the 1st column. Improvements of performance parameters are indicated in de-
pendence on them, as smaller changes are more clearly visible. However, the
performance requirements are derived from the properties of the existing SAC
units, which are slightly different (Table 5.7).

Optimization of the KIT SAC Unit L

The optimized solutions differ from the existing unit by using other catalog
components and solution principles. In the following, the changes for the dif-
ferent optimizations for SAC unit L (Table 5.9) are discussed:

• Length (-10%): The decrease can be achieved by a shorter motor from
Kollmorgan (TBM 7615) and a more compressed arrangement of the sub-
components of the drive structure (D2).

• Diameter (±0%), Height (-7%): The diameter cannot be reduced due to
the high torque requirements. However, the height can be reduced by
placing the motor controller axially (M2) instead of tangentially (M1).

• Peak Torque (±0%): The unit is already torque-optimized.
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Table 5.9.: Optimization of the KIT SAC unit L.
KIT SAC Unit L Performance Requirements / Properties Rating
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Reproduced Unit L 153 106 114 176 79 2.1 6151 0.000 1.02
Length L 137 106 115 148 201 1.7 5725 0.061 1.27
Diam. D, Height H 150 106 106 148 201 1.7 5725 0.061 1.27
Peak Torque Tp 137 106 115 176 151 1.7 5725 0.000 1.20
Max. Speed nmax 137 106 115 148 201 1.7 5725 0.061 1.27
Weight m 137 113 115 153 131 1.5 6088 0.050 1.14
Costs 144 106 115 148 201 1.7 5361 0.061 1.27
NRMSD (e) 137 106 115 176 151 1.7 5725 0.000 1.20
PX, NRMSD (e) 137 106 115 148 201 1.7 5725 0.061 1.27

Parameters for solution principles Catalog Comp.
Opt. Structural Functional Motor Gearbox
Rep. D1 O1 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 70x18 CPL25-160
L D2 O1 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 7615 CPL25-120

D,H D2 O1 M2 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 7615 CPL25-120
Tp D2 O1 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 7615 CPL25-160
nmax D2 O1 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 7615 CPL25-120
m D2 O2 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 70x10 CPL25-160
€ D2 O1 M1 C1 MF1 AE1 TS2 SB1 IM1 BR0 HC1 7615 CPL25-120
e D2 O1 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 7615 CPL25-160

PX, e D2 O1 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 7615 CPL25-120
Rating (NRMSD , PX ): L,D,H, Tp, nmax,m, € are weighted equally (wi = 1)

• Max. Speed (+158%): By selecting a faster motor (TBM 7615) and a lower
gear ratio (i=120 instead of 160), the speed can be massively increased.

• Weight (-29%): The lower weight results from a more compressed sub-
component arrangement (D2, O2), a lighter motor (ILM 70x10) and thin-
ner walls for the structural parts (tw = 2 mm instead of tw = 4 mm).

• Costs (-13%): By using a cheaper motor (TBM 7615) and a solution prin-
ciple to measure torque with encoders (TS2), the costs can be optimized.

• NRMSD: With the TBM 7615 motor, a thinner wall thickness (tw = 2)
and the compressed drive structure (D2), all properties of the unit can be
improved with the exception of Tp and H .
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• PX: The result corresponds to the optimization in length and speed. A
drawback is that the increase in speed is at the expense of torque (-16%).

Optimization of the KIT SAC Unit M

Table 5.10.: Optimization of the KIT SAC unit M.
KIT SAC Unit M Performance Requirements / Properties Rating

Optimization L
[m

m
]

D
[m

m
]

H
[m

m
]

T
p

[N
m

]

n
m

a
x

[◦
/s

]

m
[k

g]

C
os

ts
[€

]

N
R

M
SD

PX

Reproduced Unit M 114 103 112 123 131 1.7 4966 0.003 1.03
Length L 81 113 119 110 242 1.5 4577 0.040 1.18
Diam. D, Height H 118 103 103 110 242 1.6 4590 0.043 1.16
Peak Torque Tp 99 113 119 176 151 1.6 4728 0.004 1.13
Max. Speed nmax 81 113 119 110 242 1.5 4577 0.040 1.18
Weight m 81 113 115 123 131 1.4 4953 0.003 1.08
Costs 108 103 114 110 242 1.6 4226 0.040 1.17
NRMSD 108 103 114 123 151 1.6 4226 0.000 1.08
PX, NRMSD 81 113 119 110 242 1.5 4577 0.040 1.18

Parameters for solution principles Catalog Comp.
Opt. Structural Functional Motor Gearbox
Rep. D1 O1 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 70x10 CSD25-160
L D2 O2 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 7615 CSD25-100

D, H D2 O1 M2 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 7615 CSD25-100
Tp D2 O2 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 7615 CPL25-160
nmax D2 O2 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 7615 CSD25-100
m D2 O2 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 70x10 CSD25-160
€ D2 O1 M1 C1 MF1 AE1 TS2 SB1 IM1 BR0 HC1 7615 CSD25-100
e D2 O1 M1 C1 MF1 AE1 TS2 SB1 IM1 BR0 HC1 7615 CSD25-160

PX, e D2 O2 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 7615 CSD25-100
Rating (NRMSD , PX ): L,D,H, Tp, nmax,m, € are weighted equally (wi = 1)

The optimization results for SAC unit M (Table 5.10) are as follows:

• Length (-29%): This shortening results from a more compact arrangement
of the subcomponents of the drive (D2) and Output (O2) structure.

• Diameter (±0%), Height (-8%): While the diameter cannot be further op-
timized, a reduction of the height is possible by axial placement of the
motor controller (M2). However, this slightly increases the length.
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• Peak Torque (+43%): By using a more powerful motor (TBM 7615) and
gearbox (CPL25-160), the same peak torque can be achieved as with the
large SAC unit L. The integration of these longer subcomponents is only
possible through compact arrangement (D2, O2).

• Max. Speed (+77%): A more powerful motor (TBM 7615) and a lower
transmission ratio (i=100) result in a higher speed.

• Weight (-18%): In contrast to the other optimizations of SAC unit M, the
unit keeps its lightweight motor. Weight is saved by more compact ar-
rangement (D2, O2) and thinner walls of the structural parts (tw = 2).

• Costs (-15%): Costs are saved by the cheaper motor (TBM 7615) and
encoder-based torque measurement (TS2).

• NRMSD: Without negative deviations hardly any optimizations can be
made. Small improvements can be achieved by choosing the TBM 7615
motor, a compact drive structure (D2), encoder-based torque measure-
ment (TS2) and a reduced wall thickness (tw = 2).

• PX: If optimized according to all criteria, the result corresponds to the
optimization in length and speed: The TBM 7615 motor in combination
with a lower gear ratio (i=100) increases the speed dramatically. The unit
becomes shorter due to the more compact arrangement of the subcompo-
nents (D2,O2). In addition, the wall thickness is also reduced (tw = 2). A
disadvantage is that diameter and height are slightly increased and the
peak torque decreases slightly.

Optimization of the KIT SAC Unit S

For the SAC unit S (Table 5.11) the optimizations result in the following changes
of catalog components, solution principles and other settings:

• Length (-13%): The length is shortened by changing the solution princi-
ples for two structural parameters: First, the subcomponents of the drive
section are arranged more compactly (D2), and second, the motor con-
troller is placed tangentially (M1) instead of axially.

• Diameter (-5%), Height (-5%): Diameter and height can be reduced by a
lower wall thickness (tw = 2). Apart from that they are already optimized.

• Peak Torque (+55%): By using the motor of the middle-sized unit (ILM
70x10) and a stronger gearbox (CPL20-120) the torque can be increased
significantly. The additional space required results from a more compact
arrangement of the subcomponents of the drive section (D2).
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Table 5.11.: Optimization of the KIT SAC unit S.
KIT SAC Unit S Performance Requirements / Properties Rating
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Reproduced Unit S 111 86 86 56 206 1.0 5039 0.005 1.03
Length L 97 82 90 56 206 0.9 5039 0.000 1.06
Diam. D, Height H 121 82 82 49 420 1.1 5242 0.052 1.14
Peak Torque Tp 121 82 82 87 175 1.1 5242 0.061 1.07
Max. Speed nmax 121 82 82 49 420 1.1 5242 0.052 1.14
Weight m 100 82 82 56 206 0.9 5039 0.000 1.07
Costs 121 82 90 45 180 1.2 3936 0.091 0.98
NRMSD 106 82 82 56 206 0.9 4611 0.000 1.07
PX, NRMSD 121 82 82 49 420 1.1 5242 0.052 1.14

Parameters for solution principles Catalog Comp.
Opt. Structural Functional Motor Gearbox
Rep. D1 O1 M2 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 50x08 CSD20-160
L D2 O1 M1 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 50x08 CSD20-160

D, H D2 O1 M2 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 70x10 CPL20-50
Tp D2 O1 M2 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 70x10 CPL20-120
nmax D2 O1 M2 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 70x10 CPL20-50
m D2 O1 M2 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 50x08 CSD20-160
€ D2 O1 M1 C1 MF1 AE1 TS2 SB1 IM1 BR0 HC1 50x14 XSF50-100
e D2 O1 M2 C1 MF1 AE1 TS2 SB1 IM1 BR0 HC1 50x08 CSD20-160

PX, e D2 O1 M2 C1 MF1 AE1 TS1 SB1 IM1 BR0 HC1 70x10 CPL20-50
Rating (NRMSD , PX ): L,D,H, Tp, nmax,m, € are weighted equally (wi = 1)

• Max. Speed (+104%): This solution corresponds to the optimization for
peak torque, with the exception of a significantly lower gear ratio of i=50.
This reduces the peak torque slightly, but the speed is more than doubled.

• Weight (-10%): Weight can only be saved minimally through a compact
subcomponent arrangement (D2) and reduced wall thickness (tw = 2).

• Costs (-22%): This optimization is the most interesting, since it results
from a concatenation of dependencies: By using encoders for cheap torque
measurement (T2), the slip ring must have fewer wires than for strain-
gauge-based measurement. This allows the use of a smaller slip ring
(SRA-7306) that is compatible with more gears, including the low-cost
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HAINA XSF-50-2-100. To achieve the peak torque despite a gear ratio of
i=100, a stronger motor is required (ILM 50x14). Since these catalog com-
ponents are larger, the motor controller must be placed tangentially (M1)
and the components of the drive must be arranged more compactly (D2).

• NRMSD: Without negative deviations hardly any optimizations can be
made. Small improvements can be achieved by a compact drive struc-
ture (D2), a reduced wall thickness (tw = 2) and encoder-based torque
measurement (TS2), which results in a smaller slip ring (SRA-7306).

• PX: The solution for the overall optimization according to all criteria cor-
responds to the results for the optimization according to speed and diam-
eter: A larger motor (ILM 70X10) and a stronger gearbox (CPL20-50) with
a much lower gear ratio. The necessary space results from a more compact
arrangement (D2). The wall thickness is also reduced (tw = 2). However,
this solution slightly worsens the length, torque, costs and weight.

Optimization Summary

The optimization demonstrated how changing catalog components and solu-
tion principles can lead to significantly different properties of the SAC units.
The most common changes were a compressed arrangement of the drive struc-
ture components (D2) and thinner walls for the SAC units. Depending on
whether length (O2) or diameter (O1) was to be optimized, different arrange-
ments for the subcomponents of the output structure were chosen. The solution
principles for placing the motor controller offer the possibility to reduce the
length (M1) or the height (M2). Encoder-based torque measurement (TS2) was
mainly used to save costs compared to the strain-gauge-based solution prin-
ciple (TS1). With its combination of high speed and torque, the Kollmorgan
TBM 7615 motor has shown that it is suitable for optimizing actuators M and
L, making it an interesting alternative to the RoboDrive ILM motors. However,
the ILM motors were still preferred when optimizing the weight.

Of all the performance parameters, the speed could be optimized best. The
large optimization potential compared to other parameters may be surprising,
but can be explained as follows: In contrast to increased torque, a higher speed
requirement does not result in a larger gearbox, but only a lower gear ratio and
a larger motor. However, since motors of SA units are usually much smaller
than the gearboxes, their dimensions do not have such a large influence on the
overall dimensions of the SA unit. In addition, gearboxes with lower ratios also
have a better efficiency, which means less mechanical power is lost.
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The cost optimization for the small-sized SAC units demonstrated that the ex-
pert system also considers complex chains of dependencies for the selection of
catalog components and solution principles. This is an example of a design
solution generated by the expert system that a human expert would not neces-
sarily have come up with. How difficult it is for a human to systematically find
an optimal design solution for SA units is shown by the large number of possi-
bilities. Taking all requirements into account, several hundred valid solutions
were generated for each SAC unit (L:304/M:199/S:187).

5.2.6. Novel Design

To demonstrate that the expert system is not only able to optimize existing so-
lutions but also to generate solutions for novel designs, the development of
a joint for elbow flexion/extension is shown as an example. The elbow joint
should be designed so that it can be used for a humanoid robot with human-
like proportions and capabilities. For this purpose the following requirements
are defined:

• Spatial dimensions: To ensure that the elbow unit fits into an anthropo-
morphic arm, it must not be longer than L=75 mm. The diameter should
not exceed D=90 mm. However, a slight increase on one side is possible
(H=110 mm).

• Peak torque: The robot must be able to carry a load of 5 kg. The lever arm
between the elbow axis and the load in the hand (or the Toolcenter point
TCP) is assumed to be 30 cm (14.7 Nm). The weight of forearm and hand
together is estimated to be 3 kg, with the center of gravity at half of the
lever arm (4.4 Nm). This results in a necessary torque of 19.1 Nm, which,
however, is estimated to be about 22 Nm, taking into account dynamics.

• Max. Speed: The joint should be able to move at a speed of 400 °/s.

• Weight: In order to make the arm not much heavier than a human arm,
the weight of the SA unit should be less than 1 kg.

• Costs: The net costs should not exceed 5000 €.

• Capabilities: The functional requirements correspond to those of the SAC
units, whereby the capabilities can be implemented as desired. However,
no slip ring is required and the electronics do not have to be hidden.

Allowed negative deviations for all requirements are 5%. Based on these in-
puts, the expert system generates 8 solutions. The best solution (first criterion
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SensorActuatorUnit

Figure 5.15.: Novel design for an elbow joint (PDF export of the expert system).

NRMSD, second PX) is shown in Figure 5.15. With the exception of the diame-
ter, which is exceeded by 3%, the solution meets all requirements. This solution
combines the design knowledge derived from the different sources: The com-
pact arrangement of the ARMAR-4 SA units (D2,O2) is combined with the tan-
gential placement of the motor controller (M1) and the electronic setup of the
SAC units. The motor (TBM 6013) is from the same manufacturer (Kollmorgen)
as the motor of the WALK-MAN SEA. Combined with a Harmonic Drive with
low gear ratio (i=50), the speed requirement can even be exceeded (516 °/s).

Along with the optimization, this generation of a novel design serves to demon-
strate that the approach presented in this thesis can also be an answer to the
second part of the research question (How can it support future developments?).
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5.3. Case Study 2: Robotic and Prosthetic Hands

To demonstrate that the approach presented in this thesis can be applied not
only to SA/SAC units but also to other humanoid robotic components, a sec-
ond case study is conducted on robotic and prosthetic hands. The main source
is the knowledge gained through the design of the hands of ARMAR-6 (KIT
Robotic Hand V2) and the KIT Prosthetic Hand V2.

This section presents the derived design knowledge, the formalization process
and the resulting expert system for robotic and prosthetic hands. The expert
system is then evaluated by reproducing, optimizing, and scaling the most cur-
rent KIT Hands. Finally, the system is used to generate a novel design.

5.3.1. Design Knowledge

After a presentation of the co-development of robotic and prosthetic hands at
KIT (Figure 5.16), the design knowledge that serves as a basis for the formal-
ization process will be outlined.

KIT Prosthetic Hand V2 KIT Prosthetic Hand V1 

TUAT/Karlsruhe  

Humanoid Hand 
KIT Robotic Hand V1 KIT Robotic Hand V2 

EtherCAT 

Hand Adapter 

Fingers & 

Material 

Lightweight 

Design 

Camera & Screen 

Components & 

Arrangement 

Underactuation 

Mechanism 

(Modified) 

Figure 5.16.: The KIT Hands based on the original TUAT/Karlsruhe Humanoid Hand.

The KIT Hands: Co-Development of Robotic and Prosthetic Hands

As shown in Figure 5.16, several robotic and prosthetic hands have been de-
veloped at KIT in recent years. Thereby a co-development of robotic and pros-
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Figure 5.17.: Left: Rocker mechanism of the Prosthetic Hand V1. Adapted from
Source: (Weiner et al., 2018) © 2018 IEEE.
Middle: Rope routing (red) of a robot hand finger (three joints).
Right: Double pulley mechanism of the Prosthetic Hand V2.

thetic hands was pursued, in which the experience gained from the develop-
ment of both domains was used for new designs. It should be noted that the
designs of the TUAT/Karlsruhe Humanoid Hand (Fukaya et al., 2000, 2013) and
the KIT Prosthetic Hand V1 (Weiner et al., 2018) are not contributions of this the-
sis. However, since all hand designs strongly influenced each other and since
the KIT Prosthetic Hand V1 serves as a supplementary knowledge source for the
formalization and the expert system, they are also presented in the following.

The design of all KIT Hands originates from the TUAT/Karlsruhe Humanoid
Hand developed by Fukaya et al. (2000, 2013) for the first ARMAR (Asfour et al.,
2000). Its most distinctive feature is its whippletree couplings mechanism con-
sisting of link-rods, link-plates and joints. This force distribution mechanism
allows for an underactuated hand design: A single motor drives all finger and
thumb joints. For the design of the KIT Robotic Hands and KIT Prosthetic
Hands the original TUAT/Karlsruhe mechanism was modified. Instead of a
single motor for all five fingers, they include two motors: one motor actuates
the thumb, the other motor actuates the other four fingers using a whipple-
tree couplings mechanism based on the TUAT/Karlsruhe Humanoid Hand.
Instead of link-rods, Dyneema ropes are used. Figure 5.17 (left) illustrates this
modified mechanism: There are three rope slings (red). Rope sling (6) leads to
index and middle finger, rope sling (7) leads to ring and little finger. The lower
rope sling is connected to the housing at point (5), while point (4) leads to the
finger motor, on whose output shaft a rope pulley is mounted. If the motor ro-
tates, the rope is pulled at point (4). The rocker (gray) moves downwards and is
guided linearly over the slide bearings (1), (2) and (3) (black). As a result, loop
(6) and (7) also move down and shorten the rope in the fingers, causing the
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Figure 5.18.: Components of the KIT Prosthetic Hand V1. Source: (Weiner et al., 2018)
© 2018 IEEE.

fingers to close (Figure 5.17, middle). If fingers block, the same effect as with
the original TUAT/Karlsruhe mechanism occurs: The rocker tilts, allowing the
other fingers to be closed further. To actuate the thumb, a second motor coils
up another rope, which leads to the same effect: the thumb closes. Since ropes
can only transmit tensile forces but not pressure, there must be a springback
mechanism. For this purpose torsion springs are used in all finger joints.

Besides the modified underactuation mechanism and two encoder-motor-gear-
box units with rope pulleys, all KIT Hands also include a PCB that features
the motor controller, sensor interfaces and electronics for communication (Fig-
ure 5.18). After first functional prototypes, this setup was implemented for the
design of the first hands of ARMAR-6: the KIT Robotic Hand V1. The hand has
14 joints (two per thumb, three per finger), which are driven by two motors.
The fingers as well as the housing are made of ABS and are manufactured us-
ing the fused deposition modeling (FDM) 3D printing process. As mechanical
and electrical interface to the robot arm, the SCHUNK hand adapter is used
(subsection 5.1.3). EtherCAT serves as communication interface.

Based on this development, a male hand prosthesis, the KIT Prosthetic Hand
V1 (Weiner et al., 2018), was developed. Compared to the robotic hand, the
number of joints was reduced from 14 to 10 (two per thumb and finger). The
prosthesis proportions are based on a 50th percentile male according to DIN
33402 (Jürgens, 2004). The resulting dimensions (LxWxD) are 232x87x35 mm.
Mechanical adjustments were mainly used to reduce friction and increase ro-
bustness. For example, two small ball bearings were used in all finger joints
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Figure 5.19.: Different motor arrangements of the KIT Hands.
Left: Parallel arrangement (KIT Robotic Hand V2).
Right: Vertical arrangement (KIT Prosthetic Hand V2).

instead of slide bearings. By using laser-sintered plastics (PA 2200), the ro-
bustness could be significantly increased. Furthermore, the sensor setup was
extended: In addition to the motor encoders, the hand integrates a RGB cam-
era, which is used for object recognition. Its image is shown on a display on the
back of the hand.

The second version of the ARMAR-6 hand, the KIT Robotic Hand V2, was de-
veloped using the knowledge gained from previous developments: Like the
KIT Robotic Hand V1, it has 14 joints, a SCHUNK hand adapter and electron-
ics, which enable communication via EtherCAT. The 3D printing process for
the manufacturing of the plastic parts (PA 2200) and the design of the fingers
were adopted from the KIT Prosthetic Hand V1 to reduce friction and increase
robustness. The hand is based on the proportions of a 50th percentile male,
scaled up by a factor of 1.3 to fit the ARMAR-6 dual-arm system. This ad-
ditional space was used to integrate a stronger motor-gearbox combination.
Mechanically new on this hand is the use of different torsion springs in the fin-
ger joints. So that the distal joints close last, stronger springs are used in these
joints than in the others. Furthermore, gloves are used to protect the hand and
increase friction. With respect to sensors, a similar setup to the first robotic
hand was used, with the addition of an IMU. And finally, the plastic parts of
the hand were optimized much more for lightweight construction. For its large
dimensions 281x113x37 mm the robotic hand is comparatively light (880 g).
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This weight optimization was pursued further with the KIT Prosthetic Hand
V2. Since it was designed as a prosthesis for a 50th percentile female, it is
not only the smallest KIT Hand (194x77x28 mm) but also by far the lightest
(388 g). Besides the reduced wall thickness of the plastic parts and the smaller
dimensions, a new version of the TUAT/Karlsruhe mechanism also contributes
to this weight reduction (Figure 5.17, right): The double pulley increases the
transmission ratio by factor 2. Combined with a reduction of the diameter of
the finger motor pulley from 16 to 8 mm, which corresponds to a further dou-
bling of the transmission ratio (in total 4), the planetary gear can be reduced
by one gear stage. This makes the encoder-motor-gearbox units shorter, lighter
and cheaper. Further cost and weight savings result from manufacturing the
housing parts from 3D-printed plastic instead of aluminum alloys. The smaller
width of the mechanism allows the motors to be arranged vertically instead
of parallel to each other (Figure 5.19). To further save space and weight, the
knuckles are integrated directly into the palm housing. Compared to the KIT
Prosthetic Hand V1, the sensor setup is extended by the IMU from the robotic
hands and a distance sensor. In addition, the gripping properties of the pros-
thesis are improved by finger pads.

Knowledge Sources

The two latest KIT Hands are the main sources for the formalization process:
the KIT Robotic Hand V2 and the KIT Prosthetic Hand V2 (Table 5.12). To pa-
rameterize the performance properties, the KIT Prosthetic Hand V1 is also an-
alyzed. Since the hand designs are all based on previous developments, know-
ledge from earlier hand design is also indirectly taken into account.

Table 5.12.: Sources from which knowledge on the design of robotic and prosthetic
hands is gained.

Name Source
Type

Knowledge
Acquisition

Derived Knowledge

KIT Robotic Hand V2 Main
source

Design, system
analysis

All catalog components
and solution principles

KIT Prosthetic Hand V2 Main
source

Design, system
analysis

All catalog components
and solution principles

KIT Prosthetic Hand V1 Supple-
mentary

System analysis (CAD,
tests, literature1)

Parameterization of
spatial dimensions,
weight and costs

1 (Weiner et al., 2018)
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5.3.2. Formalization

Based on specific models of the three KIT Hands, which serve as a source of
knowledge, a generalized model was created. Thereby 30 solution principles
for 13 parameters were identified: 7 functional, 2 structural and 4 kinematic pa-
rameters. The functional parameters represent optional catalog components or
other optional subcomponents which can be part of a robotic/prosthetic hand,
e.g. sensors (Table 5.13).

Table 5.13.: Solution principles for functional parameters of robotic/prosthetic hands.

Functional
Glove Finger

Pads
Hand
PCB

IMU Distance
Sensor

Camera Screen

(GL) (FP) (HB) (IM) (DS) (CA) (SC)
0 None None None None None None None
1 Yes Yes Yes Yes Yes Yes Yes

The two structural parameters (Table 5.14, right) have a strong influence on the
arrangement of the components. The two solution principles for the structural
parameter motor arrangement express whether the thumb motors are arranged
parallel or vertical to the finger motors (Figure 5.19). Modular knuckles (KIT
Robotic Hand V2) allow a quick exchange of the fingers, but space can be saved
by integrating the knuckles into the palm housing (KIT Prosthetic Hand V2).

Unlike the model for SA units, different solution principles for kinematic pa-
rameters could be identified (Table 5.14, left). For example, robotic hands can be
realized with fewer than four fingers plus thumb and it must be distinguished
whether two or three joints per finger are realized. The number of finger motors
can also be varied. And finally a left or right hand can be designed.

Table 5.14.: Solution principles for kinematic (left) and structural (right) parameters of
robotic/prosthetic hands.

Kinematic Structural
Body
Side
(S)

Finger
Number
(F)

Joints per
Finger
(J)

Finger
Motors
(FM)

Motor
Arrangement
(A)

Finger
Knuckles
(K)

1 Right One One Parallel Modular
2 Left Two Two Two Vertical Integrated
3 Three Three Three
4 Four Four
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Figure 5.20.: Multi-Stage Design Graph for robotic/prosthetic hands.
Bottom right: Subgraph for Encoder-Motor-Gearbox Match (EMGM).
Adapted from (Förster, 2019).

Figure 5.20 shows the Multi-Stage Design Graph for robotic/prosthetic hands.
The parameters for the solution principles are shown in light violet, the cata-
log component types and the resulting Robotic Hand in dark violet. Mechanisms
(ME) are treated as catalog components for simplification, even though they are
compositions of numerous small catalog components such as bearings, screws
and pins. Nodes for partial solutions are shown in dark green. The explana-
tions of the abbreviations can be found in Table 5.15. For each node shown in
Figure 5.20, there is a satisfied counterpart (not illustrated for simplification).

A special node is the Encoder-Motor-Gearbox Match (EMGM), which is colored
in dark red. It represents a subgraph for the EMGM (Figure 5.20, bottom right).
The use of the subgraph results from the modular relationship between the
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Table 5.15.: Nodes of the Multi-Stage Design Graph for robotic/prosthetic hands.

Node Description Node Description

EMGM Encoder-Motor-Gearbox MGM Motor-Gearbox Match
Match OtherComp Other subcomponents

F EMGM EMGM for finger actuation OtherElectro Other electronic components
F Req Finger EMGM requirements OtherMech Other mech. compononents
FT EMGM Finger-Thumb-EMGM Match S-P Body-Side-Spring Match
ME-F Finger-Mechanism-Match Sensors Sensor Setup
ME-FM Motor-Mechanism Match T EMGM EMGM for thumb actuation
ME-J Joints-Mechanism-Match T Req Thumb EMGM requirements

expert systems for robot/prosthetic hands and EMGM and is explained in the
following subsection.

5.3.3. Expert System

Based on the formalization process, an expert system for robotic hands/pros-
thetic hands was created. This subsection presents its modular structure, the
requirements definition, the reasoning and the scope of the system.

Modular Expert Systems

Robot components can be assigned to different hierarchical levels of a humanoid
robot. If components of a higher level are built, it is necessary to use robot com-
ponents of a lower level, which themselves already represent a composition of
catalog components. In order to consider this relationship in the development
of the expert systems, a modular approach is realized (Figure 5.21): Similar to
users, high-level expert systems are able to execute low-level expert systems.
For this purpose requirements resulting from the reasoning of the high-level ex-
pert system are used to get solutions from the low-level expert system. Based
on these solutions, the reasoning of the high-level expert system is then contin-
ued. In case of the robotic/prostehtic hand expert system the EMGM system
is used as a low-level expert system. If the reasoning reaches a node with a
hasChild relationship to the node EMGM, the object property useOntologyFor in
the Robotic Hand Design Ontology refers to the EMGM Design Ontology. A sec-
ond working ontology is created for the EMGM, which is used for a separate
multi-stage reasoning process. The Java code coordinates the data transfer be-
tween the two working ontologies. The EMGM expert system can be executed
several times in succession if there are different sets of requirements.
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Figure 5.21.: Modularity of the expert systems.

With regard to the ontological knowledge base, the modular architecture pre-
sented in subsection 3.4.2 is used. Besides the upper ontologies, the Abstract
Ontology and the Component Ontology, two specific HRC Design Ontologies are
used: The Robotic Hand Design Ontology and the EMGM Design Ontology. In
order to use data on human proportions, the Robotic Hand Ontology imports the
FMA Ontology and the Human Body Ontology.

Requirements Definition

Similar to the expert system for SA/SAC units, requirements and constraints
are first defined via the UI before the expert system is started (Table 5.16). A
special requirement of the expert system for robotic/prosthetic hands is the re-
quirement User (Proportions). Instead of requiring the user to specify length,
width and height of the hand in millimeters, the user specifies whether the
hand proportions should correspond to those of a small, medium or large man
or woman. Gender and percentiles in steps of 5 are freely selectable. Option-
ally, the proportions can be changed by a scaling factor if a large robotic hand
is to be built, for example. The expert system decomposes these high-level
requirements into performance requirements for the length, width and thick-
ness of the hand. To do this, it uses the data from DIN 33402 that is stored in
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Table 5.16.: Requirements, constraints and adjustable parameters of the expert system.

Requirements

Functional User (proportions)1, GL, FP, HB, IM, DS, CA, SC
Performance Force finger tip, force thumb tip, closing time finger, closing

time thumb, weight, costs, encoder resolution
Interface Input voltage, screw flange (number of screws and size)

Constraints

Structural Parameters Motor arrangement (A), finger knuckles (K)
Kinematic Parameters Body side (S), finger number (F), joints per finger (J), finger

motors (FM)
Mechanism Selection of underactuation mechanism (optional)
Motor-Gearbox Match Use same EMGM for fingers and thumb, exclude gearboxes

with a ratio > 100 (adjustable), motor technology

Adjustable Parameters (Expert Mode)

Dimensions Additional length
Power transmission Diameter of motor pulley (thumb and fingers), distance be-

tween rope and joint axes
Structure Wall thickness of housing and fingers
Material Material of structural parts (housing, fingers)
1 Gender, percentile, scale

the Human Body Ontology. In addition to the outer dimensions of the hand, the
data is also used to determine the segment lengths and widths of the fingers.

Mechanism Selection and Arrangement

The Multi-Stage Reasoning is based on the Multi-Stage Design Graph for robotic/
prosthetic hands (Figure 5.20).

First, depending on the selected number of finger motors (FM) and fingers (F),
suitable mechanisms are selected to transmit the mechanical power from the
finger motors to the fingers. As shown in Table 5.17, there are currently four
different mechanisms (ME0, ME1, ME2, ME3) of which up to two alternatives
can be used depending on the combination of number of fingers and finger
motors. It is possible to use a mechanism more than once (number of identical
mechanisms qMech). The length of the mechanisms depends on the number of
joints (J), since more joints result in more rope having to be wound up.

After selecting the mechanism, the arrangement of the subcomponents is de-
termined by solution principles for the structural parameters Finger Knuckles
(K) and Motor Arrangement (A). Since the catalog components of the EMGM,
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Table 5.17.: Mechanism selection for finger actuation.

Mechanism for Finger Motors (FM) qFingerMotor

Finger Motors (ME) 1 2 3 4
1 ME0

(qMech = 1)
- - -

2 ME3
(qMech = 1)

ME0
(qMech = 2)

- -

Finger Number
(F) jFinger

3 - - ME0
(qMech = 3)

-

4
ME1
(qMech = 1)

ME3
(qMech = 2)

- ME0
(qMech = 4)

ME2
(qMech = 1)

ME0: Only Rope, ME1: Double Pulley, ME2: Rocker, ME3: Single Pulley
qMech: Number of identical mechanisms

i.e. motors, gearboxes and encoders, are still unknown at this point, sets of re-
quirements for the spatial dimensions of the EMGM (maximum length L and
diameter D) are calculated depending on the solution principles. For example,
the maximum length of the EMGM for the fingers depends on the dimensions
of the hand and the solution principles for the structural parameters.

Encoder-Motor-Gearbox-Match (EMGM)

In the Multi-Stage Design Graph for robotic/prosthetic hands two different
types of EMGM are foreseen: One type of EMGM actuates the thumb, another
type of EMGM the remaining fingers. Since the user does not directly specify
the requirements for the EMGM, these requirements must be derived by logical
decomposition of the high-level requirements for the hand. The transformation
from the required force at the fingertip FF to a peak torque requirement for an
EMGM TEMGM is described by Equation 5.15 to 5.18, which are implemented
as SWRL rules.

FFingerInput = (FF · LJointT ip + TSprings)/LRopeJoint (5.15)

FMechOutput = FFingerInput · jFinger/qMech (5.16)

FPu = FMechOutput/iMech,x (5.17)

TEMGM = FPu · (DPu +DRope)/2 (5.18)

138



Chapter 5. Evaluation

+ + +

FFingerInput FF

LJointTip

L
R
op
eJ
oi
nt

Figure 5.22.: Actuation of a finger with three joints. The rope is colored in red.

First of all, the force (FFingerInput) is calculated with which the rope of the finger
has to be pulled to achieve the desired force at the fingertip (FF ). The lever arms
(LJointT ip and LRopeJoint) are required for the transmission ratio (Figure 5.22).
They are derived from the selected hand portions according to DIN 33402. In
addition, the torque due to the springs (TSprings) in the joints is taken into ac-
count. This torque must also be overcome. Since no springs have been selected
yet, the weakest springs are assumed at this point (best case assumption). The
required force output of the mechanism (FMechOutput) depends on the number
of fingers to be actuated (jFinger) and the number of mechanisms (qMech). The
transmission ratio of the mechanism (iMech,x) determines the force of the rope
that is wound up by the motor pulley (FPu). Finally, this rope force (FPu) is
converted into the required torque of the EMGM (TEMGM ) by the radius of the
rope pulley (DPu/2) plus half the thickness of the rope (DRope/2).

Just as the torque requirements of the EMGM are calculated from the finger
force, the required maximum speed of the EMGM vEMGM is derived from the
closing time tF of the finger joints (Equation 5.19 to 5.21). As auxiliary variables,
first the speed at the output of the mechanism vMechOutput is calculated and then
the speed at the motor rope pulley vPu.

vMechOutput = (2 · LRopeJoint · jFingerJoints)/tF (5.19)

vPu = vMechOutput · iMech,x (5.20)

vEMGM = (vPu · 360◦)/((DPu +DRope) · Π) (5.21)

Since the closing speed depends on how much rope must be wound up to close
all joints, a higher number of finger joints jFingerJoints results in a higher speed
requirement vEMGM .

mStructure = (VPalm + VFingers) · ρStructure (5.22)

mEMGM = (m−mStructure)/(qFingerMotor + 1) (5.23)

cEMGM = c/(qFingerMotor + 1) (5.24)
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At this point, the weight mEMGM and cost cEMGM requirements for the EMGM
are roughly calculated using best-case assumptions. To determinemEMGM , first
the weight of the structural parts mStructure is calculated, whose volume is esti-
mated by geometrical primitives: the palm of the hand is approximated by sev-
eral cuboids (VPalm), while hollow cylinders are used for the fingers (VFingers).
The weight of the structural parts mStructure results from multiplying the result-
ing total volume by the density ρStructure of the material. By subtracting the
weight mStructure from the weight requirement m, the maximum weight that
can be used for the catalog components is obtained. Divided by the number
of finger motors qFingerMotor and an additional motor for the thumb (+1), this
results in a rough estimation for the maximum weight of each EMGM mEMGM .
For a first cost estimation cEMGM , the total costs c are divided by the number of
motors for the fingers qFingerMotor and the thumb (+1).

Apart from torques TEMGM , speeds vEMGM , weights mEMGM and costs cEMGM ,
the maximum spatial dimensions of the EMGM (DEMGM ,LEMGM ) are also cal-
culated. They depend on the maximum spatial dimensions of the hand, the
solution principles for the structural parameters and the selected mechanism.
This results in a set of requirements for the EMGM of the thumb and the EMGM
of the fingers, represented by the nodes T Req and F Req (Figure 5.20). For each
EMGM requirement set the EMGM expert system is executed.

In the FT EMGM node the results for thumb and finger EMGM are combined.
This step is used for the option “Use same EMGM for fingers and thumb” to ex-
clude EMGM that are only usable for the actuation of the fingers or the thumb.
Furthermore, it is also checked whether the specific combination of the thumb
EMGM and the finger EMGM meets the maximum spatial dimensions of the
palm.

Robotic Hand

Now the catalog components and solution principles will be considered, which
have less influence on the hand dimensions (OtherComp). Through their selec-
tion, it is possible to calculate the performance properties (spatial dimensions,
finger forces, closing times, costs, weight) of the Robotic Hand solutions exactly
and exclude unsuitable design solutions. For this purpose, the formulas for de-
termining the EMGM requirements are now applied in reverse: From torques
of the EMGM TEMGM the finger forces FF are calculated, from speeds nEMGM

finger closing times tF , etc... The resulting valid solutions for robotic/prosthetic
hands are presented via the UI.
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Scope of the System

The ontological knowledge base of the hand expert system comprises 1344
OWL classes, 97 object properties, 331 data properties and 258 SWRL rules. Fur-
thermore, the hand expert system uses the EMGM expert system with its 848
OWL classes, 65 object properties, 145 data properties and 82 SWRL rules.

Both expert systems use the same Component Ontology as the expert system
for SA units (Appendix A). However, the 288 gearboxes, 68 motors and 27
incremental encoders are not all compatible or suitable for hands: A total of
25,902 valid EMGM remain from 528,768. Since different EMGM can be used
for the actuation of the fingers and thumb, there are about 671,000,000 valid
Finger-Thumb-EMGM combinations. Considering the different mechanisms
and the 30 solution principles, there are approximately 1013 valid solutions for
robotic/prosthetic hands. In this, the dimensions of the hand are not consid-
ered, because there is no discrete number of solutions due to the continuous
scalability of the proportions. The detailed calculation is presented in Ap-
pendix C.

5.3.4. Reproduction

To evaluate that the hand expert system is able to preserve design knowledge,
the KIT Hands are reproduced, which serve as knowledge sources (subsec-
tion 5.3.1): the KIT Prosthetic Hand V1, the KIT Prosthetic Hand V2 and the KIT
Robotic Hand V2. The spatial dimensions (length LH , width WH , thickness TH)
and the weight of the hand (m) as well as the finger forces (F ) and closing
times (t) serve as performance requirements. Spatial dimensions are derived
from the user high-level requirement that the hand proportions should corre-
spond to a certain percentile and gender, e.g. the 50th percentile female. For
finger forces and closing times a distinction is made between thumb (FT , tT )
and index finger (FF , tF ). The values of the index finger are exemplary for the
four fingers, which all have the same closing time but slightly different forces
due to their different lengths. The calculation of finger forces, as described in
Equation 5.15 to 5.18, does not take friction into account, as this is dependent
on the individual fabrication of each finger. For the calculation of the closing
time, the nominal speed of the motor is used. Thus at low forces the closing
time can be even higher than calculated. Nevertheless, measurements on the
existing KIT Prosthetic Hand V1 as presented in Weiner et al. (2018) show that
the finger force and closing time of the index finger (11.02 N, 1.3 s) correspond

141



Chapter 5. Evaluation

Table 5.18.: Reproduction of the KIT Hands.
Performance Requirements / Properties Rating

KIT Hand L
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Prosthetic Req 232* 87* 35* 11 | 46 1.4 | 0.7 0.68
Hand V11 Sol 233 87 35 11 | 46 1.4 | 0.7 0.66 1241 0.06 0.98
Prosthetic Req 194† 77† 28† 16 | 51 1.4 | 0.5 0.38
Hand V2 Sol 194 77 28 16 | 51 1.4 | 0.5 0.37 908 0.03 0.99
Robotic Req 281‡ 113‡ 37‡ 35 | 50 1.5 | 0.5 0.88
Hand V22 Sol. 281 113 39 35 | 50 1.5 | 0.5 0.88 1268 0.01 1.00

Parameters for Solution Principles
Kinematic Structure Functional Mechanism

Req S1 F4 J2 FM1 A1 K1 GL0 FP0 HB1 IM0 DS0 CA1 SC1 Rocker
Sol S1 F4 J2 FM1 A1 K1 GL0 FP0 HB1 IM0 DS0 CA1 SC1 Rocker
Req S1 F4 J2 FM1 A2 K2 GL0 FP1 HB1 IM1 DS1 CA1 SC1 Double Pulley
Sol S1 F4 J2 FM1 A2 K2 GL0 FP1 HB1 IM1 DS1 CA1 SC1 Double Pulley
Req S1 F4 J3 FM1 A1 K1 GL1 FP0 HB1 IM1 DS0 CA0 SC0 Rocker
Sol S1 F4 J3 FM1 A1 K1 GL1 FP0 HB1 IM1 DS0 CA0 SC0 Rocker

Adjustable Parameters Interface Catalog Components (EMGM)
Ladd DPu (F|T) tw (F|P) U Flange Motor Gearbox Encoder

Req 24 mm 16|16 mm 8|2 mm 12 V 2xM4
Sol 24 mm 16|16 mm 8|2 mm 12 V 2xM4 2224SR 201R86:1 IEH2-512
Req 6 mm 8|5 mm 2|2 mm 12 V 4xM4
Sol 6 mm 8|5 mm 2|2 mm 12 V 4xM4 2224SR 201R23:1 IEH2-512
Req 10 mm 14|14 mm 4|2 mm 24 V 4xM6
Sol 10 mm 14|14 mm 4|2 mm 24 V 4xM6 2232SR 22F71:1 IEH2-512

Abbreviations: Req. = Requirements, Sol. = Solution, F = Finger, T = Thumb ,
P = Palm, Ladd = Additional Length, DPu = Pulley diameter, tw = Wall thickness
Rating (NRMSD , PX ): LH ,WH , TH , FF , FT , tF , tT ,m and € are weighted equally
* 50th percentile male † 50th percentile female ‡ 50th percentile male x 1.3
1(Weiner et al., 2018) 2(Asfour et al., 2019b)
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approximately to the calculation used by the expert system (10.96 N, 1.35 s). Be-
sides performance requirements, functional requirements (e.g. integration of
sensors), interface requirements (power supply, screw flange) and constraints
(e.g. chosen solution principles such as 2 joints per finger) serve as input.

Table 5.18 shows that forces and closing times of the design solutions generated
by the expert system (Sol) correspond exactly to the requirements (Req). This
results from the fact that the design solutions use the same EMGM (Encoder-
Motor-Gearbox match) and mechanisms as the existing KIT Hands. The spa-
tial dimensions and weight of the design solutions, which were determined
depending on the requirements (percentile, gender), catalog components and
solution principles, are also close to the values of the existing KIT Hands. This
results in a low NRMSD< 0.1 and a performance index of about PX≈ 1, demon-
strating that the expert system can preserve the knowledge of the KIT Hands
that serve as knowledge sources.

5.3.5. Optimization

In order to demonstrate that the expert system can not only reproduce know-
ledge but also use it for new developments, the KIT Hands are first optimized
by different performance requirements. As performance requirements, the per-
formance properties of the existing KIT Hands are used. Finger forces, closing
times, costs and weight may deviate negatively by up to 20%. With regard to
closing forces, the design is optimized by the closing time of the fingers (tF ),
as the usually much shorter closing time of the thumb (tT ) does not bring a big
advantage. Since the spatial dimensions of the hands are derived from human
proportions, they must not fall below them, which would correspond to a pos-
itive deviation in the case of SAC units, for example. Negative deviations, i.e.
exceeding the spatial dimensions, are allowed up to 5% by default. Since the
existing KIT Prosthetic Hands have a negative deviation in thickness of +5 mm
(V1) or +2 mm (V2), the corresponding deviations are also allowed during op-
timization. In contrast to the reproduction, the expert system can use both so-
lution principles for the optimization with regard to the structural parameter
Motor Arrangement (A). Additionally, all known mechanisms, motor technolo-
gies (brushed/brushless) and two different EMGMs for the actuation of the
thumb and the fingers may be used. With regard to wall thickness (tw = 2)
and pulley diameters (DPu,F inger = 8 mm, DPu,Thumb = 5 mm), the standard set-
tings of the expert system are used, which have proven to be successful with
the KIT Prosthetic Hand V2. The first criterion for the optimization is always

143



Chapter 5. Evaluation

given in the Optimization column of the tables. If no second criterion is specified
(separated by a comma after the first criterion), PX is used. Improvements in
performance properties are expressed as a percentage compared to the results
of the reproduction in order to make smaller deviations more clearly visible.

Optimization of the KIT Prosthetic Hand V1

Table 5.19.: Optimization of the KIT Prosthetic Hand V1.
Prosthetic Hand V1 Performance Requirements / Properties Rating
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Reproduced 233 87 35 11 | 46 1.4 | 0.7 0.66 1241 0.06
Finger force FF 233 87 30 36 | 45 1.5 | 0.2 0.48 941 0.04 2.03
Thumb force FT 233 87 30 9 | 79 0.3 | 0.4 0.44 1008 0.05 1.73
Closing time tF , tT 233 87 30 9 | 45 0.3 | 0.2 0.44 1005 0.05 2.13
Weight m 233 87 30 11 | 38 1.2 | 1.3 0.38 876 0.06 1.14
Costs 233 87 30 11 | 52 1.2 | 0.7 0.39 857 0.00 1.28
NRMSD (e) 233 87 30 34 | 52 1.1 | 0.7 0.42 881 0.00 1.51
PX, NRMSD (e) 233 87 30 9 | 45 0.3 | 0.2 0.44 1005 0.05 2.13

Parameter Finger EMGM Thumb EMGM
Opt. Structure Motor Gearbox Motor Gearbox Mechanism
Rep. A1 K1 2224SR 201R 86:1 2224SR 201R 86:1 Rocker
FF A2 K2 2232BX4 22F 25:1 2232SR 201R 9.7:1 Double Pulley
FT A2 K2 2036B 201R 14:1 2232SR 201R 23:1 Double Pulley
tF , tT A2 K2 2036B 201R 14:1 2232SR 201R 9.7:1 Double Pulley
m A1 K2 2224SR 22EKV19:1 1717SR 17/1 81:1 Double Pulley
€ A1 K2 2224SR 22EKV19:1 2224SR 22EKV28:1 Double Pulley
e A2 K2 2232SR 201R 23:1 2224SR 22EKV28:1 Double Pulley
PX, e A2 K2 2036B 201R 14:1 2232SR 201R 9.7:1 Double Pulley
Kinematic/Functional parameters and interface correspond to reproduced hand.
Rating (NRMSD , PX ): LH ,WH , TH , FF , FT , tF , tT ,m and € are weighted equally.

The optimizations of the Prosthetic Hand V1 as listed in Table 5.19 result from
the following changes compared to the reproduced solution:

• Finger force (+227%): The significant increase in force results from the use
of the Double Pulley mechanism (iMech = 4 instead of iMech = 2), a smaller
pulley diameter (8 instead of 16 mm) and a more powerful brushless DC
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motor (2232BX4). A smaller gear ratio (i=25) is used to meet the closing
time requirements. The necessary space for the bigger motor is saved by
using a different motor arrangement (A2) and integrated knuckles (K2).

• Thumb force (+72%): This is realized by a bigger thumb motor (2232SR).

• Closing time fingers (-76%), thumb (-74%): To reduce the closing time
of the fingers, the brushless DC motor 2036B with significantly higher
nominal speed (11,430 instead of 4,300 rpm) is used and combined with
a gearbox with a low gear ratio (i=14). The thumb uses a larger motor
(2232SR) with lower gear ratio (i=9.7).

• Weight (-42%): The weight of the plastic parts is reduced by using less
finger wall thickness and by integrating the knuckles into the palm of the
hand (K2). Further weight is saved by a smaller thumb motor (1717SR)
and the use of the lighter Double Pulley mechanism, which allows a smaller
gearbox of the finger motor (i=19) due to its higher gear ratio.

• Costs (-31%): This reduction results from the cheaper Double Pulley mech-
anism and a different, cheaper gearbox series (22EKV instead of 201R).

• NRMSD: By reducing the hand thickness to 30 mm, there is no longer a
negative deviation (NRMSD= 0). This is achieved by the thinner Double
Pulley mechanism.

• PX: The result for overall optimization (PX) corresponds to optimization
by closing time tF . This indicates that the closing time has the greatest
optimization potential.

Optimization of the KIT Prosthetic Hand V2

With regard to the Prosthetic Hand V2 the following optimizations result (Ta-
ble 5.20):

• Finger force (+143%): This is only achieved by a stronger motor (2232SR).

• Thumb force (+16%): By using a slightly higher gear ratio of the thumb
gearbox (i=28 instead of i=23) the thumb force can be increased at the
expense of thumb closing speed (0.7 s instead of 0.5 s).

• Closing time fingers (-66%), thumb (±0%): A stronger motor (2232SR)
with a lower gear ratio (i=9.7 instead of i=23) leads to a reduction of the
finger closing time.

• Weight (-8%): A slight reduction can be achieved by weaker motors (1628B
and 1717SR), but this reduces forces and increases closing times.
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Table 5.20.: Optimization of the KIT Prosthetic Hand V2.
Prosthetic Hand V2 Performance Requirements / Properties Rating
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Reproduced 194 77 28 16 | 51 1.4 | 0.5 0.37 908 0.03
Finger force FF 199 77 28 38 | 51 1.1 | 0.5 0.39 922 0.03 1.36
Thumb force FT 199 79 28 16 | 59 0.5 | 0.7 0.38 899 0.03 1.36
Closing time tF , tT 199 77 28 16 | 51 0.5 | 0.5 0.39 919 0.03 1.39
Weight m 203 77 26 15 | 43 1.7 | 1.3 0.34 1017 0.09 0.97
Costs 194 79 28 16 | 59 1.4 | 0.7 0.36 888 0.03 1.15
NRMSD (e) 194 77 28 16 | 51 1.4 | 0.5 0.37 908 0.03 1.18
PX, NRMSD (e) 199 77 28 16 | 51 0.5 | 0.5 0.39 919 0.03 1.39

Parameter Finger EMGM Thumb EMGM
Opt. Structure Motor Gearbox Motor Gearbox Mechanism
Rep. A2 K2 2224SR 201R 23:1 2224SR 201R 23:1 Double Pulley
FF A2 K2 2232SR 201R 23:1 2224SR 201R 23:1 Double Pulley
FT A2 K2 2232SR 201R9.7:1 2224SR 22EKV28:1 Double Pulley
tF , tT A2 K2 2232SR 201R9.7:1 2224SR 201R 23:1 Double Pulley
m A2 K2 1628B 17/1 50:1 1717SR 17/1 81:1 Double Pulley
€ A2 K2 2224SR 201R 23:1 2224SR 22EKV28:1 Double Pulley
e A2 K2 2224SR 201R 23:1 2224SR 201R 23:1 Double Pulley
PX, e A2 K2 2232SR 201R9.7:1 2224SR 201R 23:1 Double Pulley
Kinematic/Functional parameters and interface correspond to reproduced hand.
Rating (NRMSD , PX ): LH ,WH , TH , FF , FT , tF , tT ,m and € are weighted equally.

• Costs (-2%): This small reduction is achieved by using the cheaper gear-
box series (22EKV) for the thumb.

• NRMSD: The result corresponds to the reproduced, existing Prosthetic
Hand V2. Hence, no improvement can be achieved without worsening
another performance property. The result is Pareto optimal.

• PX: The result corresponds to the optimization by closing time, which has
the highest optimization potential. However, this makes the hand 5 mm
longer.
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Table 5.21.: Optimization of the KIT Robotic Hand V2.
Robotic Hand V2 Performance Requirements / Properties Rating
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Reproduced 281 113 39 35 | 50 1.5 | 0.5 0.88 1268 0.01
Finger force FF 281 113 39 85 | 50 1.8 | 0.3 0.59 955 0.05 1.77
Thumb force FT 281 113 39 84 | 97 1.7 | 1.1 0.61 971 0.03 1.37
Closing time tF , tT 281 113 39 32 | 50 0.7 | 0.3 0.57 949 0.03 1.75
Weight m 281 113 39 56 | 53 1.3 | 1.6 0.52 937 0.03 1.20
Costs 281 113 39 56 | 40 1.3 | 1.6 0.53 916 0.07 1.18
NRMSD, PX 281 113 39 37 | 50 0.8 | 0.3 0.57 1058 0.00 1.74
PX, NRMSD 281 113 39 84 | 50 1.7 | 0.3 0.57 952 0.03 1.78

Parameter Finger EMGM Thumb EMGM
Opt. Structure Motor Gearbox Motor Gearbox Mechanism
Rep. A1 K1 2232SR 22F 71:1 2232SR 22F 71:1 Rocker
FF A∗ K2 2232SR 22F 25:1 2232SR 201R 14:1 Double Pulley
FT A∗ K2 2232SR 201R 23:1 2232SR 22/7 43:1 Double Pulley
tF , tT A∗ K2 2232SR 201R9.7:1 2232SR 201R 14:1 Double Pulley
m A∗ K2 2232SR 26AK16:1 1724SR 17/1 68:1 Double Pulley
€ A∗ K2 2232SR 26AK16:1 2224SR 22EKV69:1 Double Pulley
e, PX A∗ K2 2036B 201R 23:1 2232SR 201R 14:1 Double Pulley
PX, e A∗ K2 2232SR 201R 23:1 2232SR 201R 14:1 Double Pulley
Kinematic/Functional parameters and interface correspond to reproduced hand.
Rating (NRMSD , PX ): LH ,WH , TH , FF , FT , tF , tT ,m and € are weighted equally.
“∗”: Both solution principles result in the same performance properties.

Optimization of the KIT Robotic Hand V2

The optimizations for the Robotic Hand V2 (Table 5.21) result from the follow-
ing changes:

• Finger force (+141%): Since the motor is already the largest in the series,
it cannot be replaced to increase the performance. Instead, the increase is
achieved by a different effect: By using the Double Pulley mechanism with
a transmission ratio of 4 instead of 2, the maximum radial bending force
that may be applied to the gearbox shaft is increased by a factor of 2. This
allows the mechanical power of the motor to be better exploited.
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• Thumb force (+95%): By using a smaller pulley diameter and a different
gearbox (22/7 43:1) the thumb force is increased while the closing time is
longer.

• Closing time fingers (-53%), thumb (-49%): Lower gear ratios (finger:
i=9.7, thumb: i=14) reduce the closing times. The maximum forces are
barely reduced, since the radial bending forces are the decisive limitation
of the gearbox.

• Weight (-41%): The strong weight reduction is achieved by lighter plastic
parts (integrated knuckles K2, reduced finger wall thickness), the lighter
Double Pulley mechanism and a weaker EMGM for the thumb (1724SR
motor with 17/1 68:1 gearbox).

• Costs (-28%): In addition to the cheaper Double Pulley mechanism, costs
are saved on the EMGM: The thumb motor is reduced (2224SR) and cheaper
gearboxes are used (26AK 16:1 and 22EKV 69:1).

• NRMSD: The solution shows that closing times, weight and costs can be
reduced without negative deviations. This is achieved by a different fin-
ger EMGM (2036B with 20/1R 23:1), a lower thumb gearbox ratio (i=14),
the Double Pulley mechanism and smaller pulley diameters.

• PX: The result for the overall optimization (PX) is similar to that for the
NRMSD optimization. Only the finger motor is replaced (2232SR instead
of 2036B), resulting in lower costs and higher finger forces at the expense
of the finger closing time.

A noteworthy aspect of the Robotic Hand optimization is that half of the de-
sign solutions use the parallel (A1) and the other half the vertical motor ar-
rangement (A2). This can be explained by the comparatively large construction
space, whereby EMGMs are not excluded due to their length or diameter, re-
gardless of their arrangement.

Optimization Summary

Even though there are many similarities regarding the optimization of individ-
ual performance properties, e.g. increasing the finger force by using a stronger
motor and a different gear ratio, the optimization potential of the KIT Hands
differs significantly, which is reflected by the number of valid solutions: 1045
(Prosthetic Hand V1), 23 (Prosthetic Hand V2), 3120 (Robotic Hand V2). The
Robotic Hand V2 and the Prosthetic Hand V1 both benefit from the use of the
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Double Pulley mechanism, the smaller pulley diameter, the integration of the
knuckles and the reduced finger wall thickness as used in the Prosthetic Hand
V2. Based on the current expert knowledge, the performance properties of the
Prosthetic Hand V2 can only be improved if others are worsened. The ratio be-
tween closing time and finger force can be adjusted very precisely, which can
be explained by the large number of gearboxes in the Component Ontology.

5.3.6. Scaling of a Design

Many design tasks consist of creating variant designs for an existing technical
system (subsection 2.1.1). This includes realizing systems in other sizes. For
this reason, the ability of the expert system to scale existing solutions is shown
in the following. This is made possible by the parameterized formulas and
other design rules as well as the large scope of the Component Ontology.

The KIT Prosthetic Hand V2 serves as the hand to be scaled. For different hu-
man proportions of male and female hands, the design solution is sought that
achieves maximum thumb and finger force. Thumb and finger forces are not
specified as requirements, nor are costs and weight. For the closing times, the
finger closing time of the Prosthetic Hand V2 (1.4 s) is the maximum. Function-
al/interface requirements, solution principles and adjustable parameters corre-
spond to the reproduction settings for the Prosthetic Hand V2. Thus, the same
EMGM is used for thumb and finger actuation. The only exception is the wall
thickness of the palm, which is reduced to 1 mm in order to consider results
that are as tight as possible. Proportions and closing times may deviate nega-
tively by a maximum of 5%. The thumb force is the first optimization criterion.
If the thumb forces are identical, the finger force is used as the second criterion,
the NRMSD as the third criterion and the weight as the fourth criterion.

Table 5.22.: Motors and gearboxes for the scaled KIT Prosthetic Hand V2 (Figure 5.23)
depending on gender and percentile.

Percentile Female 5-30 35-75 75-95

Motor (Faulhaber) 1724SR 2224SR 2232SR
Gearbox (Faulhaber) 15/10 15:1 20/1R 23:1 20/1R 23:1

Percentile Male 5 10-95

Motor (Faulhaber) 1724SR 2232SR
Gearbox (Fauhaber) 15/10 15:1 20/1R 23:1
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Figure 5.23.: Scalability of the KIT Prosthetic Hand V2. The figures illustrate the maxi-
mum forces of the index finger FF and the thumb FT with respect to spa-
tial dimensions based on human proportions (percentiles and gender).

Figure 5.23 shows the maximum finger and thumb forces for male and female
hand proportions in 5-percentile increments. Table 5.22 lists the motors and
gearboxes used by the expert system. For the 5th and 10th percentile female
there are only solutions if the hand thickness is exceeded by 10% (10th per-
centile), respectively 20% (5th percentile). The graph for the female percentiles
shows that the force progression can be described approximately as a step func-
tion. The jumps result when changing to a more powerful motor, which can
only be fitted if the hand is big enough. For example, the finger force is about
5-6 N at hand proportions up to the 30th percentile female and then jumps to
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about 16 N at the 35th percentile by changing from motor 1724SR to 2224SR.
Another motor change occurs between the 75th to the 80th percentile. The
graph for male proportions has only a single jump between the 5th and 10th
percentile. After that jump the most powerful motor of the series (2232SR) is
used. Besides the jumps, another effect can also be observed , which becomes
particularly clear when examining the graph of the male proportions: Between
the jumps, the force values for fingers and thumb drop slightly. This can be
explained by the fact that with the same EMGM, the proportions and thus the
length of the finger segments nevertheless increase. Since the finger segments
act as a lever arm for the torque providing the finger force, the finger force
decreases with increasing proportions if no stronger EMGM is used.

5.3.7. Novel Design

By optimizing and scaling the KIT Hands, it was shown that the expert system
is suitable to systematically support future developments of adaptive and vari-
ant designs. The third and rarer type of design task are original designs, i.e.
novel designs (subsection 2.1.1). While limited by the existing knowledge base,
novel designs are still possible to a certain extent through new combinations of
solution principles and catalog components.

The goal of the novel design presented in the following is a right (S1) prosthetic
hand for an average-sized male user (50th percentile male) with 10 degrees of
freedom (J2). The four fingers (F4) shall be actuated by two motors (FM2),
the thumb by a third. Different EMGMs can be used for finger and thumb
actuation. The minimum finger force is 10 N, the thumb should have about four
times this force (40 N). It should be possible to close the hand within 1.4 s. The
weight of the hand should not exceed 400 g. Low costs are not a requirement
at this stage. As equipment an IMU (IM1), a distance sensor (DS1), a camera
(CA1), a screen (SC1) and fingerpads (FP1) are desired. For safety reasons, the
power supply must not exceed 12 V. The electronics should be integrated in the
hand if possible (HB1) and the motors must be brushed. Apart from that, the
default settings are used, which correspond to the settings of the KIT Prosthetic
Hand V2. Negative deviations of 5% are allowed, whereby the design solution
with the least negative deviation is searched for (NRMSD → 0). The second
criterion is the total optimum of all properties (PX).

The expert system generates 8 solutions for these requirements, of which the
best is presented in Figure 5.24. The mechanism used is the Single Pulley Mech-
anism (ME3), which was derived from the Double Pulley Mechanism (ME1) when
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RoboticHand

Figure 5.24.: Novel design for a prosthetic hand (50th percentile male) with three mo-
tors (PDF export of the expert system).

creating the knowledge base. Since it drives two fingers each instead of four,
it is used twice. Due to the additional mechanism and finger motor, the expert
system must use motors with a smaller diameter (1717SR and 1724SR) com-
pared to the reproduced KIT Hands to meet the required hand width. How-
ever, since a lesser degree of underactuation also means that less rope has to be
wound up per motor, the closing time is reduced at constant motor speed. By
selecting a gearbox with a ratio of i=37, the expert system is able to achieve
a finger force of more than 10 N, which is only slightly less than the finger
forces of the Prosthetic Hand V1 and V2. The closing times and the weight
are slightly above the requirement (1.4 s, resp. 400 g), but within the allowed
negative deviation of 5%. Overall this results in a very small negative devi-
ation (NRMSD≈ 0.01) from the requirements. The novel design matches the
proportions of a 50th percentile male hand better than the existing Prosthetic
Hand V1, although it integrates an additional motor.
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5.4. Summary and Review

This chapter described the evaluation of the approach presented in this thesis
using the example of the humanoid robot ARMAR-6.

First the development of the mechatronic components of ARMAR-6 was pre-
sented, most notably highly integrated sensor-actuator-controller (SAC) units
for robot joints. Furthermore, this section also served to motivate why the ex-
pert knowledge gained during the successful development of this complex,
high-performance humanoid robot is worth preserving.

Thereafter, two case studies were conducted on the two most highly integrated
components of ARMAR-6: SAC units for robot joints and robotic hands. It was
shown how knowledge gained through the design of these robot components
and analysis of related work can be formalized and used as the knowledge base
of an expert system. The resulting expert systems use an ontological knowledge
base that comprises approximately 500 catalog components. Furthermore, they
take different solution principles for conceptual design parameters into account
that describe functional, structural and kinematic options. The expert system
for SA units considers 29 solution principles for 11 parameters, while the hand
expert system includes 30 solution principles for 13 parameters. This results
in more than 108 valid SA/SAC units and 1013 valid robotic/prosthetic hands.
To demonstrate the expert systems’ capabilities, existing designs were repro-
duced, optimized and scaled. Furthermore, novel designs were generated.

In addition to their high scope and level of detail, the presented expert systems
differ from most related works by their application. Instead of supporting the
design of comparatively small, low-cost robots or other mechatronic systems
for educational use, they preserve design knowledge on components of a high-
performance humanoid robot.
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6. Conclusion

This thesis aimed to find an answer to the following research question:

How can expert knowledge on the design of humanoid robot components
be preserved in order to support future developments?

For this purpose, a systematic approach was presented which can be divided
into three successive steps. First, design knowledge on humanoid robot com-
ponents is gained through robot design and analysis of related work. Second,
this knowledge is formalized resulting in an ontological knowledge base that
allows for automated reasoning. Third, this ontological knowledge base is used
by an expert system to generate design solutions based on user requirements.

The presented formalization process makes it possible to preserve expert know-
ledge on the design of humanoid robot components. By using this knowledge as
part of an expert system, it can be further used to support future developments.
This was evaluated through case studies on components of the humanoid robot
ARMAR-6: sensor-actuator-controller (SAC) units and robotic hands.

6.1. Scientific Contributions of the Thesis

The presented approach and its evaluation result in the three main scientific
contributions of this thesis, which will be summarized in the following.

Formalization of Expert Knowledge on Humanoid Robot Design

The formalization process is the first contribution of this work. But to carry it
out, design knowledge must first be acquired. As described in chapter 3, this
knowledge is gained through own designs and related work. It was explained
why it is important to use own designs as the main source of knowledge for
complex, highly integrated systems, while knowledge from related work may
be used as a supplement. In addition, it was described which knowledge has
to be gained by system analysis to perform the formalization process.
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The formalization process was then explained step by step. Based on the sys-
tem analysis a specific model is created for each specific robot component serv-
ing as knowledge source. Therefore, SysML Block Definition Diagrams (BDD)
are used - a modeling tool from systems engineering, which allows to represent
relationships between subcomponents of a technical system. This is combined
with rules and formulas that describe relationships between the subcompo-
nents and the properties of the overall system.

Based on the specific models, a generalized model for the robot component type
is induced. The generalized model is also modeled using a SysML BDD. In con-
trast to the specific models, however, the generalized model is represented by a
hierarchical structure tree. This means that the robot component is decomposed
hierarchically into subsystems up to catalog component types. Furthermore,
formulas and rules are parameterized. In order to consider not only similarities
but also differences in the design of a robot component type, different solution
principles for decisive conceptual design parameters are identified similar to
morphological boxes. Examples for such solution principles are different cata-
log component arrangements and possibilities to realize functionalities. They
are represented in the BDD by different paths or leaf nodes and differ from each
other by different formulas and rules. To ensure that the generalized model not
only considers the structure of a robot component but also the requirements,
the BDD is first transformed into a directed, acyclic graph (DAG). Blocks repre-
senting catalog components and partial solutions are transformed into nodes,
the rules and formulas describing the transition between the blocks are repre-
sented by edges. The DAG is structured in a way that it describes the bottom-
up design of the robot component type, starting with the source nodes: catalog
components and solution principles. To model when requirements are met,
each node of the DAG is followed by a counterpart node expressing that the
requirements are satisfied. Adding requirement checks after each node has the
advantage that unsuitable catalog components, partial solutions and solution
principles can be excluded as early as possible. The resulting DAG, the Multi-
Stage Design Graph, therefore contains the necessary knowledge to describe
the requirements-oriented design of a humanoid robot component type.

Finally, it was explained how the Multi-Stage Design Graph and knowledge on
catalog components of manufacturers is transformed into an ontological know-
ledge base. The modular ontology architecture allows to use some ontologies
for all expert systems (e.g. the Component Ontology), while very specific on-
tologies that describe the Multi-Stage Design Graph to a robot component type
are only used if needed.
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The described formalization process ultimately serves to make design know-
ledge usable for automated reasoning. To achieve this, methods of product de-
velopment (morphological boxes) and systems engineering (SysML) are com-
bined with knowledge representation (graphs, ontologies, rules). The resulting
combination is suitable for preserving both procedural and domain-specific
knowledge at a high level of detail, as required for the design of highly inte-
grated robot components.

Expert System to Support the Design of Humanoid Robot Components

The second contribution of this thesis is an expert system that supports the de-
sign of humanoid robot components. It is based on the ontological knowledge
base resulting from the formalization process. In chapter 4 the other two main
components of the expert system architecture were presented, the inference en-
gine and the user interface.

The user interface allows the user to define requirements, constraints, permit-
ted deviations and weights for the rating functions. It further allows to start the
inference engine, which uses a novel Multi-Stage-Reasoning Process that com-
bines ontological reasoning with a graph-based approach. The process is based
on a bottom-up traversal of the Multi-Stage Design Graph resulting from the
formalization process: Partial solutions composed of catalog components and
solution principles are generated. Based on requirement checks, these partial
solutions are either discarded or combined in a bottom-up way to finally gener-
ate valid overall design solutions. These design solutions are visualized by the
user interface and can be ranked by different properties and rating functions.

By automatically selecting and arranging catalog components, the expert sys-
tem can support large parts of the design process. Compared to related work in
the field of automated design of robotic and mechatronic design (section 2.3),
it avoids typical simplifications such as the use of modules instead of catalog
components or the adaptation of only a single, parameterized solution.

Evaluation Using the Example of the Humanoid Robot ARMAR-6

The evaluation of the presented approach using the example of components
for the collaborative humanoid robot ARMAR-6 is the third contribution of
this work. This includes the design of mechatronic components for ARMAR-6,
most notably sensor-actuator-controller (SAC) units for robot joints, which were
designed in three sizes. Each SAC unit integrates a motor, a gearbox and a large
sensor setup as well as communication and control electronics. This leads to a
high degree of integration, even compared to related work (section 2.4).
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After the presentation of ARMAR-6 (section 5.1), the approach presented in this
thesis was evaluated through two case studies on the robot component types
of ARMAR-6 with the highest degree of integration: SA/SAC units for robot
joints (section 5.2) and robotic/prosthetic hands (section 5.3). For both case
studies it was described how the design knowledge on existing robot compo-
nents was formalized and used to develop an ontology-based expert system.
The expert system for SA units takes 29 solution principles for 11 conceptual
design parameters into account, including 4 parameters that describe different
subcomponent arrangements. The expert system for robotic/prosthetic hands
considers 30 solution principles for 13 parameters, including 2 parameters de-
scribing different subcomponent arrangements. Both expert systems use a com-
mon Component Ontology with data on about 500 catalog components. Tak-
ing all valid combinations of catalog components and solution principles into
account, the expert systems are able to generate more than 108 solutions for
SA/SAC units and 1013 solutions for robotic/prosthetic hands.

To demonstrate that the expert systems are capable of preserving knowledge,
the five SA/SAC units and the three hands that served as knowledge sources
were successfully reproduced. For the SA unit expert system it was further
demonstrated that the system can accurately reproduce 9 of 10 state-of-the-art
SA/SAC units. This showed that the generalized model and the Component
Ontology are extensive enough to cover most rotary SA/SAC unit designs.

To show that the expert systems are not only capable of preserving knowledge
but also of supporting future developments, existing designs were optimized
according to different performance requirements. In the case of the KIT Pros-
thetic Hand V2, the design was also scaled for different hand sizes. While some
optimizations did not surprise, there were also examples of generated solutions
that a human engineer would not necessarily have come up with. This can be
explained by the complex chain of dependencies for the selection of catalog
components and solution principles as well as the multitude of possible com-
binations. Finally, it was demonstrated that the expert systems are also capable
of generating novel design solutions for completely new requirements. The
systems were able to achieve this goal by combining solution principles and
catalog components from different knowledge sources in a novel way.

The case studies highlighted a further aspect in which the systematic approach
and the resulting expert systems differ from most related work. Instead of hav-
ing an educational application or creating small, low-cost, 3D printed robots,
the field of application are highly integrated components for high-performance
humanoid robots like ARMAR-6.
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6.2. Discussion and Future Work

The systematic approach presented in this thesis and the resulting expert sys-
tems are first contributions to simplify future developments of humanoid robots.
However, since this new field offers a lot of potential, this thesis can be seen as
a starting point for future research. In the following, possible future work is
discussed based on the limitations of the current approach.

Design of High-Level Components

The presented case studies, SA/SAC units and robotic hands, support the de-
sign of mid-level components of a humanoid robot. A logical next step would
be to extend the expert system for high-level components such as a dual-arm
system or a complete humanoid robot. Since higher-level components consist
of mid-level and low-level components, a modular expert system framework
is advantageous. A first step towards this modular framework has already
been taken with the development of the robotic/prosthetic hand expert system
that is able to use the EMGM expert system similar to a user. Likewise, for a
dual-arm expert system, it would make sense to use the SA/SAC units expert
system. However, since there are more and more possible combinations as the
system level increases, the dual-arm expert system would benefit from an effec-
tive filter mechanism, which reduces the number of solutions provided by the
SA/SAC unit expert system. This filter could be based on the existing rating
functions, Pareto optimality or heuristic approaches. In addition to modular
structures, the development of a high-level component such as a dual-arm sys-
tem would also benefit from coupling the expert system with other software,
e. g. a program for kinematics simulation or a parametrized CAD model to de-
termine masses and inertias precisely.

Integration of the Knowledge of Different Design Groups

With few exceptions, the knowledge base currently used by the expert systems
is based on knowledge gained during the development of humanoid robots
and similar mechatronic systems at KIT. For future extensions of the expert
system it would be advantageous to take greater account of the expert know-
ledge of other research institutions, ideally in close cooperation with the de-
signers. Ultimately, the robot design expert system could also develop into an
open source project. In this context, it would be advantageous if new com-
ponents could be added more easily by anyone. Although the ontology can
be extended comparatively easily by the Protégé editor, a special GUI would
be ideal, which specifies what information needs to be entered for a new cat-
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alog component without requiring robot developers to become familiar with
Protégé.

Flexible Adjustment

One of the major limitations of the approach is that the expert system is re-
stricted to its knowledge base. Thus, when generating new design solutions,
only combinations of known solution principles and catalog component series
can be generated. If a new concept is to be used spontaneously, it must first
be integrated into the knowledge base in order to make full use of the expert
system. Although this problem probably cannot be completely solved, it can
be reduced. The adjustable parameters in the GUI have proven to be a practical
way to take new concepts into account. For example, the SA/SAC unit expert
system makes it possible to set the wall thickness and any desired material den-
sity for the structural parts. This way it can be tested whether it is worthwhile
to switch to new materials. A possible new extension for the robotic/prosthetic
hand expert system could be the possibility to specify a new underactuation
mechanism directly in the GUI by its dimensions, ratio, weight and costs.

Requirements Definition

The expert system requires the specification of mostly technical requirements.
But the identification of requirements itself requires a certain degree of ex-
pert knowledge. To make the expert system accessible to everyone, includ-
ing novices, it would be helpful to start with high-level requirements or stake-
holder expectations. In the case of a dual-arm system, these could be tasks
that the system has to perform. An intuitive user interface could also help
in this context. One possibility would be for the user to express the tasks and
other high-level requirements verbally. With the help of speech recognition this
could serve as input for the expert system. In case of missing specifications, the
system uses default parameters or asks the user.
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A. Scope of the Ontological Knowledge Base

Table .1.: Scope of the ontological knowledge bases of the individual expert systems

Expert System OWL Classes Object Properties Data Properties SWRL Rules

SA Unit 980 115 216 273
EMGM 848 65 145 82
Robotic Hand 1344 97 331 258

Table .2 lists all 497 catalog components which are implemented in the Compo-
nent Ontology in its current state. The Component Ontology is used by all ex-
pert systems and therefore comprises components for encoder-motor-gearbox
combinations (EMGM), robotic hands and SA units.

Table .2.: Catalog components of the Component Ontology with manufacturers

Component Manufacturer Count

Gearbox Harmonic Drive, HAINA, Faulhaber 288
Motor TQ RoboDrive ILM, Kollmorgen TBM, Faulhaber 68
Increm. Encoder AMS, Faulhaber 27
Drive Bearing SBN 23
Output Bearing THK, SBN EZO 23
Slip Ring Senring, Moog 20
Screws and Nuts Freely selectable (Standardized DIN-ISO) 18
Springs Gutekunst, Febrotec 6
Brake TQ RoboDrive 4
Absolute Encoder Renishaw RLS AksIM 3
Miscellaneous Bosch, Elmo, Densitron, Bola 17
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B. Valid Solutions SA Units

nSAunits =(nM · nBR∗ − nincomp,MBR) · (nG · (nSR + nC∗ − 1)− nincomp,GSR)

· nD∗ · nO∗ · nM∗ · nMF∗ · nAE∗ · nTS∗ · nIM∗ · nSB∗ · nHC∗

The number of valid SA units nSAunits depends on the number of solution
principles and catalog components. There are a total of 29 solution princi-
ples, divided into 11 parameters: Drive Structure (nD∗ = 2), Output Struc-
ture (nO∗ = 3), Motor Controller (nM∗ = 3), Cabling (nC∗ = 3), Motor Feed-
back (nMF∗ = 4), Absolute Encoder (nAE∗ = 2), Torque Sensor (nTS∗ = 4),
IMU (nIM∗ = 2), Sensor PCB (nSB∗ = 2), Brake (nBR∗ = 2) and Hide Cables
(nHC∗ = 2).

With regard to catalog components, only the number of valid motors (nM = 23),
gearboxes (nG = 94) and slip rings (nSR = 20) is important. Through the rules,
for each combination of motors, gearboxes, slip rings and solution principles,
exactly one catalog component is selected for each other type required. Since
not all gearboxes are compatible with all slip rings (nincomp,GSR = 1038) and
there is no suitable brake for every motor (nincomp,MBR = 13), incompatible
solutions must be subtracted. This results in nSAunits = 156, 625, 920 valid SA
units.
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C. Valid Solutions Robotic/Prosthetic Hands

nMGM =nM · nG − nincomp,MG

nEMGM =nMGM · nE − nincomp,ME

nHands =(nEMGM)2 · nME,FM,F ·
∏
i∈U

ni

U ={S∗, J∗, A∗, K∗, GL∗, FP∗, HB∗, IM∗, DS∗, CA∗, SC∗}

The number of valid design solutions for robotic/prosthetic hands depends on
the number of motors, gearboxes, encoders, mechanisms and solution princi-
ples. The hand expert system can use nM = 45 motors and nG = 194 gear-
boxes, which theoretically results in 8,730 motor-gearbox matches, of which
nincomp,MG = 5, 646 are not compatible. The remaining nMGM = 3, 084 valid
MGM can be combined with nE = 26 encoders. Of the 80,184 EMGMs, how-
ever, nincomp,ME = 54, 282 are not compatible, so that a total of nEMGM = 25, 902

valid EMGMs can be used.

The hand can integrate two different EMGM for the fingers and the thumb.
This results in (nEMGM)2 = 670, 913, 604 possible combinations. As shown in
Table 5.17, there are nME,FM,F = 8 valid possibilities to use mechanisms (ME)
for the hand, which are selected depending on the number of fingers (F) and
finger motors (FM). For the remaining 11 parameters there are two solution
principles each, resulting in nHands =

∏
i∈U ni = 211 possibilities to combine

these solution principles.

In total, this results in nHands = 10, 992, 248, 487, 936 ≈ 1013 valid design solu-
tions for robotic/prosthetic hands. In this, the dimensions of the hand are not
considered, because there is no discrete number of solutions due to the contin-
uous scalability of the proportions.
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D. Reproduction State-of-the-Art SA Units
(Details)

Table .3.: Reproduction of state-of-the-art SA units (details)
SA unit Parameters for solution principles

Source Size Structural Functional
WALK-MAN A Req D∗ O3 M2 C2 MF2 AE1 TS2 SB1 IM0 BR0 HC0
SEA3 † Sol D2 O3 M2 C2 MF2 AE1 TS2 SB1 IM0 BR0 HC0

B Req D∗ O3 M2 C2 MF2 AE1 TS2 SB1 IM0 BR0 HC0
Sol D2 O3 M2 C2 MF2 AE1 TS2 SB1 IM0 BR0 HC0

C Req D∗ O3 M0 C0 MF2 AE1 TS2 SB0 IM0 BR0 HC0
Sol D2 O3 M0 C0 MF2 AE1 TS2 SB0 IM0 BR0 HC0

NREC Drive NGT Req D∗ O3 M0 C1 MF1 AE1 TS2 SB0 IM0 BR1 HC0
Joint4 † 200 Sol D2 O3 M0 C1 MF1 AE1 TS2 SB0 IM0 BR1 HC0

NGT Req D∗ O3 M0 C1 MF1 AE1 TS2 SB0 IM0 BR1 HC0
100 Sol D2 O3 M0 C1 MF1 AE1 TS2 SB0 IM0 BR1 HC0

NGT Req D∗ O3 M0 C1 MF1 AE1 TS2 SB0 IM0 BR1 HC0
50 Sol D2 O3 M0 C1 MF1 AE1 TS2 SB0 IM0 BR1 HC0

NGT Req D∗ O3 M0 C1 MF1 AE1 TS2 SB0 IM0 BR1 HC0
20 Sol D2 O3 M0 C1 MF1 AE1 TS2 SB0 IM0 BR1 HC0

ANYdrive5 - Req D∗ O∗M1 C2 MF∗ AE1 TS∗ SB1 IM0 BR0 HC1
Sol D2 O2 M1 C2 MF2 AE1 TS1 SB1 IM0 BR0 HC1

Gear Motor 50 Req D∗ O∗M0 C2 MF∗ AE1 TS0 SB0 IM0 BR0 HC0
RD-HD6 x08 Sol D1 O2 M0 C2 MF2 AE1 TS0 SB0 IM0 BR0 HC0

70 Req D∗ O∗M0 C2 MF∗ AE1 TS0 SB0 IM0 BR0 HC0
x10 Sol D2 O2 M0 C2 MF1 AE1 TS0 SB0 IM0 BR0 HC0
85 Req D∗ O∗M0 C2 MF∗ AE1 TS0 SB0 IM0 BR0 HC0

x13 Sol D2 O2 M0 C2 MF1 AE1 TS0 SB0 IM0 BR0 HC0
3(Negrello et al., 2015) 4(Stentz et al., 2015) 5(ANYbotics, 2017) 6(TQ-Systems, 2016)

Abbreviations: Req = Requirements, Sol = Best solution
“∗”= Any option except from “none”; see subsection 5.2.2 for solution principles
Settings for motor-gearbox matching: TM,p = 0.5 TM,max and TG,p = TG,repeated,
unless source (†) utilizes TG,p = TG,momentary for gearbox selection
Settings for material and structure: 100% aluminum alloys, wall thickness tw = 2
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gin and CO-ODE Tools Edition 1.0. University of Manchester. Cited on page 24.

Horrocks, I., Patel-Schneider, P. F., and van Harmelen, F. (2003). From SHIQ
and RDF to OWL: The making of a Web Ontology Language. Web Semantics,
1(1):7–26. Cited on page 24.

Hu, H., Liu, D.-y., and Du, X.-y. (2004). Semi-automatic hardware design us-
ing ontologies. In International Conference on Control, Automation, Robotics and
Vision Conference (ICARCV), volume 2, pages 792–797. IEEE. Cited on page 65.

IEEE Robotics and Automation Society (2015). IEEE Standard Ontologies for
Robotics and Automation. Institute of Electrical and Electronics Engineers,
New York. Cited on pages 25 and 26.
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