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The automotive industry is in a state of constant, slow evolution. In recent years, trends such
as touch screens, seamless surfaces, and driver safety have driven the industry trends forward.
Among these trends, haptic feedback systems have emerged as a solution to increase intuitive-
ness and driver safety, while enabling the design of more aesthetically pleasing HMI (Human-
Machine Interface) panels. Haptic systems require a lot of design work, and the problem of the
thesis relates to the long product development cycles within the automotive industry. Reusable
designs could reduce the time and resources needed in the early development phases. This the-
sis is written for BHTC Finland, which is a research and development center for BHTC GmbH.
The company is a tier 1 automotive supplier of HMI solutions.

The structure and strategy of the thesis follows the framework of constructive research ap-
proach. This includes a thorough literature review of haptics and design reuse theories, with a
focus on automotive applications. The literature review is followed by an empirical section, and
an evaluation of the contributions to existing scientific literature.

The first objective of this thesis is to gather knowledge on the connections between haptic
feedback system properties and customer requirements. This is achieved in the empirical section
by studying automotive haptic products through company resources. The connections are illus-
trated with a design decision sequence. The second objective was to gather knowledge on the
reusability of the company’s haptic feedback systems. Design information related to the physical
components and structures of haptic systems enabled the evaluation of the reusability of general
haptic system elements. The evaluation is made according to attributes that are considered ben-
eficial to design reuse in scientific literature. The reusable elements and structures are then used
to construct a reusable model of a rotational, normal haptic system. This construction is the third
and final objective of the thesis. The model utilizes explicit reference modeling method and para-
metric modeling to further enhance its robustness and reusability.

The design decision sequence showed that the customer requirements that guide the system
structure and the main component selections are related to Ul dimensions. Since the company’s
strategy is based on an ETO-process, most of the properties of a haptic product can be adjusted
to fit customer requirements. The limitations to the properties of the system come from the se-
lected actuator technology, force-sensing components, and the surface materials.

Three separate haptic system structures were identified, and their main properties were de-
fined. Out of the three system structures, the rotational normal haptic system showed the most
potential regarding reusability. Iterations of the system were in use, and the components and
design knowledge were readily available for designers. This led to the construction of the reusa-
ble, parametric haptic system frame. The explicit reference modeling method proved to be bene-
ficial to the model’'s robustness. The suggested product structure type also reduces the number
of unique components in the system.

Suggestions are made for the company to continue the study of the two other haptic system
structures. The accessibility of design information could also be increased by examining the re-
usability of design elements after each customer project and documenting the results.

Keywords: Design, Reuse, Haptics, Product development, Reusability, Automotive, HMI, UI.
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Autoteollisuus on jatkuvassa, hitaassa muutoksessa. Lahivuosina autoalan trendeja ovat joh-
taneet kosketusnaytot, saumattomat pinnat, sekd kuljettajan turvallisuusominaisuudet. Naihin
trendeihin liittyen haptiset palautejarjestelmat ovat yleistyneet monissa kayttdliittymissa ratkai-
suna, joka samanaikaisesti lisaa kayttoliittyman intuitiivisuutta, matkustajien turvallisuutta, seka
mahdollistaa esteettisempien kayttoliittymapaneelien suunnittelun. Haptiset jarjestelmat vaativat
runsaasti suunnitteluty6ta, ja autoteollisuuden pitkat tuotekehityssyklit antavatkin pohjan tdman
tyén ydinongelmalle. Uudelleenkaytettavat suunnittelumallit voisivat vahentaa ensimmaisten tuo-
tekehitysvaiheiden vaatimia resursseja. Tama ty6é on tehty BHTC Finland:lle, joka toimii Suo-
messa BHTC GmbH:n tuotekehitysyksikkéna. Yritys on ensisijainen HMI-ratkaisujen (Human-
Machine Interface) alihankkija monille autovalmistajille.

Taman tyon rakenne ja tutkimusstrategia seuraa konstruktiivisen tutkimuksen rakennetta. Ta-
han sisaltyy haptiikkaa seka suunnittelumallien uudelleenkayttéa kasitteleva kirjallisuuskatsaus,
joka keskittyy autoteollisuuden sovellutuksiin. Taman jalkeen tyd siirtyy empiiriseen osuuteen,
seka tyon tieteellisen kontribuution tarkasteluun.

Tybn ensimmainen tavoite on kerata tietoa yhteyksista asiakasvaatimusten ja haptisten pa-
lautejarjestelmien ominaisuuksien valilla. Tama tavoite saavutetaan empiirisessa osuudessa tut-
kimalla autoteollisuuden haptisia tuotteita kohdeyrityksen resurssien kautta. Yhteyksia havainnol-
listetaan muodostamalla suunnittelupaatésten riippuvuusmalli. Tydn toinen tavoite on kerata tie-
toa yrityksen haptisten palautejarjestelmien uudelleenkaytettavyydesta. Haptisten jarjestelmien
fyysisiin komponentteihin ja rakenteisiin liittyva suunnittelutieto mahdollisti yleiskomponenttien
uudelleenkaytettavyyden arvioinnin. Arviointi perustuu tieteellisessa kirjallisuudessa tunnistettui-
hin, uudelleenkaytt6a edistaviin piirteisiin. Uudelleenkaytettavia rakenteita ja komponentteja hyo-
dynnetdan empiirisen osuuden lopussa uudelleenkaytettdvan mallin rakentamiseen. Mallin sys-
teemirakenne ja toimintaperiaate perustuu rotationaaliseen normaalihaptiikkaan. Tama konstruk-
tio on tydn kolmas ja viimeinen tavoite. Mallin rakentamisessa hyédynnetdan eksplisiittista viite-
mallinnusta, sekd parametrista mallinnusta parantamaan mallin muutossitkeyttd, seka tdman
myd6ta uudelleenkaytettavyytta.

Suunnittelupaatdosten riippuvuusmalli osoitti kayttéliittyman dimensioihin liittyvien asiakasvaa-
timusten ohjaavaan tarkeimpid komponentti- ja systeemirakennevalintoja. Suurin osa haptisen
jarjestelman ominaisuuksista voidaan myo6s saatda asiakasvaatimuksiin sopiviksi, silla yrityksen
strategia perustuu ETO-prosessiin (eng. Engineer-to-Order). Jarjesteman ominaisuuksien saa-
don rajoitteet liittyvat aktuaattori- ja sensorivalintoihin, seka pintamateriaaleihin.

Kolme erillistd haptisten jarjestelmien systeemirakennetta, seka niiden tarkeimmat ominaisuu-
det tunnistettin tutkimuksessa. Tunnistetuista rakenteista rotationaalisessa normaalihaptiikkajar-
jestelmassa oli eniten uudelleenkayttdpotentiaalia. Erilaisia iteraatioita tasta rakenteesta oli kay-
tossa kohdeyrityksen tuotteissa, ja rakenteeseen liittyva suunnittelutieto sekéd komponentit olivat
helposti suunnittelijoiden saatavilla. Tdma johti uudelleenkaytettdvan, parametrisen haptiikkajar-
jestelmarungon ensimmaisen version rakentamiseen. Eksplisiittinen viitemallinnus osoitti myds
parantavan mallin muutossitkeytta. Tydssa ehdotettu tuoterakenne myds vahentaa uniikkien
komponenttien maaraa jarjestelmassa.

Yritykselle ehdotetaan kahden muun haptisen jarjestelmarakenteen jatkotutkimusta. Suunnit-
telutiedon saavutettavuutta voitaisiin parantaa tutkimalla suunnitteluelementtien uudelleenkaytet-
tavyytta jokaisen asiakasprojektin jalkeen, sekd dokumentoimalla saadut tulokset.

Avainsanat: Suunnittelu, Haptiikka, Tuotekehitys, Uudelleenkayttd, Uudelleenkaytettavyys,
Autoteollisuus, HMI, Ul
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1. INTRODUCTION

The ever-growing customer interest in seamless automotive interior control panels
(Breitschaft et al. 2019) creates new challenges for companies regarding user experi-
ence and product design. The elimination of the classical physical buttons from user
interfaces makes the identification and use of different functions and adjustments less
intuitive for the user. The seamlessness also makes the push functions of the interface
less obvious for the user, since there are no mechanical switches that can be used di-
rectly. To compensate for this loss of feedback in the system, many companies have

integrated active haptic feedback systems into their user interfaces.

Haptic feedback systems can provide the user with a combination of tactile and auditory
feedback, which users perceive similarly to the use of a physical button. The systems
are typically developed as fully integrated products, which are developed for a specific
use case in a specific environment for each customer. This causes the product develop-
ment cycle of the products to be quite long. The developed products and systems are
rarely re-used, although they might have similarities with the basic technologies used.
This creates the problem for this thesis: long product development cycles caused by

unique, one-of-a-kind products.

This thesis will focus on using design re-use theories as a theoretical framework for the
creation of a haptic feedback system model. The model will be created for product de-
velopment use. This will be achieved by recognizing customer needs and requirements,
connecting them to the properties of a haptic feedback system, and by developing a
model that could be utilized in various products through reconfiguration according to the
recognized connections. This thesis is written for BHTC Finland and specifically for the
advanced engineering department of the company. BHTC Finland is a product develop-
ment center, which develops HMI (Human-Machine Interface) solutions for the BHTC

(Behr-Hella Thermocontrol) group.



2. RESEARCH OBJECTIVES AND SCOPE

The motivation for this thesis comes from the company’s need to stand out from the large
field of competitors in the automotive industry during the early phases of product devel-
opment and acquisition process. By recognizing the connections between the customer
requirements and the properties of the company’s haptic feedback systems, the com-
pany can find the most suitable haptic system for a customer. This information also en-
ables the generation of a product model that could be partly configured for the customer
in the early stages of product development. Ultimately design re-use could reduce the
product development cycle time by reducing the amount of development steps needed
in these early phases. This kind of orientation towards reusable designs or configuration

does not yet exist within the company.

This part of the thesis introduces the research objectives in section 2.1, and the scope

of the thesis in section 2.2.

2.1 Objectives
The objectives of this thesis are listed as follows:

1. Knowledge about the connection between haptic feedback system properties and

customer requirements
2. Knowledge about the re-usability of different haptic feedback systems
3. Are-usable model of a haptic feedback system for product development use

The first objective can be reached by gathering information on modern haptic systems
and the properties or limitations of the components included in these systems. The infor-
mation will be gathered from existing literature in combination with company resources.
This combination enables the formation of an understanding of the state-of-the-art haptic
feedback systems within the automotive industry. Knowledge about the customer re-
quirements will be gathered by studying earlier company projects. Supplementary infor-
mation about the possible future requirements can be gathered by studying new concept
products and demos by OEMs (Original Equipment Manufacturers). Achieving the first
objective will help the company in the selection of the most compatible haptic feedback
system in the beginning of future product development projects according to customer

requirements.



Knowledge about the re-usability of haptic feedback systems will be achieved by study-
ing the existing literature about design for re-use and design by re-use. Then an under-
standing can be formed about the common properties of re-usable systems, and the
company’s existing systems can be evaluated according to these properties. This objec-
tive will guide the definition of a re-usable system, and the components that complement

these properties.

The third and final objective of this thesis is complementary to the first two objectives.
The information that is produced in the earlier steps will be used to build a model of a
haptic feedback system. The model will utilize the relations between customer require-
ments and system properties to modify geometric parameters and the system structure
according to customer’s needs. This model could be used as a starting point for further

product development and demo building.

2.2 Research scope

This research will focus on applications of haptic feedback systems in HMI devices, es-
pecially on automotive interior panels. Design of automotive touch screen applications
of haptic feedback systems are out of the scope of this research. This decision is based
on the differences in the overall structure of the haptic systems in touch screens, when

compared to other interior surface applications.

The topic of reusability will be discussed from a design point of view. This thesis will
focus on the properties that make certain designs reusable, and how to design reusable
models. The management of information that is related to these models is out of the

scope of this research.

From a component and system design point of view, this thesis will focus on the design
of elements related to the haptic interface. This includes both force sensing and force
feedback components, and the basic mechatronic operating principles of the system.
Detailed hardware design and software development of the control system are out of the
scope of this research. The thesis focuses on the early phases of product development,
which also rules out detailed Ul (User Interface) design, since the elements and materials
of a Ul surface are often discussed and agreed upon with the customer in the later

stages.



3. RESEARCH STRATEGY AND METHODS

This section goes through the research strategy and the chosen research methods of
the thesis. The objectives defined in section 2 of the thesis guide the selection of the
research strategy and methods towards a constructive research approach. The thesis
follows a research strategy that combines the theoretical background of design reuse
and modern haptic feedback systems to the practical environment of automotive haptic
feedback systems. The research will also consider the theoretical contribution of the re-
sults to the existing theories of design reuse. The research strategy, including research

questions, is presented in section 3.1, and section 3.2 will present the research methods.

3.1 Research strategy

To create a research strategy, the research questions of the thesis must be defined first.
The research questions are based on the objectives defined in section 2. There are 2

research questions.

RQ1: How do the different customer requirements connect to the properties of

haptic feedback systems?

RQ2: Which properties of the haptic feedback systems can be adjusted to fit

customer requirements?

The research strategy is presented in figure 1. After the background and strategy of the
thesis is well defined, the thesis proceeds to a literature review. This phase of the thesis
gathers information on the current state of haptic feedback system design and design
reuse topics. The literature review will study peer-reviewed scientific sources found
through Google Scholar and Tampere University library’s Andor search engine. The re-
view will also study industry-related journals and patents to determine the present state

of haptic feedback systems, and trends in the automotive industry and HMI design.
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Figure 1: Research strategy

The literature review gives a theoretical background to the empirical section of the thesis.
The empirical section begins with the gathering of system information related to customer
requirements and design knowledge through company resources. Company resources
include product catalogues, patents, benchmarks, and reports from earlier product de-
velopment cases. These sources also help in the definition of product properties, which
will be needed to define the elements of the haptic system and make connections to the

customer requirements. After the connections between requirements and properties of



the system are made, the system structures and components of haptic systems can be
evaluated based on their reusability. The evaluation will be done by combining the gath-
ered design knowledge and the theoretical knowledge of what makes a design reusable.
This section attempts to collect enough information to form an answer to both research

questions.

By recognizing the reusable elements of haptic feedback systems, the thesis can pro-
ceed to the creation of a re-usable model. The section begins with the definition of typical
customer requirements that the model needs to fulfill. Based on the requirements, a pro-
posal can be made regarding the product structure and system structure. By utilizing the
information gathered in the earlier section, a list of parameters and design rules can be

established for the model. The model will be built according to the set parameters.

The results of the empirical section will be analyzed from both the product development
and managerial perspective. The model’s robustness against parameter changes will be
evaluated, and future development plans will be made for the model. The findings from
the empirical section will also contribute to the existing theories of design re-use, which

must also be considered and defined.

3.2 Research methods

According to Kasanen et al. (1993), different research approaches can be roughly cate-
gorized by two parameters: theoretical — empirical and descriptive — normative. The cat-

egorization and research approaches within these categories are visualized in figure 2.

Theoretical Empirical

Nomothetical

Descriptive Conceptual approach
approach

Action-oriented

approach
. Decision-oriented
Normative approach Constructive
approach

Figure 2: Categorized research approaches (Kasanen et al. 1993)



This thesis falls under the categories of normative and empirical. Although the thesis
contains a thorough literature review on the theory of design re-use and haptic systems,
the research approach that best describes this thesis according to these categories
would be the constructive approach. This is due to the empirical nature of the objective
of creating a re-usable model. According to Lukka (2006), constructive research ap-
proach is a method that produces innovative constructions, which aim to solve real world
problems and, in this way, contribute to the scientific field in which it is applied. Another
research method for this thesis could be a case-study, but the innovative nature of the
created construction makes the thesis fit the description of a constructive approach bet-

ter.

The research strategy presented in figure 1 closely follows the characteristic steps of a

constructive research process described by Lukka (2006). There are seven steps:
1. Find a practically notable problem that has a chance for theoretical contribution,

2. Investigate the possibilities of a long-term research co-operation with the target

organization,
3. Gain deep theoretical and practical knowledge about the research topic,

4. Innovate a solution model and develop a problem-solving construction that could

also have some theoretical contribution,
5. Implement the solution and test its functionality,
6. Reflect on the solution’s field of application,
7. Recognize and analyze the theoretical contribution. (Lukka 2006)

The first two steps of this process are included in the ‘background’ phase of the strategy.
In this phase the practical problem is defined together with company representatives and
a research contract is signed. Lukka (2006) mentions that a research contract can ensure
that the findings of the research will be utilized by the target organization, and the scien-

tific contributions won'’t be dismissed.

The literature review, and the first stages of the empirical section of this thesis cover the
third step. The methods used for gathering the material for the literature review and study
of the state-of-the-art are the study of existing scientific literature, discussions with the
company haptics engineers, study of company portfolio, and patent research. The com-
bination of these methods assures that the view of how haptic products are made won'’t
be one-sided. Another method for information gathering would be extensive market re-

search, but automotive products and their design processes are especially secretive. In



comparison, the study of the company portfolio is more easily accessible. The main sci-

entific publications used in this thesis are:

- Kern et al. (2023), from which several sections are referenced for information on

haptic systems and their development,
- Xu et al. (2007), for the model of a design reuse process,
- Pakkanen et al. (2016), for information on the strategies related to design reuse,

- Halonen et al. (2014), for a case study of a design decision sequence and its

benefits,
- Aranburu et al. (2023), for the framework of explicit reference modeling method.

According to Clarke (2018), patent research can be utilized together with other scientific
sources to gather information on the different applications and current state of a technol-
ogy in various fields. The keywords used to search for patents will be defined as narrowly
as possible according to the technology that is researched. For example, ‘Haptic* AND
force AND sens* AND optic”, if the search is conducted to research optical sensors
developed for force-sensing in haptic applications. There are also broader and more
thorough patent analysis approaches, such as the one developed by Ouyang & Weng
(2011) for new product development purposes, but the application of these approaches
to their full extent for this thesis is not reasonable. Additional practical design information

related to earlier products and their properties is gathered through company resources.

The empirical section of the research, and the analysis of the model represent the fourth
and fifth step of the Lukka (2006) model. The construction that is developed in these
steps is based on a combination of theoretical knowledge of both design re-use and
haptic systems, knowledge of the product properties, and knowledge of the customer
requirements. The construction is then evaluated with the other designers of the com-
pany and iterated when necessary. The evaluation and analysis of the model is mostly
qualitative analysis. This is because many of the properties and functionalities of haptic
products are dependent on the user and their experiences, difficult to measure and there-
fore even subjective. Gathering objective data in large quantities related to the perfor-
mance of the model is beyond the scope of this thesis. According to Koppa (2021a)
qualitative analysis aims to give structure to the quality, properties, and meanings of the
target of the research. Given (2008) also mentions that the recursivity of qualitative re-
search allows the researcher to be more open to developing new constructs. This further
strengthens the connection between the constructive research approach and qualitative

research.



The final stages of the research strategy are also in line with the sixth and seventh phase
of the constructive research process. The purpose of these stages is to reflect upon the
created construction and how the same construction could be applied to other fields or
purposes. According to Lukka (2006), a construction always adds information to existing
theories if the construction functions well in its practical environment. Whether the con-
struction succeeds in the practical testing or not, the reason behind the result should

always be studied.

Now that the basic structure and the strategy of the thesis has been presented, the next

chapter gives an overview and a brief description of the company.
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4. COMPANY BACKGROUND

This chapter discusses the main business areas of the company, and gives background
information on the company’s products, and upcoming trends within the relevant busi-
ness areas. The properties of the products will be discussed more in detail in chapters 5
and 6.

BHTC Finland is a research and development center of BHTC GmbH in Tampere, Fin-
land. The headquarters of the company are based in Lippstadt, Germany, but the com-
pany has a total of nine locations around the globe. The main development areas of the
Tampere research center are automotive climate control units and HMI's. (BHTC 2023a)
The company’s business is focused on an ETO (Engineer-To-Order) process, in which
OEMs launch several request stages to multiple suppliers. The OEM provides the sup-
pliers with a requirement list and initial designs of a product. A design concept is then

built, and the nominated supplier will design and manufacture the final product.

Different kinds of touch input devices, such as touchscreens and touchpads, have over-
taken the classical button panels in car interiors (Abbashimosaei et al. 2023, Breitschaft
et al. 2019). This trend can also be seen in the BHTC product portfolio, with products
such as the Skoda Enyaq iV CID (Center Information Display), which was revealed by
BHTC and Skoda in 2021. The product is presented in figure 3.

Figure 3: Skoda Enyaq iV center information display (BHTC 2021).
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The Skoda CID includes features related to entertainment, driving-related information,
and climate controls. This means that very few controls are left outside of the large touch

screen design.

A kind of intermediate design between the touch screen-centered HMI design and clas-
sical interior button controls is an interior panel with touch controls. An example of this
kind of product is the Porsche Panamera 2019 center stack made by BHTC. The product

is presented in figure 4.

Figure 4: Porsche Panamera center stack controls (BHTC 2023b).

The product has a combination of a touch screen, rocker switches, rotary switches, tactile
buttons, and touch controls. The touch controls of the product include force-sensing tech-
nology, which enables the use of tactile and acoustic feedback for the user. The user
must press the panel at a certain force to trigger a command and the haptic actuators in
the device. The combination of tactile and acoustic feedback creates an illusion of a
button press on the flat panel surface to the user. (BHTC 2023b) The need for haptic
feedback systems is enhanced in control systems that include several touch-triggered
controls close to each other, since the driver must be able to differentiate the functions
from each other. According to Abbashimosaei et al. (2023), haptic and acoustic feedback
also reduce driver distraction in situations where the driver must control the car’s func-

tions while driving.

Since the Porsche Panamera center stack was released in 2019, it doesn’t necessarily
represent the newest wave of car interior design. The touch controls seen as a part of
the stack have become even more common, and their role is emphasized in new OEM
concepts and newest models. An example of this kind of panel design can be seen in

the Nissan Ariya, which was released in 2022. The interior design is presented in figure
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5. The functions in the center stack near the drive controls have been minimized and
moved to the seamless center panel, and the touch screen. The only classical button
that is left in the panel is the rotary switch and power button. The rest of the controls are

touch controls.

Figure 5: Nissan Ariya interior (Nissan 2023).

The touch-activated, capacitive controls can be seen in the center of the figure, under
the rotary switch. The controls also have haptic feedback features (Nissan 2023). Similar
directions in design features are also visible in concept and prototype cars, such as the
Honda and Sony collaboration project Afeela (Afeela 2023). The similarities in the form
and features of modern interior panels with touch controls and haptic feedback have
sparked discussion within BHTC Finland about developing a scalable, reusable haptic

feedback system.

The advanced engineering team in BHTC Finland also builds demo products to industry-
related shows and customer events. A demo product is often developed to act as a proof-
of-concept or to highlight the company’s core capabilities to automotive OEM’s. In recent
years these demos have included a lot of features related to haptic feedback and driver
safety development. The development of a re-usable model could also help in the devel-
opment of new panel demos by reducing the development time in the early phases of

the process.

The next chapter expands upon the theoretical background of haptics, and design reuse.
The theories are also studied through the viewpoint of the automotive background es-

tablished in this section.
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5. THEORETICAL BACKGROUND

This chapter consists of a literature review of haptic feedback and design re-use theories.
This review follows the second phase of the research strategy presented in figure 1. The
goal of this chapter is to establish the scientific background and state-of-the-art for both
the design theories and the application area. Chapter 5.1 covers the theories behind
haptic feedback systems with a focus on the automotive industry. Chapter 5.2 will cover

the theory of design reuse.

5.1 Haptic feedback systems

According to Kern & Hatzfeld (2023a), “Haptics describes the sense of touch and move-
ment and the (mechanical) interactions involving these”. Another definition for haptics is
given by Merriam-Webster (2023), which describes haptics as “the use of electronically
or mechanically generated movement that a user experiences through the sense of touch
as part of an interface (as on a gaming console or smartphone)”. The latter definition is
closer to the common everyday interaction between a human and a machine, as op-

posed to the first, broader and more scientific definition.

For clarity we must also define the terms active and passive haptic feedback. Active
haptic feedback can be defined as feedback that is generated by a machine according
to user’s input and behavior. A similar definition is used by Vaghela et al. (2021).
Breitschaft et al. (2019) define passive haptic feedback as the generation of feedback
without any components that require external electrical energy. This difference can be
seen for example in mobile phone development, where the older models used to have
mechanical switches under different buttons for passive haptic feedback. In
smartphones, this response is replaced by active haptic feedback, which simulates the
press of a button by vibrating the user interface with an electronic component. According
to Breitschaft et al. (2019) a characteristic active haptic signal has a high acceleration,
but a short travel distance. This thesis and the background theories will focus on active

haptic feedback.

5.1.1 Haptic interaction
In addition to mechanical movement or vibrations, human haptic perception covers other

areas related to touch sensations and position. The ISO (International Organization for
Standardization) standard 9241-910 (2011) categorizes haptic perception into tactile and

kinaesthetic perception. The categorization is based on different receptors in a human
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body. Tactile perception includes mechanical, thermal, electrical, and chemical stimula-
tion. Kineasthetic perception includes physical force, body orientation, limb alignment
and joint position. The categorization is visualized in figure 6. Chemical, electrical, and
thermal stimulations are quite rare in the context of active haptic feedback in HMI sys-

tems.

Haptic perception

Tactile Kinaesthetic
Mechanical stimulation Physical force
Thermal stimulation Body orientation
Electrical stimulation Limb alignment

Chemical stimulation Joint position
N VAN J

Figure 6: Taxonomy of haptic perception according to ISO 9241-910 (2011).

In relation to the categories of haptic perception, Kern & Hatzfeld (2023a) also divide
haptic interaction tasks into separate operations. These operations can be classified into

two groups: perception and motor control. The categorization is presented in figure 7.
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Figure 7: Taxonomy of haptic interaction tasks according to Kern & Hatzfeld (2023a).
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The operations in the perception class are detection, discrimination, identification, and
scaling. These operations determine if the user detects haptic stimuli or not, how they
perceive information from multiple stimuli, how the user identifies the geometric proper-
ties of an object and how the user rates the different properties of the stimuli in relation
to each other. (Kern & Hatzfeld 2023a) The properties of the haptic stimuli that are per-
ceived in these operations are also connected to the properties of the product itself,
which makes the modification of these properties relatively straight-forward during the
design phase. Similarly, Chappaz et al. (2021) mention user perceived properties, such
as the force and frequency of the haptic signal as key parameters when the product is

evaluated, and when specifications are made for the system.

The operations in the motor control class are travel, selection of objects and functions,
and manipulation. These operations are related to the movement of limbs, interaction
between the user and the functions of a haptic interface, and changes in the positional
properties of the controlled object. (Kern & Hatzfeld 2023a) Although these operations
are dependent on the user’s behavior, and not directly related to the product properties,
they must still be considered and studied in the design process of the haptic product by

focusing on the user experience and interface design.

Similar operations have also been recognized by Breitschaft et al. (2019), who have de-
fined basic design guidelines for haptic products in relation to different phases of haptic
interaction. In their interaction framework the phases are exploration, detection, identifi-
cation, and usage. These phases are comparable to travel, detection, identification, and
manipulation tasks of the Kern & Hatzfeld (2023a) taxonomy in figure 7. The Breitschaft

et al. (2019) design guidelines are presented in table 1.

Table 1. Connection of haptic interaction phases to design guidelines according to
Breitschaft (2019).

Phase Guideline Description

Make use of the haptic experience that is
inherently connected with certain technologies
Make transitions between different semantic
areas feelable

Make use of affordances posed by certain
technologies to indicate interactivity

Make search and confirmation cues ditsinct
from each other to avoid ambiguity

Exploration |Holistic user experience

Detection Clarity

Identification [Intuitiveness

Usage Discriminability

To create a holistic user experience in automotive user interfaces, Breitschaft (2019)

emphasizes the role of active haptic feedback, and the quality of the provided signal.
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The signal should be strong, low in latency and the feedback should guide a user’s in-
teraction with the device. They also mention that interfaces with no distinct borders be-
tween switches force the user to look at the interface during driving, which shifts the
user’s attention away from the driving task. This implies that clear user interfaces and
haptic feedback promote driver safety. Breitschaft (2019) also mentions that the use of
different kinds of shapes, such as ridges, instead of just a flat plane interface creates a
more intuitive user experience. The user should also be able to distinguish the different
functions of the interface, and the phases of interaction from each other. They suggest
the use of different waveforms in the haptic impulses. Different waveforms could also be

generated by using different actuators for distinct feedback signals.

5.1.2 Benefits of haptic feedback systems in automotive prod-

ucts
According to Tunca et al. (2016), the integration of active haptic systems into automotive

control panels enables the creation of similarly functioning, but more aesthetically pleas-
ing interior products. Many OEM'’s have utilized this in the creation of seamless, aes-
thetically pleasing interior panels, as presented in chapter 4 of this thesis. Tunca et al.
(2016) tested the use of active haptic feedback to distinguish different buttons from each
other during search interaction on a seamless interface. The signal used in this study
was a small click. The active interface produced slightly more errors than a conventional
passive haptic interface, but the overall performance was rated higher, when aesthetical
performance was also considered. Search haptics tests have also been conducted by
Breitschaft et al. (2022a). Their study tested the viability of electrostatic frequency mod-
ulation as haptic feedback during search function in combination with audio and visual
feedback. The combination of visual feedback, electrostatic haptic feedback, and audio
feedback in the use of the center information display was preferred over visual feedback.

Also, the combination of visual and audio feedback was preferred.

Tunca et al. (2018) studied the glance-free operation of an automotive touchscreen while
driving. The study concluded that the active haptic feedback of the screen decreased the
number of operating errors significantly, while making no difference to the drivers’ lane
deviation. They also state that the haptic feedback enables the user to perform glance-
free operations. Tivadar et al. (2022) have also studied a similar dual-task situation and
concluded that reaction times were the lowest when the secondary task gave the user
haptic feedback only. Beruscha et al. (2017) note that although the combination of visual
and haptic feedback decreases the mental effort of the secondary task and enables the
glance-free operation of very simple interfaces, the haptic feedback does not totally re-

move the need for an initial gaze towards the user interface. The results of these studies
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show that on seamless interfaces tactile haptic feedback enriches the user experience,
while it also lowers the amount of user errors and mental effort. This also promotes driver

safety.

5.1.3 System design

Breitschaft et al. (2022b) present a generic haptic system structure, in which a user
interface is connected to haptic actuators, driver boards and control software. Similarly
to their model, generic automotive applications of haptic feedback systems include a
haptic interface and a haptic system control unit. Haptic interface is defined by Hatzfeld
& Kern (2023) as an interaction path that senses user commands and sends back haptic
signals. They define haptic system control as a part of the system that controls all of the
sensors, actuators and display functions, and also connects the haptic system to other
systems. In automotive applications this could mean that the system control sends user
input to for example climate control systems. A combination of these models is presented

in figure 8.

Kineasthetic &

. Input signal
tactile signals P &

Haptic interface (User interface)

[ Actuators J[Sp"";’itgfnmp”'J{ Sensors J[ Display J

A

A 4

Haptic system control

Driver Firmware Software
board

Figure 8: Typical automotive active haptic feedback system and the direction of interaction
signals. (Modified from Hatzfeld & Kern (2023) and Breitschaft et al. (2022b))

In figure 8, the haptic interface functions as the user interface. It includes a visual display,
a spring and damper system, sensors to identify the user’s inputs and the active haptic
feedback actuators. In this context the display can be for example a surface with lit up
signals for different functions, and not necessarily an electronic screen. The interface

can also function as a haptic display. Haptic display is defined by Hatzfeld & Kern (2023)
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as a system that gives the user haptic signals, which are not influenced by user’s inputs.
This includes features such as small notches on the surface of the product that separate
different functional areas of the product. Signals related to haptic interaction flow

between the user, the haptic interface, and the haptic system control.

Since haptic systems include elements of multiple technical fields, the system design
process also requires a multi-disciplinary approach. Kern & Hatzfeld (2023b) have
constructed an adaptation of the VDI (ger. Verein Deutscher Ingeneure) 2206 V-model
for the development of haptic feedback systems. This system design process is depicted
in figure 9. The VDI 2206 V-model has also recently been updated to fit modern system

development processes (Graessler & Hentze 2020).
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Figure 9: Adaptation of the V-model for the design of haptic systems. (Modified from Kern &
Hatzfeld 2023b)

There are five distinct phases in the haptics-adapted version of the V-model. The phases
include the derivation of system requirements, system design, modeling and design of
components, realization and verification of components and systems, and validation of
the haptic system. By defining precise system requirements and the desired user
interactions, the results of the first phase can be used to determine how well the system
corresponds to the customer’s requirements. The requirements can also be used to

quantify some of the more subjective properties of the haptic product for evaluation and
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comparison to other products. The model also focuses user tests to the first and last

phases to reduce process costs and time. (Kern & Hatzfeld 2023b)

Since haptic perception is always dependent on the user, different limitations, thresholds
and maximum values of human senses have to be taken into account in the system
development process. The knowledge of these parameters enables the creation of a
system in which the parameters are in the right ballpark, which saves time from the

optimization.

Kaaresoja et al. (2014) studied how latency of different feedback signals affects the
perceived quality of a mobile device. They concluded that a latency of 5 ms for tactile,
19 ms for audio, and 32 ms for visual feedback between the user input and the output
signal is perceived by the user as a simoultaneous event. These values function as good
threshold values for estimating the quality of the overall system. Farooq et al. (2014)
state that the most sensitive frequency spectrum of the human finger is between 200 —
300 Hz for surface vibrations. Similar tests have been conducted by Oey & Mellert (2003)
where the most sensitive frequency area was found to be 125 Hz — 160 Hz. Gescheider
et al. (2009) also state that the detection threshold of the haptic signal amplitude for a
human finger is between 0.1 — 0.2 ym. Hatzfeld & Kern (2023) point out that the
difference between a barely detected signal’s energy and a subjectively uncomfortable
haptic signal is 50 dB. With a detection signal amplitude of 0.2 ym, the uncomfortable
signal amplitude limit would be approximately 63 pm. With these threshold values it is
also important to note the study conduted by Gurari et al. (2017), in which they found
that low-frequency noise impairs the user’s ability to recognize haptic signals. This kind
of noise can be found in a driving situation, which means that the amplitude of the haptic
signal has to be quite high compared to systems that are used in low-noise
environments. In addition to these values, Zhou et al. (2014) have presented a method
of using a probe with finger-like properties to measure the dynamic properties of
automotive haptic systems. This enables the gathering of objective data about the haptic

system’s performance.

It is also important to note the differences between the lateral and normal actuation
directions on a haptic system level. Lateral haptic systems function by vibrating the user
interface in any tangential direction relative to the user’s finger. Normal haptic systems
move the interface either against the user’s finger or away from it. According to Landin
et al. (2010) a human finger cannot detect the direction of a high frequency, low
displacement haptic signal. This enables the creation of lateral haptic systems for
devices that mimick a button press. Biggs & Srinivasan (2002) note that a significantly

smaller displacement is detectable with a human finger in the lateral direction as opposed
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to the normal direction. They also conclude that lateral haptic systems can be built using
low displacement, high mass actuators, whereas normal haptics can be built with high

displacement, low mass actuators.

Lateral haptic systems have some advantages over normal haptic systems related to
latency and precision. Lateral movement creates a uniform haptic and acoustic feedback
regardless of the position of the finger on the touched surface. This is due to the rigidity
of the surface in the direction of the applied force and vibration. This also means that the
system doesn't require multiple actuators to distribute the force equally along the system.
Lateral movement separates the user's force and the haptic feedback directionally, which
means that the haptic feedback generates little to no noise to the force sensing unit’s
input signal. (Abbashimosaei et al. 2023) A good example of a lateral haptic system that
uses a relatively high mass actuator to mimick a button press is the patented Apple 2015
Retina MacBook trackpad assembly (Patel et al. 2018). The system utilizes strain gauges

and an electromagnetic actuator for force-sensing and force feedback.

On the other hand, lateral haptic systems also have their disadvantages. Lateral systems
require a gap between the active area and the surrounding mechanics, which can be a
limiting factor in the overall design of the product. Low-friction surfaces can also affect
the perception of the haptic feedback negatively in the lateral direction. Also, as the user
interface grows, the stiffness of the system must be relatively high. This raises the natural
frequency of the system, which must be compensated for by increasing its mass. (Ab-
bashimosaei et al. 2023) Raising the mass of the system can become too expensive,

which can promote the use of lighter normal haptic systems such as exciters.

The surrounding mechanics of the haptic system can also act as an acoustic amplifier
for the haptic signal. This can cause unwanted noises and vibrations, which can be re-
duced by using a longer signal with a lower amplitude, utilizing absorbers and counter-
masses, removing the unwanted resonance-frequencies from the input signal itself or by
damping the signal actively with another actuator. The active damping method works by
measuring the system's response frequencies and sending a countersignal, which short-
ens and damps the feedback signal. (Abbashimosaei et al. 2023) The use of additional
counter-masses or actuators for damping increases the overall cost of the system, which

makes the use of these solutions quite rare.

5.1.4 Haptic interface components
As mentioned in the earlier chapter, a generic automotive haptic system has four basic

elements in the haptic interface. A spring and damper system, actuators, sensors, and a
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display. The main function of the spring and damper system is to control the DOF (De-
grees of Freedom) and the amount of flex in the haptic interface, and to also reduce the
duration of the response signal. By controlling the DOFs, unwanted resonance frequen-
cies can also be eliminated or controlled within the system. Steel is commonly used in
haptic system springs because of the material’s elastic properties, manufacturability, and

availability.

Displays in automotive panels can range from TFT-LCD (Thin-Film-Transistor Liquid
Crystal Display) screens to simple LED-lit (Light Emitting Diode) symbol rows. A recent
automotive trend has also been the use of HUL (Hidden-Until-Lit) features, which hide
the symbols under the surface material when the LEDs are turned off. The appearance
of the user interface is often given by the OEM. Other parts of the haptic system are built

and designed by the supplier to complement the user interface.

Haptic systems use various actuators, and the selection of the right actuator is depend-
ent on customer requirements and the application area. Breitschaft et al. (2022b) have
categorized different haptic actuator technologies based on their level of fidelity. The
actuator technologies that are relevant in automotive applications are ERM (Eccentric
Rotating Mass), solenoid, LRA (Linear Resonant Actuator), and piezo actuators. ERM
actuators are considered low fidelity, since their amplitude and frequency cannot be in-
dependently adjusted, and they have long latencies. Solenoids, LRAs and piezo actua-
tors are considered medium fidelity due to their rapid response time and good adjusta-
bility.

Both LRAs and solenoid actuators work with the electromagnetic principle, but they have
a few key differences. Breitschaft et al. (2022b) mention that since solenoids use a fer-
romagnetic slug inside the coil, they have a much narrower maximum force area than
LRAs. LRAs use a permanent magnet in the middle of the coil, which allows the control
of the actuator’'s movement in both directions along the central axis. Abbashimosaei et
al. (2023) also state that the unidirectionality of solenoid actuators can limit the control
of the system. Therefore, bi-directional voicecoils are typically used to create high-quality

variable haptic feedback.

Piezo actuators in their various forms are also a viable option for automotive use, but
they typically consume a lot of energy, and are of high cost. Piezoelectric actuators can
be used for button click haptics and search haptics, since their high frequency range
allows the creation of ultrasonic lubrication effects. (Chappaz et al. 2021) One example

of a viable piezoelectric actuator for automotive applications is the TDK patented piezo
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stack actuator, which uses multiple piezo elements together to move an interface (Neu-
wirth & Kastl 2019). Similar larger piezo components can also move quite large masses,

which allows the use of them in both lateral and normal haptic systems.

The sensors of a high-quality haptic system in an automotive application must be able to
detect at least the position of a finger, and the force that is applied on the interface. By
detecting the position, the system can set the correct input signal thresholds, respond to
the user’s input with the correct force and frequency, and execute the correct function in
the system according to user’s input. With force detection, the system can respond to
the input signal after the desired threshold. Position detection in automotive interfaces
commonly means that the user’s touch is detected in a discrete area over a symbol,
since there rarely is a need for continuous position detection. Continuous touch detection
areas can be a viable option in user interfaces that function as sliders and especially in

touchpads.

Dahiya & Valle (2013) have listed different touch sensor types and their advantages. The
sensor technologies include resistive, piezoresistive, capacitive, optical, ultrasonic, mag-
netic, piezoelectric, and conductive rubbers / composites. In automotive applications the
sensors should often support multi-touch, have a wide temperature scale, react quickly
and they should be low cost. This drives many developers to use capacitive touch sen-
sors due to their accuracy, cost, and fast response. Some surface materials, such as
conductive metals, might make the application of capacitive touch sensors complex. In

these conditions optical or ultrasonic sensors could be used.

Touch sensors often cannot measure the force of the user input, which means that haptic
systems must use separate sensors for these functions. Gélz & Hatzfeld (2023) mention
that force sensors are mainly based on the deflection of a material, and the most com-
mon force detection principles are resistive, capacitive, optical, and piezoelectric. Ca-
pacitive VGE (Variable Geometry Electrode) force-sensors have recently been used in
Mercedes EQS Hyperscreen to detect force on a large surface area (TouchNetix 2023).
Resistive strain gauges can be found from many modern applications such as the earlier
mentioned Retina MacBook (Patel et al. 2019). Optical sensors have been proven to be
effective in medical applications due to their robustness, immunity to electromagnetic
field fluctuations and impact resistance (Leal-Junior et al. 2019). Piezoelectric sensors
have their advantages in low power consumption since the user interaction itself pro-
duces an output signal (Golz & Hatzfeld 2023).
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5.2 Design reuse

By finding common features in a range of haptic products and considering the decision-
making behind those features, a logic can be developed between customer require-
ments, product functions, and product features within existing product variety. By ana-
lyzing these features according to their re-usability in future products, a library of features
and design knowledge can be assembled. In the context of automotive haptic systems,
this could mean the analysis of the mechatronic principles of a haptic system, sensor
choices, actuator choices, or the orientation and attachment of the actuator. A compre-
hensive model of all design choices could then help in the development of new products
and give a strong starting point to the product development process. Well-developed
design rules and product structures based on these rules could prevent the ‘re-invention

of the wheel’ each time a new product development project begins.

According to Pakkanen et al. (2016), increases in product variety increase costs in every
stage of the product life cycle, from design to delivery. They suggest that design reuse
can be a solution to reducing costs especially in the engineering phase of the life cycle.
Duffy et al. (1995) present a model for design reuse, which includes six knowledge com-

ponents, and three processes. The model is presented in figure 10.
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Figure 10: Design reuse model by Duffy et al. (1995)

The knowledge components of the model are domain knowledge, design requirements,

domain model, reuse library, evolved design model and completed design model. Do-
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main knowledge includes design knowledge related to existing products and design op-
tions. Design requirements are the requirements set by either the designer or the cus-
tomer who the product is designed for. The domain model refers to the designer’s image
of the design problem area. Reuse library refers to a storage of reusable design
knowledge. An evolved design model is a design description on any abstraction level.
Completed design model refers specifically to a fully defined product model, which is

built using a configurator in a design by reuse process. (Duffy et al. 1995)

The design reuse processes are domain exploration, design by reuse and design for
reuse. Design by reuse can only be utilized if reusable design elements are available
and they have been gathered by either design for reuse or domain exploration. The latter
two processes focus on the study and possible addition of design knowledge through the
six knowledge components, whereas design by reuse is focused on building products by

utilizing the established libraries and models. (Duffy et al. 1995)

The Duffy et al. (1995) model gives an overview of the knowledge structure and the
dependencies of the different processes, but it doesn’t really dive deeper into the design
reuse processes. More insight into design for reuse and design by reuse processes are

given in the following sections.

5.2.1 Design for reuse and design by reuse
Compared to the Duffy et al. (1995) model, Pakkanen et al. (2016) define design re-use

by dividing it into two main processes instead of three: design for reuse and design by
reuse. Design for reuse consists of design methods that aim to develop product families,
product platforms, or modularize existing product families. Design by re-use aims to build
products through the established libraries of re-usable design elements or configurators.
Methods related to design for reuse are more closely related to the main goals of this
thesis, since configurators and common design rules are not yet established in the com-
pany. Similar definitions can be found from the Xu et al. (2007) model, which divides
different types of design reuse according to their position in the product life cycle. Be-
cause of this division, it includes reuse aspects related to manufacturing processes and
recycling, instead of focusing only on the product development aspect. The model is

presented in figure 11.
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Figure 11: Types of design reuse in the product lifecycle by Xu et al. (2007)

The model recognizes three types of design reuse. The type | reuse is the end-of-life
product reuse, which focuses on the reuse of the product, it's elements or the materials
in other use cases after it is no longer used in its original environment. Type Il reuse is
the reuse of existing manufacturing resources, which according to Xu et al. (2007) can
reduce the environmental impact of redesigning and reconfiguration of manufacturing
processes. The type Ill reuse is comparable to the Pakkanen et al. (2016) definition of
design for reuse, as Xu et al. (2007) define it as the reuse of product information and
design knowledge. The extraction of re-usable design elements and design knowledge
enables the reuse of these elements in new product development projects (Pakkanen et
al. 2016). The full potential of reusable elements cannot be achieved unless the products

are designed for reuse (Xu et al. 2007).

Xu et al. (2007) also present a process model for product family design which focuses
on studying existing product variety to build new reusable products. A simplified version
of the model is presented in figure 12, which doesn’t include computational methods for
the evaluation and creation of product structures that were presented in the original lit-

erature.
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Xu et al. (2007) divide the process into three stages. The first stage, product case mod-
eling, focuses on the study of existing products and their properties. Each product’s de-
sign knowledge is divided into key characteristics, functional components, physical com-
ponents, and contextual knowledge. Key characteristics are customer requirements that
have been modified to support engineering activities and evaluation of the product’s per-
formance. The characteristics can be either qualitative or quantitative. The products are
also structured by their functions, which are also related to the customer requirements.
These structures are represented by functional components. Physical components are
the components or sub-assemblies that produce the functions. Contextual information is
also needed to connect the reasoning between desired functions and the resulting phys-

ical design choices. (Xu et al. 2007)

The second stage, knowledge extraction, aims to generate and shape reusable design
knowledge from the structured product information generated in the first phase. A com-
mon product architecture is built in this stage, which connects the functions of the product
to physical design options that realize these functions and are compatible with each
other. Modular product structure enables the creation of distinct function — component
relations. A correlation matrix can be built between key characteristics, functional com-
ponents, and physical components to establish their dependencies on each other. A cost
model can be built to represent the costs of a configured assembly on component, prod-
uct, and corporation level. The last stage, design synthesis and evaluation, represents a

stage in which the design database is established, and its elements can be utilized in a
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design by reuse process. (Xu et al. 2007) The model establishes a kind of framework for
design reuse that promotes modularity in product design. Modularity is seen as an ena-
bler for product variety and commonality, both of which promote design reuse (Juuti
2008, p.5-6). Modularity also enables product configuration (Ullah & Narain 2018). Mod-

ularity is discussed more in detail in section 5.2.3.

5.2.2 Benefits of design reuse
Pakkanen et al. (2016) mention that design reuse reduces engineering effort and design

errors, thus reducing costs, shortening time-to-market, and improving quality. Pakkanen
(2015, pp.83-88) also states that promoting modularity and product platform develop-
ment can provide the company with the benefits of customer-specific deliveries and de-
sign reuse. Understanding the benefits related to design reuse gives motivation for the
company to strive towards these strategies. To achieve the benefits, the company must
also understand what needs to change, and what kinds of resources the designers need

to implement the strategies into their product development processes.

Pakkanen et al. (2022) have recognized benefits of modular designs in ETO processes
(Engineer-To-Order) and product development from scientific literature. The benefits re-
lated to ETO processes are presented in table 2. Pakkanen et al. (2022) also mention
that these benefits are related to the existence and availability of certain design

knowledge and information. These enabling elements are also presented in table 2.

Table 2. Benefits of modular designs in ETO processes, and the enablers of these

benefits according to Pakkanen et al. (2022).

Benefits in ETO-processes

Basic engineering becomes easier,

Basic design material will be provided complete for every project,
Concept design changes from engineering task to selection task,

Detail design can be started earlier,

Errors of detail design decrease because of more complete starting data,
Detail design task is easier,

Detail design material will be provided complete for the delivery project,
Less needs for iteration in engineering,

Less drawing revisions,

The time required by the engineering design is reduced or removed from the
critical path of the delivery schedule,

Engineering design management gets easier.
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Related to the existence of

Bill-of-materials,

System and functional descriptions,

Work breakdown structure: supports activity-based costing,
Partitioning logic: design reasoning of the modular system,

Design reasoning model: decision making sequence and deliverables,

Architecture of modular system: predefined layouts and design areas,

Technology catalogue: agreed solutions and principles to be reused in
ETO sections,

Interfaces,

Configuration rules and constraints.

Some of the knowledge that is needed to gain the benefits of modularity is already avail-
able in the earlier phases of modularization, and others, such as configuration rules, are
available in later stages. Information such as bill-of-materials and a design reasoning
model can be established also for non-modular products, whereas the architecture of a
modular system and the existence of a partitioning logic cannot. Pakkanen et al. (2022)
also listed the benefits of modular designs in product development and data manage-

ment, which are presented in table 3.

Table 3. Benefits of modular designs in product development and data management

according to Pakkanen et al. (2022).

Benefits in product development and data management

Optimization basics are more fact based and transparent,

Expensive sub-optimizations are reduced,

Enables avoiding expensive solutions (e.g., routing large pipes as directly as possible to decrease the number
bends,

Easier development of new module variants,

Opportunity to predefine solutions for market-specific regulatory requirements (relates also to sales and offering),
Considering industrial design and brand related aspects in a controlled and systematic way as part of all deliveries,
A standardized data structure can be introduced for product data management,

Decrease of item number,

Decrease in management need of items,

Enabler of systematic product portfolio development,

Better opportunities for simultaneous development,

Product development resources can be distinguished from delivery project engineering resources,

Cost information is more accurate and impact of changes on costs is understood better,

Easier to train new employees when design rules, product structuring principles, and calculation principles exist.
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Many of these benefits require that modularization is at a point at which product config-
urators can be used to construct several product variants. Pakkanen et al. (2022) also
state that the benefits of modular product structures should not only be pursued by those
that produce mass customizable products, but also by those that include delivery-specific
engineering in their products. This also creates the motivation for BHTC Finland to in-
crease commonality in haptic products by adapting some level of modularity, or other

forms of design reuse.

The design reasoning model mentioned in table 2 has been used in a case study con-
ducted by Halonen et al. (2014). They studied the effects of making an explicit design
decision sequence in a new product development project. They found that the existence
of a design reasoning model promotes the reuse of design knowledge and helps the
project management in the early stages of the product development process. The steps

of mapping a design decision sequence are presented in table 4.

Table 4. Steps of mapping a design decision sequence according to Halonen et al.

(2014).
Step Description Outcome
1 Understanding Understanding a company's strategic Readiness for capturing the design
business and landscape. Finding out information decision sequence through open-
technical system on the characteristics and product  ended interviews, communication
properties of a technical system. and discourse.

2 Map creation Forming a map of design decision First visible drafts of the design
sequence collecting information decision sequence. These first
through open-ended interviews versions are still invalidated and
with product developers and project might represent only few disciplines
managers, from different disciplines worldview
on their design principles

3 Map validation Workshops, facilitated sessionson  Design decision sequence
and further validating and further developing representing the shared
development map of design decision sequence understanding of the PDP-

including several developers from  organization

different disciplines aiming towards

an accommodation between

different worldviews.

Their case study’s design decision sequence was expanded upon by Pakkanen et al.
(2021), who identified different categories of requirements and product characteristics in
the model. Such a model could also prove to be beneficial for the reuse of design

knowledge in BHTC haptic products.
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5.2.3 Product development strategies related to design reuse
Pakkanen et al. (2016) mention several product development strategies related to design

reuse, which include parametrization, standardization, modularization, product platform
development, product family development, product configuration, and defining ontolo-
gies. Product configuration is more closely related to design by reuse, and the other

methods resemble forms of design for reuse.

Parametric design is especially helpful when frames or other central mechanical parts
are designed to be used in a variety of products. Camba et al. (2016) argue that the use
of resilient modeling method in CAD (Computer Aided Design) modeling enhances the
flexibility, robustness and thus the reusability of CAD models. Resilient modeling is a
parametric design method that is based on grouping design features according to their
level of importance, function, and volatility. By grouping design features this way the
design intent can be communicated more efficiently, which also simplifies the identifica-
tion of possible errors in the model when the parameters are changed. (Camba et al.
2016) Explicit reference modeling is also proposed as a parametric modeling method
that reduces the amount of processing time of manual parameter changes in complex
structures. Explicit reference modeling is a parametric design method that is based on
using reference structures such as planes, lines, or points in a CAD model to build design
features. The method reduces the number of relations between existing geometries.
(Aranburu et al. 2023) This improves the structure and resiliency of the model in com-
parison to models that build design features that reference earlier features. (Camba et
al. 2016 & Aranburu et al. 2023)

Standardization is the starting point for design reuse. Categorizing products according
to their level of standardization can help in the analysis of the advantages and disad-
vantages brought by standardization. Standardization of interfaces is also one of the
critical parts of modularization since it enables the configuration of product variants.
(Pakkanen 2015, p.85) In modular product architectures the benefits of the economies
of scale are achieved through the standardization of components (Pine 1993). The level
of standardization within the haptics industry is quite low, but some ISO standards define
common product development guidelines to haptic products and ergonomics, such as
ISO 9241-910 (2011) and ISO 9241-210 (2019). Company-specific and product-type
specific standardization possibilities should still be studied, so that commonalities be-

tween products could be found or created.

Pakkanen (2015, pp.85-86) states that modularization could be considered as a viable
product structuring strategy when the company seeks benefits from increased repetition

in processes, and the existing level of product variety is to be maintained. Modularization
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is defined by Andreasen (2011) as a product structuring strategy that aims to create

variety for the customer, while also reducing complexity in the company operations by

utilizing commonality among module variants and surrounding structures. Pine (1993)

has recognized six types of modularity, which include component-sharing, component-

swapping, cut-to-fit, mix, bus, and sectional modularity. The illustrations of the modularity

types are presented in figure 12.
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Figure 12: Six types of modularity according to Pine (1993).

Pine (1993) describes the modularity types in the following way:

Component-sharing modularity allows the use of the same module in various

products.

Component-swapping modularity allows the use of various modules in the same

product.

Cut-to-fit modularity allows the variation of the modules within a range of pre-set

continuous parameters or other limits.

Mix modularity allows the mixing of components in a way that creates new prod-

ucts.

Bus modularity allows the attachment of several modules to a standardized struc-

ture.
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- Sectional modularity allows the attachment of modules to each other through a
standardized interface. The module combinations create new products and are

re-configurable.

These modularity types can help designers define the type of need for modularity within
existing product variety. Understanding the type of modularity that is needed to satisfy
customer needs helps in the design of well-functioning features and interfaces. It is also
critical to determine which product features or physical components are to be modular-
ized. Christensen & Mortensen (2022) propose three kinds of combinations of charac-

teristics that have potential for modularization in ETO product structures:

1. Customer requirements that are common in multiple products but are not yet ful-
filled with a common module within the product architecture, while causing high

cost and increasing lead time.

2. Frequentvariants that are not yet developed as an interchangeable module, while

causing high cost and increasing lead time.

3. Unique customer requirements that cause custom solutions in integrated prod-

ucts, thus decreasing the profitability of the product.

The categorizations can help in the detection of structures in haptic products that could
be modularized. These three types also have similarities with product structure types
presented by Juuti (2008, pp.112-114), which include standard, configurable, partly con-
figurable, and one-of-a-kind product structures. Standard product structures are used for
mass production and design synthesis. The goal of standardization can be either reuse
in a specific product, reuse within company, or reuse within an industry. Configurable
product structures focus on delivering variety, commonality, and product synthesis by
utilizing standardization, interchangeable parts, and parameter-based modularity. Partly
configurable product structures are similar in their goals and structures as configurable
structures, but they also include unique structures. These one-of-a-kind product struc-
tures are designed to fulfill a customer-specific, or a solution-specific need by utilizing
both standard parts, and unique parts. (Juuti 2008, pp.112-114)

Product platform development has many similarities with modularization and product
family development. Product platform development is based on the reuse of the core
assets of a product, such as design elements, rules, modules, and monolithic parts. Sim-
ilarly, product family development is often based on modularization and component-shar-
ing modularity. Both strategies are suitable for markets that have a medium level of di-
versity. Standardized products are recommended for markets with low diversity. (Pak-
kanen et al. 2016)
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5.2.4 Partly configurable products

Juuti (2008, p. 112-114) defines partly configurable product structures as a combination
of standard, configurable, and one-of-a-kind product structures. Partly configurable
structures provide more benefits regarding economies of scale than one-of-a-kind prod-
ucts (Juuti & Lehtonen 2006). This makes them a desirable choice for companies that
want to increase the commonality of their ETO-products. A generic illustration of a partly
configurable product structure, and the earlier mentioned standard, configurable and

one-of-a-kind product structures is presented in figure 13.
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Figure 13: Classification of product structures. Modified from Juuti (2008).

Similar product part categorizations are used by Nieuwmeijer & Lutters (2022), who di-
vide building blocks of a product to standard common, standard differentiated, custom
generic, and custom unique categories. Standard common building blocks are compa-
rable to the Juuti (2008) standard product structures. They provide some key functionality
to all customers and are thus used in every product. Standard differentiated building
blocks either provide a valuable, optional function to a customer, or there are several
options that essentially provide the same functionality. In haptics this could be compared
to the selection of an actuator type. Custom generic building blocks are developed to
provide some functionality to a broad range of future customers, and custom unique
building blocks provide valuable functionality to a single customer. (Nieuwmeijer & Lut-
ters 2022) This type of categorization of the sub-structures of a product is focused on
the broadness of use, and how a function is provided. When compared to the Juuti (2008)
categorization, the Nieuwmeijer & Lutters (2022) categories provide some additional
practical information to the options of configurable product structures, since the standard
differentiated, and custom generic blocks can be seen as different types of configurable

modules.

Juuti (2008, pp.108-120) mentions that design processes of product structures that in-

clude engineering in the order-delivery process, such as partly configurable products,
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should also consider design for reuse aspects in the design process. However, he also
states that design for reuse does have goal conflicts with ETO-processes, so he sug-
gests that companies should form projects and organizational groups that focus solely
on design for reuse. Integrated haptic systems include a lot of one-of-a-kind structures
and components, so benefits of commonality and design reuse could be achieved by

considering the transition towards this product structure.

With the theoretical background established in this section, the thesis shifts the focus to
applying the knowledge in the empirical section. The next chapter discusses the proper-
ties and requirements related the company’s haptic products, and applies this knowledge

to estimate the reusability of haptic systems.



35

6. REUSABILITY OF EXISTING DESIGNS

The design reuse process model by Xu et al. (2007) presented in figure 11 suggests that
by studying the existing product variety, reusable design information and design
knowledge can be extracted. Earlier projects will be studied to gather information on the
key characteristics, physical components, contextual information, and functional compo-
nents of active haptic feedback systems. The information that is extracted can then be
used to build design reasoning models and technology catalogues which promote the
reusability of the information. The design knowledge can then be used to build a reusable
model. This part of the thesis gathers information related to the goals of the thesis, and
aims to answer the research questions: ‘How do customer requirements connect to the
properties of haptic feedback systems?’ and ‘Which properties of the haptic feedback
systems can be adjusted to fit customer requirements?’ Customer requirements and their
relations to the product properties are discussed in section 6.1. Section 6.2 evaluates

the reusability of haptic systems.

6.1 Customer requirements and product properties

To analyze the connections of characteristics, functional components, and physical com-
ponents, the different functions of haptic products must be established. For this, the com-
pany product catalog and benchmarks of similar competing products were analyzed.
During this analysis, a total of six product concepts, two product demos and one bench-
mark were studied. This resulted in nine main functions of haptic products: touch sens-
ing, force sensing, haptic feedback, DOF control, damping, visual feedback, auditory
feedback, hidden-until-lit effect, and attachment to surrounding structures. The surround-
ing structures in seamless panel products are commonly the car’s dashboard or the cen-
ter console and their interfaces. These functions are commonly given as requirements

by the customers, along with some guiding parameters to realize the functions.

According to discussions with the company’s leading haptics engineers, the responsibil-
ity of the company is to decide which components and structures fulfill the required func-
tions and parameters, and to guide the customer if the requirements seem unrealistic. It
is also necessary to point out that the amount and level of abstraction of requirements
differ heavily between customers. Some OEMSs are not as invested into development of
the haptic properties of their products as their counterparts, so the suppliers have more
freedom in the design process to construct a well-functioning product. In these cases,

the development process is more iterative and might require more validation rounds with
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the OEM. The main functions and the related properties of these functions are presented
in table 5.

Table 5. The main functions of haptic products and their related properties.

Functions of a haptic product

Touch sensing |Force sensing Haptic feedback _|DOF Control Damping Visual feedback |Auditory feedback |Hidden-Until-Lit Attachment to dash
Sensitivity Sensitivity Amplitude Number of DOF's  |Active/Passive Ul Shape Location of speakers [Surface material Position of attachment
Hysteresis Hysteresis Frequency Direction of DOF's [Damping speed Surface material |Audio damping Dynamic display / Number of attachments
Multi-finger Gesture sensing Latency Orientation of Spring impedance  |Ul Dimensions Latency permanent symbols |Interface geometry
Gesture sensing [Amount of sensors [Displacement springs Gasket impedance Audio from haptics Interface stiffness

Ul Shape Stiffness of springs [Counter-signal Audio from speaker
Surface roughness |Position of springs |amplitude
Properties Actuation direction
Moving mass
Variable frequency
Variable amplitude
Ul stiffness
Capacitance
Voltage

Power
consumption
Acceleration

The properties in the table are colour-coded to illustrate which of the properties are com-
monly received as customer requirements or guiding values, and which ones are prop-
erties defined by the company designers to fulfill the requirements. Properties coloured
green are specified by the customer and the yellow ones are defined by the designers.
There are also some properties that the customer might give as requirements, but which
must be iterated upon, and validated by the designers. These kinds of properties have a
colour gradient from green to yellow. An example of this kind of iterative process is the
definition of the amplitude, frequency, displacement and acceleration of the Ul surface
and the haptic actuator. The customer might give some initial values that guide selection
of an actuator, but the initial values might result in an unrealistic actuator mass or force
needed. The momentary force F,(t) of the haptic signal at a constant frequency can be

defined with the equation (1):
Fy(t) = Ks(t) + Zv(t) + ma(t), (D

In which K is the stiffness of the system, s(t) is the displacement of the surface, Z is the
total mechanical impedance of the system, v(t) is the speed of the surface, m is the
moving mass during actuation, and a(t) is the acceleration of the surface. The equation
functions as a dynamic model of the product’s behaviour during actuation. By simulating
the actuation signal and the response of the system, basic values can be validated. The
equation also enables the early development of the haptic springs and their properties,
gaskets, and the stiffness of the Ul surface. This enables the design team to move for-

ward to develop other properties of the system.

In a situation where the OEM does not provide the company with any kinds of guiding
parameters for haptic signals, the company can create a product prototype with charac-

teristics that are generally considered as high quality. For this the characteristics must
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be defined. A well-functioning and high-quality haptic product typically has low latency,
the haptic signal amplitude is recognizable but not irritating, the frequency is somewhere
between 100 — 200 Hz, and the signal is dampened under the human perception limit
within 100 ms. The latency limits and other properties discussed in section 5.1.3. also

give good guidelines for the combination of haptics, visual feedback, and audio feedback.

The initial customer requirements guide the selection of components, operating princi-
ples, and compatible technologies of the system. The company also has its own goals
and requirements regarding the manufacturability, robustness, and cost of the haptic
product, that guide the decision-making process. These are not presented in table 5 as
properties of the system since they are not directly related to the performance of the
functions. It can be especially important in the first RFI (Request for Information) rounds
to prove to an OEM that the company can build robust systems at low cost, without

making compromises on the quality of the functions of the system.

To illustrate and understand the connections between the customer requirements, de-
sign decisions and properties of the haptic product, figure 14 is presented. The figure
represents a simplified design decision sequence model, which has also been used by
Halonen et al. (2014) as a solution to promote the reusability of design knowledge. The
steps included in the mapping process were presented earlier in section 5.2.2, table 4.
The connections between the different elements were formed based on the discussions
with the company’s haptics engineers, reports on design choices in the development of
haptic products, and the theories presented in chapter 5.1. Based on these information
sources, a deeper understanding of the technical system can be formed. This is men-
tioned as the first step of mapping a design decision sequence in table 4. Figure 14
includes most of the properties from table 5, some additional internal requirements of the
company, and properties that affect and guide decision-making in the early phases of
product development. Properties from table 5 that were left out from figure 14 are visual
latency, multi-finger capabilities, and gesture sensing since they do not have a significant
impact on the component choices. Some secondary connections between the properties
that are insignificant to the decision-making sequence were left out on purpose to high-
light the most important connections, and to make the illustration easier to read. The
illustration includes 53 elements, of which 5 are component selections, 17 are typical
customer requirements, 21 are product properties defined by the company engineers,
and 10 are properties that the customer might have requirements on, but which will also
need to be iterated by the engineers. The properties are colour-coded similarly to the

ones in table 5.
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Figure 14: Connections between customer requirements, selection of main components and
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properties of haptic products.

From figure 14 we see that the properties related to the Ul geometries and attachments
ultimately guide the selection of the actuator type and DOFs. Typically, the haptic sys-
tems include springs that guide the movement of the Ul surface in a certain direction,
while also minimizing or preventing the movement in other directions. In chapter 5.1.3
two common system structures, lateral and normal haptic systems, were discussed. Nor-
mal haptic systems only require one DOF, and the lateral haptic systems require two.
With two DOFs, force sensing and the actuation direction can be separated, but the in-
crease of DOFs might bring additional costs to the system. Additional DOFs require that
there are also additional guiding elements that control the movement. Adding more
springs with increasing complexity to the system quickly increases the costs. Although
there are advantages in separating the actuation and force-sensing directions, a well-
designed normal haptics system is easier to manufacture, cheaper, and more robust.
Lateral haptics systems might still be used in cases where the Ul area is large to mini-
mize the audio generated by the Ul surface, and the number of actuators needed for
generating the feedback.
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Since both types of haptic systems apply force-sensing in the normal direction, it is rele-
vant to discuss how the movement of the Ul is controlled in the normal direction. There
are two commonly used mechanical operating principles for this: a rotational principle,
and a scale principle. The rotational principle controls the movement of the Ul in a way
that only allows it to rotate around one axis. In addition to automotive haptic products,
many other kinds of flat user interfaces, such as laptop touchpads also utilize this struc-
ture by hinging the upper edge of the pad to a frame with springs and letting the lower
edge of the pad move. This way the movement of the pad can be measured, and haptic
feedback can be actuated at a certain threshold. The scale principle controls the move-
ment by letting the whole Ul surface move directly downwards against the user’s finger.

Basic illustrations of these operating principles are presented in figure 15.

III Gasket
; Spring

Figure 15: Simplified illustrations of two common mechanical operating principles of haptic

feedback systems. On the left is the rotational principle, on the right the scale principle.

The rotational principle has some drawbacks related to the homogeneity of the displace-
ment of the Ul surface. As an example, if the Ul has several rows of symbols, the upper
ones require a lot more force to displace the Ul the same distance as the lower ones.
This difference can also be compensated for with software by establishing each button
its own displacement threshold. The scale principle reduces these problems, but it can-
not be used on every product, since the requirements regarding the attachment of the
product to the dash might restrict this. It was also observed that more commonly the
rotational principle is used in products attached to the dashboard, and the scale principle
in center-console products. The attachment of the product to the interior structures of the
car plays an important role in the selection of the operating principle, along with the Ul

dimensions and interface stiffness.

After the DOFs of the system are defined, the orientation and position of the DOF control
springs, and the amount of force sensors can be defined. The company uses standard

optical sensors to detect the movement of the Ul surface. This means that the spring
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positioning and their stiffness must be designed so that the movement of the Ul surface
caused by the user’s force is detectable by the optical sensors. The stiffness of the Ul
surface, and the stiffness of the attachment interface guide the stiffness of the springs.
The system should always be built so that the Ul surface is quite stiff, and the guiding
springs are less stiff compared to the attachment interface of the dashboard. This way
most of the user’s force is directed towards moving the guiding springs, thus making the

movement of the Ul detectable to the optical sensors.

The definition of the DOFs directly affects the suitable options for the haptic feedback
actuator type. The company has used different types of actuators for normal haptics and
lateral haptics. This is because some actuator types can move larger masses and are
thus more suitable for lateral haptics. Other actuators can accelerate faster, thus being
more suitable for normal haptics. The customer might also have requirements regarding
the actuator’s power consumption, frequency range, amplitude, or cost. By selecting the
most suitable actuator type, other specifications regarding the actuator's mass, fre-

quency and displacement can be defined.

The specification of the actuator’s required properties and the generated haptic signal’s
damping can be quite an iterative process, as mentioned earlier. The company often
uses off-the-shelf actuators, so the properties have a finite degree of variation. The ac-
tuator selection also affects the supporting mechanical structure since the different actu-
ators have unique interfaces with the frame. This makes the standardization or parame-

terization of the actuator-frame interface quite difficult.

The use of a standard optical sensor in BHTC haptic products means that the interface
between the sensor and the frame could be standardized and established. The repetition
in the system structure also means that the component and its properties are well known
by the designers. The optical sensors have been standardized in BHTC haptic products
due to their cost, ease of assembly and robustness. Optical sensors also have low hys-
teresis, which makes the data easier to interpret between quick user events. This ulti-

mately leads to a lower haptics latency.

More recently many OEM’s have integrated HUL (Hidden-Until-Lit) features into their
Uls. This means that the Ul symbols are not visible on the interior surface before the
lights behind the panel are switched on. This further emphasizes the seamlessness of
the Ul and the whole interior design of the car, but it simultaneously increases the diffi-
culty of manufacturing, and thus the price of the product. The HUL features directly affect
the surface material choices for the panel, which also reduces the different touch sensor

choices. The surface material of the product is the main characteristic behind the choice
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of the touch sensing technology used. Capacitive touch sensors are the go-to-choice
with most materials, but surfaces that include conducting materials, such as aluminium,
commonly use some other technology. This means that with plastics, glass and other
similar material choices, the touch sensor interfaces could be standardized within haptic

products.

Together with haptic feedback, the system commonly produces some kind of audio feed-
back for the user to further enhance the click-effect for the user. This audio feedback is
a combination of two sounds: audio from the haptics and the audio from a speaker. As
the haptic feedback actuator moves, it moves the Ul surface and its surrounding me-
chanical structures. This produces a sound, which is mainly dependent on the direction
of actuation and the damping of the generated vibrations. Other factors, such as the
space behind the system in the car dashboard, and the dash-product interface also con-
tribute to the sound. This was also highlighted by Abbashimosaei et al. (2023). In large
Ul surfaces, a normal actuation direction causes the surface to basically act as a speaker
element. This effect can be reduced by changing the actuation direction, as also men-
tioned earlier. OEMs have varying requirements regarding these audio-related parame-
ters. Some require that the haptic feedback itself is as silent as possible, whereas others
require that it must produce some sound, which can then be combined with the speaker
sound. The audio feedback must also be in sync with the haptic feedback, so that the
latency does not reduce the overall quality of the product. An otherwise well-designed
and robust haptic product can lose its meaning if the user experience is deteriorated by

audio latency.

By analyzing the connections in figure 14, and the decision-making regarding different
components and operating principles, basic system structures can be recognized. In au-
tomotive haptic products there are three main system structures that are commonly used:
a rotational normal haptic system and scale systems with either normal or lateral haptics.
The structures of these systems and their main differences are described in figure 16.
The figure connects the main information from figures 14 and 15 to the recognized sys-
tem structures. The recognition of different system structures is also necessary if the
company wishes to utilize system design models, such as the haptics-adapted V-model,
presented in figure 9. lllustrations of the typical Ul shapes for each system are also pre-
sented in figure 16 to further familiarize the products for the reader. The products pre-
sented in section 4 (figures 4 and 5) are also good examples of the typical Ul types

related to these system structures.
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Figure 16: System structures found in automotive interior haptic products.

Although the three system structures have variability in physical components, all the sys-
tems have similar functions. This means that general components can be defined ac-
cording to the functions of the systems. For instance, the geometry of the DOF control
springs that guide the movement of the Ul surfaces vary heavily in all three systems, but
the general physical component ‘DOF control spring’ can be established. The general
physical components are also coupled to other components in a similar order in all sys-

tem structures.

As described in the Xu et al. (2007) model (figure 11), a correlation matrix can be built
between the key characteristics and physical components by combining them through
functional components. This phase in their model is called product case modeling. This
can be done by combining the models presented in table 5 and figure 15. This forms one
comprehensive model that illustrates the connections from the key characteristics to
functional components, and further to physical components. This illustration is presented
in figure 17. The model and its connections can be used to further analyze the reusability

of certain design elements and components.
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Figure 17: The connections found between key characteristics, functional components, and

physical components in haptic products, a generic model.

Figure 17 clearly shows that although the connections between the key characteristics
and functional components are well grouped, the connections between the functional
components and the physical components are complex and interconnected. The physi-
cal components of a haptic system play together to form a high-quality system, and only
a few components such as sensors and light guides have one specific function that they
fulfill. Especially components that guide the user’s input force and the haptic signal have
multiple functions, and they have some side-effects to other functions of the system in

addition to their main function.

6.2 Evaluation of reusability

To evaluate the reusability of components, system structures or any other design ele-
ment, some evaluation criteria must be established. These criteria are formed based on

the practices and product structure types that are recognized in scientific literature as
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beneficial to design reuse. They include accessibility, level of standardization, configu-
rability (Pakkanen et al. 2022), scalability (Aranburu et al. 2023, Camba et al. 2016), and
possible area of use. If a design element is standardized, and not a wholly unique ele-
ment, its level of standardization can be measured on a scale from an industry-wide
standard to a product type specific standard within the company, as also mentioned in
section 5.2.3. The design elements must also be readily accessible to be reused by de-
signers. Configurability is comparable to the standard differentiated building blocks de-
scribed by Nieuwmeijer & Lutters (2022), which have multiple options for a single func-
tion. Scalability in this context means that there are geometric parameters that can be
adjusted in the element to fit the properties of a new product. The area of use can be
defined as the number of restrictions a component has regarding other elements in the
system, or the structure of the overall system. These kinds of restrictions can be seen

for example in the selection of a haptic actuator, where DOFs control the actuator type.

Component-wise it is also important to establish whether a component is built and de-
fined by BHTC or the OEM. The division gives a starting point for the evaluation of reus-
ability, since the company can only reuse design elements that it has some control over.
Elements that are defined by the OEM can perhaps give information on the current trends
and set expectations for future requirements, but they cannot be reused in their original
form. Figure 18 visualizes this division and its connections to the functions of a haptic

feedback system. The figure is modified from figure 17.
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Figure 18: General physical components of a haptic feedback system, and their connections to

the functional components of the system. Dark blue components are defined by the OEM.

From figure 18 we can see that all the functions of a haptic system are somehow affected
by the OEM-defined physical components. This emphasizes the difficulty of producing a
general, reusable system, and why the rest of the physical components are also pro-
duced as mostly unique structures. The leftover general physical components can now
be evaluated based on the earlier criteria. This analysis is presented in table 6. It consists
of a list of general components and their possible variants if there are multiple options to

a component to choose from.

Table 6. Analysis on the reusability of general haptic system components.

Component Standardization Configurable Scalable Area of Use Accessibility Reusability
Haptic actuator
Exciter - Yes No Normal haptics High Reusable
Solenoid - Yes No Normal & Lateral Very Low Not reusable
Piezostack - Yes No Lateral haptics Low Reusable, not used in panels before
Highly optimized for specific use
Custom - Yes Yes Normal & Lateral Low cases, operating principle is reusable
Touch sensors
Capacitive - Yes Yes Non-cond. Mat. Low Reusable
Force sensors
Optical| Product-type spec. All haptic systems High Reusable
Adhesives
OCA - Yes No All haptic systems High Reusable
OCR - Yes No All haptic systems High Reusable
Force direction component
Directing user force Not reusable, but simple enough to
towards springs - No No Product-specific Low be designed when needed

Haptic system frame
Not reusable, difficult to define fully

Rotational, normal haptics - No No Normal haptics High without customer requirements
Scale, normal haptics - No No Normal haptics Low Not reusable
Scale, lateral haptics - No No Lateral haptics Low Not reusable
Control PCB
Proto-haptics control Proto-level Yes (Software) No All proto haptics High Reusable
Control PCBs - No No Product-specific Low Not reusable
Gaskets
Optional for all Types are reusable, have to be
Haptics damping - Yes Yes haptic systems High designed according to Ul geometries
Springs
1DOF spring 1 - No Yes Normal haptics High Reusable
1 DOF spring 2 - No Yes Normal haptics High Reusable
1DOF spring 3 - No Yes Normal haptics High Reusable
2 DOF spring - No Yes Lateral haptics High Reusable
Speaker
Automotive qualified Optional forall
speakers - Yes No haptic systems High Reusable
Light guides
Single symbol light guides - Yes Yes Single symbol rows High Reusable
Light PCB
LED control - No No All haptic systems Low Not reusable

In the analysis a component was thought of as reusable if design information regarding
the component was accessible, and the component was either standardized, configura-
ble, or scalable. The design information was considered highly accessible if the CAD
data or design documentation was easily available for all designers. An exception to this

rule is the capacitive touch sensor, which is already used in many products and demos,
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but the information regarding its specifications was not readily available during the re-
search. Since many haptic products and physical components were related to customer
projects, access to the documentation and CAD data was highly restricted or complex.
In many cases some documentation could be found on the overall structure of a product,
but detailed information could only be gathered by discussing with designers. The com-
pany also has a standardized way of managing product data and customer requirements,
but the restrictions regarding the use of the information made the study of the product
structures quite burdensome. This The analyzed general components were from demo-
products, ongoing projects and released mass-products. Components that were not con-
sidered reusable were some types of actuators, force-direction components, haptic sys-
tem frames and light PCBs (Power Circuit Boards). Aside from the actuators, these com-
ponents are heavily influenced by customer requirements, which makes them difficult to

generalize for all customers and use cases, and thus reuse.

Haptic system frames connect the Ul to force sensing systems, which means that they
have an interface with the Ul cover, touch sensors, DOF control springs, light guides,
light PCB and often an optical interface with the force sensors. All three system struc-
tures have unique haptic system frames and design guidelines since they have varying
DOFs and actuation directions. The documentation, or definition, of these guidelines
would increase the accessibility of the design knowledge, which would then make the
knowledge reusable. If the design guidelines could be used to parameterize some geo-
metric properties of the haptic system frame, it could decrease the amount of time used

in the early phases of the product development process.

Out of the three haptic system frames, the rotational normal haptics frame is the most
well-defined, simple, and carefully documented. Although it is difficult to define the whole
frame parametrically by only using previous projects, some of the basic design guidelines
can be utilized to create a reusable model. The scale systems have many different ver-
sions and adaptations, so the selection of a single design method for these frames re-
quires additional research before they can be utilized via design for reuse. The reusable

model is described in the next chapter.



47

7. CONSTRUCTION OF A REUSABLE MODEL

In this section a reusable model of a haptic feedback system’s frame is built for use in
the early stages of a product development process. The model’s requirements are first
defined, after which the system structure is defined. The requirements resemble the typ-
ical customer requirements of a seamless automotive dashboard control panel. The pur-
pose of this section is to test how well the design guidelines found during this research
can be translated into customer requirement-driven geometric parameters and proper-
ties of the model. The CAD model of the frame is built using the company’s Catia V5
software and the model utilizes an explicit reference modeling method, which according
to Aranburu et al. (2023) should increase the robustness and resiliency of the model,
thus also increasing its reusability. Thorough testing and measurement of the frame’s
properties and performance in laboratory conditions is out of the scope of this research.
Pictures of the system are not shared, but a description of the proposed system structure

is presented.

7.1 Definition of customer requirements

The reusable model is built to accommodate typical seamless dashboard designs that
feature a single symbol row. The symbols are permanent. The shape of the Ul is consid-
ered flat, and the symbols are positioned on a slight upward curve. The distance between
the center points of the outermost symbols is 220 mm, and the angle of the Ul is set to
a 35° angle in relation to the vertical plane. The product will be attached to the dashboard
from the back of the product via clips and additional screws. The dashboard-product
interface geometry is left undefined. The product must detect the user’s touch and force
and produce a haptic feedback signal after a 3 N force is applied. The Ul should feature
a hidden-until-lit function. The surface material of the Ul is a non-conducting dark poly-

mer.

7.2 System structure

The system structure that best fits the specified Ul shape and functionalities is the rota-
tional normal haptic system. The operating principle and customer requirements enable
the use of optical force sensors and capacitive touch sensors. The spring combination
used in this system allows it to only rotate around one axis. The rotation axis is set as far
away from the Ul symbol row as possible to enable the precise adjustment of the stiffness

and the displacement of the system. The haptic system frame has an interface with the
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haptic actuator, DOF control springs, touch sensors, Ul surface, light guides, and the
light PCB. The frame also includes an optical reflector surface, which allows the optical
sensors to measure the user’s input force. The springs are attached to a stiff carrier,
which attaches to the dashboard. The carrier includes attachment points to the rest of
the components, such as the control PCB. A colour-coded system structure is presented
in figure 19 to highlight the product structure type of the proposed parametric model. For

this the product part categorization described by Nieuwmeijer & Lutters (2022) is used.

|:| Standard common

|:| Standard differentiated

D Custom generic Ul surface Touch sensors Haptic actuator
|:| Custom unique

[ Light guides }
| [ Haptic system frame }
{ Light PCB }

‘/ DOF control spring 1 J [ DOF control spring 2 J
[ Dashboard interface } — { Carrier / Ul frame J
[ Control PCB J { Force sensors J

Figure 19: System structure of the proposed parametric model of a rotational normal haptic sys-

tem. The illustration also shows couplings between physical components.

In the proposed system structure, all the customer requirement-driven components are
separated by a parametric, custom generic frame. As figure 19 shows, the custom ge-
neric parts of the system connect two subassemblies, both of which include custom
unique parts. The interface between the subassemblies is formed via DOF control
springs. The subassemblies also have an optical interface, which is presented as the
dotted line between force sensors and the haptic system frame. The haptic actuator in
the system can be either a standard common part, or a standard differentiated part, but
either way the standardization of the actuator interface for each system would simplify
the structure. This means that further development with actuator suppliers must be made
to select a group of actuators with the same interface and varying properties. Light guides
are presented as standard differentiated parts, since the custom unique light PCBs re-

quire a variety of light guides. The symbols on the Ul can be displayed using permanent
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LED-lit symbols, or a narrow touch screen. The control PCB, force sensors, light guides,
DOF control springs and the haptic actuator used in the CAD model were all reused from

earlier projects.

In earlier system structures the parts presented now as custom generic have all been
custom unique. The proposed system would decrease the amount of fully customized
parts, define design guidelines, and simplify the initial decision-making process. This in
turn could reduce the amount of engineering effort in the early product development

phases.

The system’s CAD model works by using a total of 15 Ul-related geometric parameters
to control the dimensions of the haptic system frame and springs. The parameters are
all part of a skeleton model, which also includes reference planes, axes, sketches, and
surfaces. Other components in the model are then built according to the skeleton’s re-
strictions. The selected parameters allow the initial development of the stiffness, mass,
displacement, acceleration, frequency and damping of the system for RFI and POC
(Proof of Concept) phases. For example, the displacement of the system is controlled by
adjusting the geometric parameters of the DOF control springs, which in turn modifies
the frame’s geometry. The model’s first version showed a good level of resiliency to mi-
nor parameter changes, so the contrast to earlier models is notable. Quick modifications
to the system are essential in the early phases of development, and the explicit reference
modeling method enables the rapid prototyping of the system. For future iterations the
model's parameter-related dimensions need more accurate definitions, and the model
needs additional work on the carrier-side of the system. This would allow the more ac-
curate attachment of the frame to a test bench. The standardization of different interfaces

in the product could also push the product structuring strategy towards modularity.

Although the proposed haptic system frame is presented in figure 19 as a custom generic
part, the current version also includes unique customer requirement-driven features,
since it is directly coupled to the Ul surface. The frame’s basic parameters can be
adapted to fit the customer’s Ul area, but the final fitting requires additional design work.
Since this is the first draft of the frame, it is expected that the structure is not yet finalized
and will need more design rounds and evaluation. One of the next steps in the develop-
ment of the model would be the definition of parametric features that connect the Ul
surface and the frame, so that the frame could be considered as truly custom generic.
The design knowledge that is needed to further develop the model can be extracted from
future projects by analyzing the requirements provided by customers, and by document-

ing the decision-making process in each project.
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8. RESULTS

This section answers the two research questions presented in the beginning of this the-

sis. The objectives of the thesis and how well they were achieved are also discussed.

8.1 Research questions

By studying figures 14 and 17, and table 4, an answer can be formed to the first research
question of this thesis: “How do the different customer requirements connect to the
properties of haptic feedback systems?” The most basic customer requirements that
are received from OEMSs in every project are related to the Ul and its desired functions.
This includes requirements related to the appearance of the product, and its limiting ge-
ometries. The connections between the requirements and the properties of the system

can be defined by a sequence of design decisions.

The attachment of the product to the dash, the shape of the Ul, and the dimensions of
the Ul are the main requirements directly related to the basic elements of the system
structure, such as the operating principle and the actuation direction. These properties
then determine the position and orientation of the DOF control springs together with the
limitations of the product’s external dimensions. The products can be roughly divided into
three system structure types, which are based on the operating principle and the actua-
tion direction. The actuator type is chosen based on the actuation direction, and the cost
requirements of the company. The surface material of the product guides the selection
of the touch sensing technology. The only standardized part of the system is the force
sensor, which is used to gain advantages in cost, manufacturability, and robustness. All
the chosen parts have their own properties, which are developed and iterated by the

company engineers to produce high-quality haptic feedback.

The second research question, “Which properties of the haptic feedback systems
can be adjusted to fit customer requirements?”, can be answered by studying the
limitations of the company’s haptic systems. Most of the key characteristics provided by
the customer are Ul-related, which means that they have a direct impact on the geomet-
ric properties of other components. The geometric and positional properties of the frame,
springs and gaskets ultimately affect the stiffness, mass, acceleration, displacement, fre-
quency, and impedance of the system. These properties can be optimized and adjusted
according to the customer’s requirements quite well, but in each product the chosen

system structure, actuator, and force sensors set limitations to these values. Managing
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the combination of these requirements is challenging, but possible. In situations where
the customer requirements exceed the realistic limitations of the system structure, it is
the company’s responsibility to suggest a more suitable structure. Another factor limiting
the design team from reaching all the customer requirements is the cost-driven nature of
customer projects. This promotes the use of a cheaper system structure or physical com-

ponents that do not reach all customer requirements.

The product properties that are not adjustable according to the customer requirements
are ones related to combinations of surface materials and functions of the product. Some
surface materials limit the amount of applicable sensing technologies, which makes the
creation of high-quality haptic feedback quite difficult. Currently the company does not
have a system structure for a sensor and actuator combination that could provide touch
sensing, force-sensing, and haptic feedback for all surface materials commonly found in

automotive interiors.

8.2 Reaching the objectives

The first objective of the thesis, “Knowledge about the connection between haptic
feedback system properties and customer requirements”, was reached by answer-
ing both research questions. By analyzing the haptic feedback system structures through
earlier products, benchmarks, demos and conversations with the designers, this thesis
gathered design knowledge that was not documented or accessible earlier. The creation
of a design decision sequence model, and the definition of three main system structures

simplifies the early phases of the design process for the multi-disciplinary design team.

The second objective, “Knowledge about the reusability of different haptic feedback
systems”, was reached by studying the different system structures, their properties,
functions, and the physical components related to these. The three system structure
types and their design guidelines found from the company products were documented
on a highly varying level. The rotational normal haptic system was the most consistent
in its structure, and the documentation related to the development of products with this
structure was easily accessible. Most of the physical components that were found to be

reusable were used in rotational normal haptic systems.

The final objective: “A re-usable model of a haptic feedback system for product de-
velopment use”, was reached by constructing a parametric model of a rotational normal
haptic system. The model can be used in the early phases of product development by
adjusting 15 geometrical parameters related to customer requirements in the Ul. The

construction of the model started by proposing a product structure that includes 4 custom



52

generic parts: haptic system frame, two kinds of DOF control springs, and a carrier.
These parts then connect to the unique components that are heavily controlled by the
customer requirements. The use of parametric modeling and standardized components
are in part enabling the reuse of the model in future projects. Although the model is not
yet a universally applicable frame for all rotational normal haptic systems, it acts as a

good starting point for conversation around design for reuse within the company.

8.3 Managerial impacts

During the thesis it became clear that the study of earlier company designs isn’t as self-
explanatory and simple as thought. The accessibility of design information is very limited,
there is no standard way of storing design information, and the amount of documentation
regarding design decisions is low. This is in part due to the strict NDAs (Non-Disclosure-
Agreements) related to customer projects, and the secrecy of automotive projects in
general. Access to design information is critical if the company wishes to adopt design

reuse practices in future projects.

One recommendation to resolve this issue is to create some documentation on the over-
all structure, main design decisions, and a list of reusable design elements after each
project. The report could be made by the main designers in each engineering team along
with the project manager. By making these reports available to all designers, they help
spread design information on the best practices in relation to the customer requirements.
It has also been suggested by Juuti (2008, p. 120) that a company should form separate
organizational groups that are focused on design for reuse, if the company wishes to
implement design reuse strategies into their design process. On the other hand, the com-
pany’s haptic product portfolio is still quite small, so the transition towards a full-scale

design by reuse strategy might not yet be relevant.
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9. DISCUSSION

9.1 Reliability and validity of the research

Noble & Smith (2015) define the reliability of research as the consistency, or trustworthi-
ness of the analysis made. They specify that in qualitative research consistency is de-
pendent on the transparency of the researcher’s decisions. This can be enhanced by
clearly describing the research process, and documenting the issues that were faced
along the way. It is also noted in Jyvaskyla University’s Koppa (2021b) that the use of
different source materials, theories, views, and analysis methods promotes reliability. In
this thesis the research process was described in the beginning, and the material for the
study of the general structure of haptic systems and their properties was gathered via
peer-reviewed scientific literature, patents, company product portfolio, discussions with
the haptics engineers, and benchmark reports. This creates a more comprehensive view
of the structure, as opposed to the view created only by the company sources, or the
scientific community. Also, the trouble regarding the accessibility of design information
was discussed during the empirical section, which promotes the transparency of the re-

search.

The aspect of the research that reduces its reliability is the presentation of the company
data. Since pictures or detailed descriptions of company products cannot be displayed,
the reader must rely on the broader, generalized descriptions that were made. Also, the
results of the thesis cannot be generalized to the whole automotive industry, since they

rely heavily on the company-specific design decision sequence.

According to Koppa (2021b) the validity of the research is tied to the credibility of the
chosen analysis methods. Methods such as the design decision sequence (Pakkanen et
al. 2021, Halonen 2014) and product case modeling are valid methods to analyze how
customer requirements affect the properties of a system, and they are always company
specific. The design decision sequence could also be used in the analysis of other sys-

tem structures within the company.

The reusability analysis on the other hand relied on a combination of several properties
that were gathered from scientific literature, since no common analysis method for reus-
ability was found. If similar analyses are made in the future within the company, a larger
number of evaluated factors and components could be considered in the reusability anal-

ysis. Some weighting parameters could also be applied for the evaluation.
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The reliability and validity of the created model can be criticized due to the missing infor-
mation on its detailed component structure. The parameters that are used to control the
model are also not discussed. Although these factors reduce the reliability of the creation
of the model, the system structures were discussed in section 6, which gives insight into
the component selections and important parameters. Reliability is also difficult to meas-
ure in relation to a design since the physical appearance and logic within the model is
always dependent on the designer. On the other hand, the discussion of the principles
and methods used to create the model increases the validity of the design. In future
iterations, the validity of the design can be increased by evaluating the model’'s perfor-
mance together with the company designers. The reliability of the results can also be
estimated better after the whole thesis has been presented to the company, and the

future development suggestions are discussed with the designers.

9.2 Contribution to existing theories

The thesis contributes to the existing theories by providing an example of a design deci-
sion sequence within automotive haptics development. There have been earlier system
design models related to haptics, such as the application of the V-model (Kern & Hatzfeld
2023b), but the design decision sequence includes the requirements that affect the de-
cisions. Although the reusable model itself cannot be presented in the thesis, the struc-
ture proposal and the modeling method provide another example of the application of

design reuse theories and explicit reference modeling.

9.3 Future development suggestions

To continue the product development related to design for reuse, a suggestion is made
to the company to study and define the rotational normal haptic system frame in more
detail, and to keep updating the design decision sequence model. It is also suggested
that the company studies the other two system structures; the scale normal and scale
lateral systems, to find and define the design principles of a well-functioning system
structure, and a haptic system frame for each. This way some of the components could
be standardized for each of the 3 systems, which would enable the standardization of
interfaces within the structures. By defining the design principles for each system, the
decision-making in the early phases of the design process could be simplified, and trial

rounds with different structures could be reduced.
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10. SUMMARY

The objective of this thesis was to gather knowledge related to connections between
automotive haptic feedback system properties and customer requirements, and the re-
usability of existing systems. Research questions were defined to complement the ob-
jectives. The gathered information was to be used to create a reusable model of a haptic

feedback system for early product development use.

The research strategy of the thesis was based on the Lukka (2006) framework of con-
structive research approach, and the strategy included a thorough literature review of
haptic feedback system development and design reuse. Additional knowledge of the ap-
plication area was gathered by analyzing company product portfolio, benchmarks, pa-

tents, and demo products.

The empirical section of the thesis analyzed the connections of customer requirements
and haptic feedback system properties by using product case modeling and a design
decision sequence. These methods required the definition of properties, functions, and
physical components of automotive haptic feedback systems. In addition to the company
product portfolio, the information needed for these definitions was gathered and validated
through discussions with the company’s haptics engineers. The methods ultimately re-
sulted in the definition of three main system structures, their typical properties, and use
cases. It was also noted that the customer requirements that have the greatest influence
on the system structure and component choices are related to Ul dimensions, Ul shape,
and the dashboard attachment interface. One of the identified system structures, the
rotational normal haptic system, was well-defined, documented, and included many re-
usable physical components. This structure was used as a template for the reusable

model.

A proposition was made of the product structure of the reusable model based on the
Nieuwmeijer & Lutters (2022) categorizations. The product structure includes a custom
generic haptic system frame, which connects to unique structures defined by customer
requirements. The structure reduces the amount of custom unique components and en-
ables the utilization of geometric parameters in product definition. The CAD-model of the
frame was built utilizing explicit reference modeling method (Aranburu et al. 2023) and

parametric modeling to improve its robustness and thus reusability.
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The findings suggest that the accessibility of design knowledge must be improved within
the company. To increase the reusability of design knowledge and haptic feedback sys-
tems, it is suggested that information related to the main design decisions and possible
reusable components should be documented after each customer project. It is also sug-
gested that the other two haptic system structures would be studied, and the design

principles for each would be defined.
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