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Abstract

Wearable interfaces offer a yet rarely exploited potential for addressing our sense of
touch through always available haptic feedback in mobile scenarios. So far, conven-
tional systems primarily rely on vibro-tactile cues to convey discrete information
and deliver meaningful feedback when our visual and auditory perception is dis-
tracted or being unavailable. Vibration, however, only depicts one of many tactile
stimuli we perceive through our skin and the majority of proposed wearable de-
vices still reveal to be rigid and bulky. Recent advances in material science brought
about new soft actuators and smart materials which reveal promising characteris-
tics in order to provide more natural and expressive feedback modalities through
unobtrusive wearable interfaces.

Within this thesis we investigate on the implementation and control of shape-
memory alloy (SMA) spring actuators for on-skin applications. Based on our initial
tests, we present a first proof-of-concept of a thin and soft skin-drag display which
takes advantage of the high force-to-weight ratio, smooth operation and large dis-
placement length of the flexible actuators. Our prototype implements a star topol-
ogy of four antagonistic SMA springs which affords to plot two-dimensional skin-
drag gestures according to a simple and robust control model. A separately devel-
oped design tool allows to program our device in an easy way and test diverse ges-
tures leveraging the high perceptibility of skin-drag sensations. Our system targets
researchers who seek to explore two-dimensional skin-drag gestures which offer
to convey information in an intuitive way through the skin for various application
scenarios.

The proposed system is evaluated in a technical way regarding accuracy and con-
sistency of repeated target acquisitions as well as the performance of plotting dif-
ferent shapes. Next to our technical evaluation we conducted a preliminary user
study within which we investigated on the perceptibility of the developed proto-
type and the usability of our design tool.
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Conventions

Throughout this thesis we use the following conventions.

The whole thesis is written in American English. The first
person is written in the plural form. Any participant will
be referred to by using the pronoun ’she’.

Important phrases and technical terms are emphasized us-
ing italics. Marginal notes aim to summarize key points.

Definitions of technical terms or short excursus are set off
in coloured boxes.

EXCURSUS:
Excursus are detailed discussions of a particular point in
a book, usually in an appendix, or digressions in a writ-
ten text.

Definition:
Excursus
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Chapter 1

Introduction

Our sense of touch is one of the most important senses
we use to perceive our world and interact with the en-
vironment. Aside from our visual and auditory percep-
tion, it offers a unique information channel which allows
to provide expressive feedback in a discreet way. Since re-
searchers discovered that certain types of mechanorecep-
tors are very sensitive to external vibration stimuli [Sato
1961; Gray and Matthews 1951], vibratory feedback has pri-
marily been suggested to communicate through the skin
[Geldard 1960]. As vibration motors are cheap and can be
obtained in small sized form factors, they have mainly been
considered for mobile applications during the past decades
[Tan and Pentland 1997; Lee and Starner 2009; Luzhnica
and Veas 2019]. Vibration, however, only depicts one of
many ways to provide tactile information through our skin.
Next to vibration, our mechanoreceptors have shown to be
sensitive to a variety of other tactile stimuli such as brush,
pressure, stretch and motion [Delmas et al. 2011].

With the recent trend of mobile computing and a growing
demand for a realistic experience in virtual reality envi-
ronments, more expressive tactile feedback through unob-
trusive wearable devices has become increasingly relevant.
Several work has proposed more natural feedback modal-
ities by producing different stimuli and mimicking typ-
ical human-to-human gestures, such as squeezing, drag-
ging and tapping [Caswell et al. 2012; Stanley and Kuchen-
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becker 2011]. The intuitive gestures can be understood im-
mediately and do not require prior training by the user.
The majority of the proposed devices, however, relies on
conventional actuators including electric motors, solenoids
and hydraulic pumps. The actuators introduce bulkiness,
rigidity and noisy mechanisms which are inappropriate for
preferably unobtrusive wearable interfaces.

Due to the advances in material science, new soft actuators
and smart materials are getting available for researchers.
With the help of the new technology, they are able to de-
velop thinner and more flexible devices that provide a
higher degree of wearability. Recently, Hamdan et al. [2019]
showed how shape-memory alloy (SMA) actuators can be
implemented for on-skin applications by designing thin
and flexible stickers that are able to mimic different natu-
ral gestures. However, the stickers so far can only gener-
ate a limited range of natural gestures. Once the actuators
are attached to the skin, pulling, stretching or dragging can
mainly be performed in one dimension. Previous work has
proposed using a conventional actuation system to drag a
tactor across the skin and perform two-dimensional skin-
drag gestures [Ion et al. 2015]. This type of feedback system
has the potential to replay a variety of different gestures
which are appropriate for diverse application scenarios.

We therefore intended to built a programmable two-
dimensional skin-drag display using SMAs that is able to
retain a high degree of wearability and can mimic a variety
of different natural feeling gestures. To provide researchers
with a toolkit to explore diverse skin-drag gestures we fur-
thermore aimed to develop a design tool which allows to
program our device in an easy way.

Working towards a programmable and unobtrusive wear-
able interface using SMAs that allows to replay various
skin-drag gestures in two dimensions, this thesis seeks
to contribute in mainly four ways: (1) We present a first
proof-of-concept of a thin and soft skin-drag display which
uses a star topology of four SMA spring actuators. (2)
We show how we can realize a simple but robust control
model thanks to the antagonistic configuration of the im-
plemented soft actuators. (3) Our control circuit is able to
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drive four spring actuators according to our control model
such that gestures can be performed by instructing a ma-
chine controller using a command interface. (4) We de-
veloped a software design tool which aims to provide re-
searchers with the ability to explore diverse skin-drag ges-
tures and program our skin-drag display in an intuitive
way.

1.1 Outline

In the following chapter (chapter 2), we discuss and com-
pare so far proposed wearable haptic feedback devices. We
show up how SMAs have been considered in the field of
human-computer interaction (HCI) by now and mention
the benefit of using SMA spring actuators in context of
wearable skin-drag displays.

In chapter 3, we discuss the control and implementation of
SMA spring actuators which show to have rarely been con-
sidered for on-skin applications so far. This chapter in par-
ticular aims to share our experiences from our initially con-
ducted tests.

Within chapter 4, we present the design of our skin-drag
display using SMAs and elaborate on how we establish
a simplified control system which allows to plot two-
dimensional gestures according to our developed control
model.

While chapter 4 focuses on the implementation of the back-
end, we subsequently show how one can easily program
the proposed skin-drag display and design gestures in an
intuitive way using our developed design tool (chapter 5).
We discuss how the different UI components aim to convey
the limitations and boundaries of our developed display.

Finally, we evaluate our device in a technical way and dis-
cuss the results of our preliminary user study which fo-
cuses on the perceptibility of our device as well as the us-
ability of the proposed design tool (chapter 6). We conclude
by summarizing our work, discussing so far existing limi-



4 1 Introduction

tations, and showing up potential starting points for future
work in chapter 7.
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Chapter 2

Related work

Several work has focused on providing more expressive
and natural tactile feedback beyond vibration. In the fol-
lowing, we will show up how researchers aim to provide
other kinds of tactile feedback modalities for various applica-
tion scenarios by proposing different actuation systems for
wearable interfaces. Subsequently, we discuss so far exist-
ing interfaces based on shape-memory alloy actuators and
elaborate on how these may enhance skin-drag displays
which still show to rely on conventional actuators.

2.1 Haptic Interfaces Using Conventional
Actuators

There have been several attempts to provide more expres-
sive and natural tactile feedback modalities for wearable in-
terfaces using conventional actuators. The approaches im-
plement electric motors, piezoelectric actuators, electrodes,
selenoids, ultrasonic technology or even pneumatic and hy-
draulic actuators in order to produce soft as well as very
strong sensations (Figure 2.1).

Stanley and Kuchenbecker [2011] presented multiple wear-
able tactile actuators based on servo motors to reproduce
common human to human gestures at the forearm. With
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Figure 2.1: Conventional actuators for haptic feedback (left to right): ’Impacto’
push, pressure and impact sensations using electric stimulation and solenoids
[Lopes et al. 2015a]; ’PneuHaptic’ soft squeezing and pressure sensations using
inflatable airchambers [He et al. 2015]; ’Jetto’ directional push and pressure using a
controlled air stream [Gong et al. 2018]; ’BrushTouch’ brush sensations using elec-
tric motors [Strasnick et al. 2017].

’BrushTouch’ Strasnick et al. [2017] produce soft but eas-
ily noticeable brushing sensations by attaching rotary mo-
tors at a wearable wristband (Figure 2.1). Je et al. [2017]Electric motors and

solenoids belong to
most conventional

actuators, but unveil
to be heavy, thick

and stiff. Their
implementation often

introduces noisy
mechanisms causing
unwanted vibrations.

presented ’tactoRing’, a fingerworn DC-motor driven in-
terface which provides discrete notifications through skin-
dragging gestures. Also Tsai et al. [2019] recently show-
cased a prototype which embeds traditional rotary motors
as well as movement brakes for more realistic elastic force
feedback within Virtual Reality (VR) environments. In a
similar manner Lopes et al. [2015b] combined solenoids
and electric stimulation to provide more immersive impact
stimuli for VR applications (Figure 2.1). ’MagTics’ demon-
strated several implementation- and fabrication concepts
for electromagnetic actuators, yielding in more flexible and
realistic on-body applications which provide tactile feed-
back across the fingers and the hand palm [Pece et al. 2017].
Recently, Mcintosh et al. [2019] proposed on-body and
around-the-device interaction techniques using solenoids
and a magnet worn at the fingertip for tactile feedback in-
cluding pressure and vibration.

Kim et al. [2009] and Jin et al. [2014] offered prototypes us-Ultrasonic
technology allows for

miniaturized arrays
of pins or invoking

sensations through
acoustic waves, but

they still remain rigid
and limited to

pressure stimuli.

ing piezoelectric tiny ultrasonic linear actuators (TULAs)
for grounded as well as forearm worn tactile displays in-
volving arrays of pins for generating textures or providing
spatial cues through invoked pressure stimuli. Spelmezan
et al. [2016] considered an apparatus which uses acoustic
ultrasound transmitters and an corresponding receiver be-
ing directly attached to the skin in order to produce focused
pressure or vibration stimuli with ’SkinHaptics’.
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Gong et al. [2018] presented a novel pneumatic system Hydraulic and
pneumatic systems
require pipes,
pumps, and bulky air
cartridges.

called ’Jetto’ which uses an adjustable air stream nozzle
to provide directional cues and lateral force feedback for
emulating impact and pushing gestures; they demonstrate
to enhance video- and gaming experiences for mobile de-
vices like smart-watches (Figure 2.1). With ’PneuHaptic’
He et al. [2015] reveal a pneumatic system offering more
gentle squeezing and pressure sensations through inflat-
able air chambers incorporated in a wearable armband.
Han et al. [2018] revealed a compelling thin finger worn
’Hydroring’ which is capable of addressing ’pressure, vi-
bration and temperature’ stimuli for mixed-reality applica-
tions.

While the proposed devices offer novel ways to augment our tac-
tile perception for mobile interaction scenarios by invoking dif-
ferent sensations, they show to be limited regarding their form
factor, rigidity and complex setup. Their thickness and bulkiness
primarily reveals to be introduced by the integrated solenoids,
pumps and rotary motors which furthermore comprise noisy me-
chanical components. Pneumatic and hydraulic systems require
pipes, valves, compressed air cartridges or fluids; they thus still
encompass cumbersome actuation mechanisms which appear to
be inappropriate in order to design preferably unobtrusive wear-
able interfaces.

2.2 Towards Unobtrusive Wearable Tactile
Displays

Tacttoo

[Withana et al. 2018]

Next to very thin and flexible layers of electrodes which
provide tactile output using electric stimulation [Withana
et al. 2018], especially soft actuators based on smart ma-
terials have shown to provide compelling alternatives to
traditional actuators during the past years. Koo et al.
[2008] developed a thin layer of dielectric elastomer actu-
ators (DEAs) which provide mechanical pressure on the
skin. The system, however, requires very high activation
voltages (up to 3.5kV ). Chossat et al. [2019] recently used
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twisted and coiled polymer (TCP) actuators to produce lat-
eral skin-stretch stimuli at the index finger using lower
voltages. Nevertheless, the authors report that the actua-
tor still requires 60V to generate a contraction of 5.2% of
the actuators relaxed length.Electro stimulation is

limited to pressure
and vibration stimuli;

DEAs require very
high voltages for

actuation.

Recently, shape-memory alloy actuators arose great interest
for on-body applications. The cheap soft actuators offer a
simple implementation while remaining noiseless and flex-
ible. They offer a high force-to-weight ratio and provide a
displacement length of 5 � 50% depending on their form
factor. Compared to dielectric polymer actuators, they re-
quire relatively low activation voltages within a safe range
of 3�9V which is provided by common power supplies and
batteries [DYNALLOY Inc. 2019; TOKI Corporation 2017].

2.2.1 Tactile Output Using Shape-Memory Alloys

The utilization of shape-memory alloys as soft actuator hasOnly recently, SMAs
have increasingly

been considered for
on-body applications.

been explored excessively in various application domains
during the past decades [Mohd Jani et al. 2014]; though,
few wearable on-skin devices have been proposed in the
field of HCI so far [Qamar et al. 2018]. Prior work in par-
ticular presented non-wearable interfaces using the high
contraction force, but low recovery strain of SMA wires
for creating visually organic and tactile brushing experi-
ences [Coelho and Maes 2008; Probst et al. 2011; Nojima
et al. 2013; Ooide et al. 2013; Nakayasu 2016]. Due to the
smooth behavior of the soft actuators they have also been
considered for on-the-go scenarios, by means of enhancing
social interaction through shape changing mobile devices
or wearable textiles [Coelho et al. 2008; Park et al. 2015; Lin
et al. 2015; Duvall et al. 2016].

Only few work has proposed using the soft actuators forThe approaches
mainly focus on
mimicking basic

gestures by using
SMA actuators.

on-skin tactile feedback applications which focus on more
expressive sensations within diverse contexts (Figure 2.2).
Scheibe et al. [2007] presented a first on-skin tactile dis-
play for virtual reality environments by providing pressure
stimuli through direct contact of SMA wires at the finger-
tips. Solazzi et al. [2011] proposed a first 2-DoF tactile skin-
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Figure 2.2: Tactile Displays using SMAs (left to right): ’The Tickler’ stroking gesture
at the forearm [Knoop and Rossiter 2015]; Pressure cues at the fingertips for VR
environments [Scheibe et al. 2007]; ’Skin+’ stronger touch sensation through an
auxetic structure at the back of the hand [Cao et al. 2018]; 2-DoF skin stretch at the
fingertips [Solazzi et al. 2011].

drag device for the finger tip, providing directional cues
by moving a tactor up to 2mm in each direction; the sys-
tem however still remains rigid and bulky, and does not
show to take advantage of the promising thin and flexi-
ble properties of shape-memory alloys. In contrast, Cao
et al. [2018] proposed a thin back of the hand ’visuo-tactile
interface’ that translates the low displacement length of
SMA wires into stronger touch sensations by using an aux-
etic structure. In a similar fashion ’The Tickler’ uses sev-
eral bars which generate ’natural-feeling’ stroking gestures
upon the contraction of interconnected SMA wires [Knoop
and Rossiter 2015]. Gupta et al. [2017] investigated on pro-
ducing squeezing sensations using the contraction of indi-
vidual SMA spring actuators which are implemented in a
wristband. Recently, Hamdan et al. [2019] showed how SMA actuators offer

promising
characteristics for
on-body applications
and provide a
compelling
alternative to
conventional
actuators.

to fabricate small on-skin stickers which implement SMA
spring actuators in order to produce a variety of sensations.
The authors take advantage of the up to ten times larger
displacement length of the actuators and demonstrate how
they mimic natural gestures such as pinching, stretching
and dragging. The wearable stickers especially unveil to
outperform traditional actuators due to their simplicity and
being able to provide tactile feedback at so far challenging
on-body locations thanks to their their small sized form fac-
tor and flexibility (see Figure 2.3).

The systems show that SMA actuators provide a compelling al-
ternative to traditional actuators and produce expressive tactile
feedback. However, they only cover a limited subset of primitive
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Figure 2.3: Four wristband worn actuators for natural
human to human gestures using conventional servo mo-
tors [Stanley and Kuchenbecker 2011] (left); Six ’Springlets’
stickers for expressive natural gestures using SMA spring
actuators [Hamdan et al. 2019] (right). The thin and flexible
soft actuators allow for more challenging on-skin locations
while offering strong and silent sensations at the same time.

natural gestures and reveal to primarily rely on a binary or coarse
control of the soft actuators. Dragging and stretching of the skin
is mainly performed in one dimension or addresses a comparable
low skin area. Hence, the systems appear to be mostly suited for
providing basic (directional) cues.

2.3 Natural and Expressive Skin-drag
Gestures

In contrast, skin-drag displays which drag a tactor acrossSkin-drag displays
offer expressive

feedback through
natural and intuitive

gestures for different
contexts.

the skin aim to exploit the spatial dimension and offer to re-
play a range of distinct natural-feeling gestures which are
applicable for a variety of different applications. Despite
vibro-tactile feedback is conventionally preferred for en-
coding information, the vibration stimuli on its own tends
to be abstract and feel artificial. Skin-drag gestures in-
stead, combine pressure, stretch and vibration by dragging
an object across the skin and stimulating different types of
mechanoreceptors (Figure 2.4). This way they are able to
invoke comparable strong sensations [Ion et al. 2015] and
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Backup

Moritz Messerschmidt - SkinPlot: A Programmable Thin and Soft Skin-drag Display Using Shape Memory Alloys34
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RA-II
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m
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Figure 2.4: A physical tactor which is dragged across the
skin surface, stimulates different types of mechanorecep-
tors being sensitive to pressure, stretch and vibration stim-
uli within their respective receptive fields. The illustration
is inspired by Ion et al. [2015] and Delmas et al. [2011].

generate natural feeling gestures which can be understood
immediately; they thus do not require prior training by the
user.

Ion et al. [2015] showed that people are good in perceiv- Skin-dragging can
provide strong
sensations within a
small skin area by
combining multiple
stimuli.

ing skin-drag gestures within a relatively small skin area at
the forearm. They claim that their skin-drag display out-
performs a vibro-tactile display enclosing the same skin
region regarding geometric shapes. Je et al. [2017] pre-
sented ’TactoRing’, a wearable tactile display which drags
a physical tactor around the finger. They found that users
could distinguish eight distinct points around the finger
through movements performed relative to a homing posi-
tion. Caswell et al. [2012] developed a self-contained wear-
able skin-stretch device which suggests a directional dis-
crimination threshold below 2mm.

Also other work report a ’remarkable’ ability of recogniz-
ing directional cues at the forearm and back of the hand
[Olausson et al. 1998; Olausson 1994; Edin 1992], skin-drag
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Figure 2.5: Two wearable skin-drag displays: Ion et al. [2015] plot geometric shapes
at the forearm (left); the ’tactoRing’ drag a tactor around the finger [Je et al. 2017]
(right). The systems are able to perform highly perceptible gestures within a small
skin area; though they remain rigid and noisy by implementing conventional actu-
ators which introduce unwanted vibrations and noise.

displays can potentially benefit from. However, OlaussonUnwanted distortions
introduced by a

wearable system
should be minimized

to unleash the high
directional

perceptibly of our
skin.

et al. [2000] state that especially the directional discrim-
inability of a movable tactor on the skin can be sensible to
’disturbances of the somatosensory system’. Hence, other
disturbing factors introduced by the wearable system itself,
such as unwanted vibrations, should be minimized.

The so far proposed skin-drag devices still rely on electrical mo-
tors and unveil to be stiff and bulky (see Figure 2.5). They fur-
thermore show to be prone to cause unwanted pressure and vibra-
tion which can distort our sensory system.

We therefore aimed to take advantage of the thin and flexible prop-SMA actuators could
provide a thin and
flexible actuation

mechanism for
providing soft and
smooth skin-drag

gestures.

erties of SMA actuators and design a soft skin-drag display which
offers a smooth motion system. The device should this way allow
to replay two-dimensional gestures by dragging an object across
the skin and comprise a first step towards an unobtrusive wear-
able skin-drag device. To enable researchers to investigate on the
supported skin-drag gestures, we furthermore wanted to provide
a tool which allows to program our system in an easy way.
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Chapter 3

Design and
Implementation
Concepts of
Shape-Memory Alloys

Utilizing shape-memory alloy (SMA) springs for on-skin
applications has rarely been explored so far. The aim of this
chapter is to summarize the experience gathered through
our initial tests which lead to the design decisions for our
prototype described in chapter 4. It moreover serves as
introduction to shape-memory alloys as design material
in general and gives a basic understanding on how SMA
springs may be implemented as actuator for on-skin appli-
cations.

In the following, we will briefly show up which types of
SMAs exist, describe their main characteristics, and thereby
motivate our decision of using SMA spring actuators for
our application. We will furthermore discuss general ap-
proaches of controlling SMA springs and introduce several
implementation concepts along with the common terminol-
ogy which serves as foundation for the subsequent chap-
ters.
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3.1 Shape-Memory Alloys as Design Ma-
terial

SMAs belong to the category of smart materials which ex-
hibit a so called shape-memory effect (SME). The ability to
’memorize’ a certain shape constitutes the key characteris-
tic of this kind of material. As SMAs can be designed to
recover a previously specified shape under certain condi-
tions, they are particularly suitable to form very thin actua-
tors for small scaled mechanisms. When they change from
one shape to another, they generate force and movement
which can be used for actuation. As the raw material by
itself is not limited to a certain form factor and the ’mem-
orized’ shape may be programmed to meet the individual
needs, it is being used in a variety of different domains,
such as robotics, biomedical and automotive applications
[Mohd Jani et al. 2014].

3.1.1 Types of Shape-Memory Alloys

There exist different types of SMAs which offer their own
unique properties making them more or less suitable for
certain applications. SMAs primarily differ by the type of
SME they exhibit and the stimulus they react to.

Shape-Memory Effect

SMAs either have a one-way SME or a two-way SME [Motzki
2018]. SMAs with a one-way SME restore a memorizedSMAs can exhibit a

one-way or a
two-way

shape-memory effect
and either react to a

thermal or a
magnetic stimulus.

shape when stimulated and retain the shape after stimu-
lation. To restore the initial shape, an external force is re-
quired. In contrast, a two-way SME allows the material
to shift between two ’memorized’ shapes. Hence, when a
two-way SMA is stimulated, it transforms to a memeorized
shape; and once the stimulus is removed, the SMA returns
to another memorized shape without the need for an exter-
nal force. Consequently, a two-way SMA can generate force
and movement during both transformations. Although, a
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two-way SME may appear superior to a one-way SME, it is
not necessarily preferable for many applications as the ma-
terial introduces stiffness and thus suffers from less flexi-
bility. They furthermore have shown to be less reliable for
long term usage involving repeated activation cycles [Sun
et al. 2012].

Activation Stimulus

The shape change of an SMA usually can be induced upon
the exposure of two different stimuli: a magnetic field (mag-
netic SME) or heat (thermal SME). The composition of the
metal alloy defines to which degree an SMA reacts to either
of them. SMAs specifically designed to react to one of the
stimuli are therefore called thermal SMA or magnetic SMA.
The latter is also known as ferromagnetic shape-memory
alloy (FSMA). A major drawback of FSMAs is that they
usually require a relatively strong magnetic field which
cannot be induced by the material itself and consequently
requires additional external components. As thermal SMAs
can take advantage of the Jule heating effect (3.2.1), they are
often better suited for small actuator implementations.

3.2 Shape-memory Alloy Actuators

SMA actuators are designed to exploit the SME of an SMA
by maximizing the generated physical force or displace-
ment upon actuation. Throughout this thesis, we will solely
refer to nickel-titanium (NiTi) SMA actuators with a ther-
mal one-way SME. This type of alloy has shown to provide From now on we will

refer to NiTi SMA
actuators with a
thermal one-way
SME. The used
actuators contract
upon actuation.

most reliable characteristics for long-term operations. Thus
it is predominantly used by manufacturers to produce SMA
actuators which allow for a high number of repeated actua-
tion cycles [Cederström and Van Humbeeck 1995]. The one-
way SME of NiTi SMAs is preferred over a two-way SME as
it allows for a deformation of the material when not being
excited. This is interesting for a large range of applications
which can this way take advantage of the actuator’s flexi-
bility. As a consequence, the SMA actuators only provide
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force and movement in one way. The SMA actuators we
use, are especially designed to contract by a certain frac-
tion of their length and thereby generate a contraction force.
To allow for repeated contractions the actuators have to be
elongated again. We discuss different techniques which al-
low for repeated contractions later on in subsection 3.3.4.

3.2.1 Nickel-Titanium SMAs

deformable memorized

heat up

cool down

Martensite Phase Austenite Phase

Figure 3.1: Simplified illustration of the thermal one-way
shape-memory effect of NiTi alloys: At low temperature
the martensite phase allows to deform the material. When
heated up the inner crystalline structure enters the austenite
phase; restoring the deformation and allowing to recover a
’preprogrammed’ shape.

The unique characteristics of NiTi alloys rely on its innerAt low temperature
the smart material

remains flexible, by
heating it up the
inner crystalline

structure transforms
and thereby restores
a memorized shape.

structure which allows switching between two crystalline
forms on a microscopic scale (Figure 3.1). Depending on the
temperature level and internally caused stress, the mate-
rial undergoes a phase transformation between the marten-
site and austenite phase. The temperature thresholds for
the individual but not necessarily distinct phases are com-
monly referred to as the austenite start temperature As and
austenite finish temperature Af ; as well as the correspond-
ing start and finish temperature thresholds for the marten-
site phase Ms and Mf . The finish temperatures, here, de-
scribe the extremes (Mf low temperature, Af high temper-
ature) at which the material is considered to fully take on
either of the forms. At low temperature (Mf  T  Ms)
the inner crystalline structure takes on its martensite form
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at which the material remains flexible and can be deformed
on macroscopic scale. At high temperature (As  T  Af )
the internally caused stress forces the crystalline structure
to take on its austenite form. During this transformation
the material becomes stiff and can thereby restore a ’memo-
rized’ shape on macroscopic scale. The temperature thresh-
olds for the phases vary among the differently manufac-
tured metal alloys. Most NiTi SMA actuators are designed
to ensure its martensite form is maintained at room tempera-
ture (20�C  Mf ) and recover the ’memorized state’ during
their austenite phase above 50�C (As � 50�C).

Electro-mechanical Implemenation

NiTi alloys are especially interesting for actuator imple-
mentations as the material itself can form an electro-
mechanical actuator. While one could use the hot air stream
of, e.g. a hair dryer in order to heat up an SMA, the same NiTi SMAs can be

heated up quickly by
feeding them with
electrical current.

effect can be achieved due to Joule heating, i.e. by feeding
the material with electrical current. Here, the SMA acts as
a resistor which heats up under load. Due to the thermo-
mechanical behavior of the alloy, this results in a mechani-
cal movement during the austenite phase. The resulting me-
chanical movements and physical forces heavily depend
on the programmed shape as well as the form factor of
the individually manufactured SMA actuator (see subsec-
tion 3.2.3).

3.2.2 Actuator Characteristics

Some of the most advantageous properties of SMA actu- SMA actuators are
simple to implement,
have a small size,
are flexible and
provide a high
force-to-weight ratio.

ators are the high force-to-weight ratio, simple implemen-
tation and easy actuation method [Mohd Jani et al. 2014;
Qamar et al. 2018]. Their small size, flexibility and silent
operation make them a compelling alternative to tradi-
tional electro-mechanical actuators. They can be obtained
at low cost in different scales, by means of thickness and
length, and allow for a smooth operation. Compared to
other smart materials, the manufacturers guarantee high
numbers of actuation cycles (up to 106) [TOKI Corporation
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Figure 3.2: Typical Temperature vs. Strain Characteristics
of Flexinol R� Actuator Wires [DYNALLOY Inc. 2019]. The
diagram exemplary shows the nonlinear heating and cool-
ing behavior of SMA wires, as well as the exhibited hystere-
sis effect.

2017]. While SMA actuators are commonly said to suffer
from a low recovery strain, SMA spring actuators signifi-
cantly increase the recovery strain by a factor of ten (sub-
section 3.2.3). A known disadvantage depicts the compara-
ble low energy efficiency. Recent work therefore focuses on
techniques which allow to improve the energy efficiency.
Motzki [2018] suggest that the energy efficiency may be in-
creased by up to 80% using ’high voltage pulses’.

Similar to other shape changing materials such as poly-The actuation,
however, includes

non-linear behavior
which is mainly

introduced through
the heat transfer and

a hysteresis effect.

mers, the operational characteristics of SMAs include a
non-linear actuation behavior which is exemplary shown
in Figure 3.2. The difference between the heating and cool-
ing curves furthermore reveal the hysteresis effect which is
exhibited by the material. When the thermal stimulus is
removed, the material first needs to cool down in order to
reach the lower martensite start temperature Ms < Af and
allow to recover a certain strain value. SMA actuators can
be actuated quickly due to Jule heating, but require a larger
amount of time to cool down. This consequently forms a
bottleneck with respect to the contraction frequency. While
active cooling is an effective way to perform a higher num-
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ber of actuation cycles within a fixed period of time, we
discuss how different spring actuator implementation tech-
niques can affect the contraction frequency in general (see
section 3.3.4).

The previously described characteristics are summarized in Compared with
traditional actuators,
the characteristics
show to be promising
for designing
unobtrusive wearable
interfaces.

Table 3.1 and should be considered when building an SMA
driven system. Our decision of using SMA actuators for an
on-skin application especially bases on their small size, flex-
ibility and high force-to-weight ratio. Compared with tradi-
tional actuators, they offer to design unobtrusive interfaces
which are thin and allow to align to skin curvatures. They
moreover afford to produce smooth motions which do not
cause unwanted vibrations and thereby distort our sensory
system.

3.2.3 Form Factors

SMA wires and SMA springs belong to the most commonly SMA wires provide a
high contraction
force. SMA springs
provide a large
displacement length.

produced types of NiTi alloy actuators which contract upon
actuation. SMA springs are made of SMA wires arranged
in coils. Compared to simple SMA wires they provide a rel-
atively high displacement length. While SMA wires only con-
tract by roughly 5% of their elongated length, SMA springs
can contract by about 50% of their elongated length. This
comes along with a decrease of the sustainable stress and a
lower generated pulling force during contraction. While a
wire with a diameter of 0.2mm for example, can pull 570g,
the spring is rated to be able to only pull about 40g [DY-
NALLOY Inc. 2019]. The decision of purchasing an SMA
wire or SMA spring actuator therefore always includes a
trade-off between the displacement length and the pulling
force during contraction.

For our application of a soft skin-drag display, the gener- We are interested in
the displacement

length of SMA
springs for our
skin-drag display.

ated pulling force of most SMA springs is sufficient and we
are in particular interested in the displacement length of the
soft actuators to drag a tactor across a preferably large area
on the skin surface.
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advantages disadvantages
high force-to-weight ratio heat

flexible non-linear behavior
scalable form factors hysteresis

cheap low-moderate frequency
silent & smooth operation (low energy efficiency)

Table 3.1: Thermal One-way SMA Actuator Characteristics

3.3 Basic Spring Actuator Implementation

For our experimental tests we used BioMetal Helix actua-
tors and FLEXINOL R� 90� Actuator Springs [TOKI Corpo-
ration 2017; DYNALLOY Inc. 2019]. The provided infor-
mation in the datasheets may vary between the different
manufacturers. In the following we will describe which pa-
rameters are most meaningful for the design and operation
of spring actuators, as well as how one may derive param-
eters that are not explicitly mentioned in the datasheets.

3.3.1 Physical Design Parameters

SMA spring actuators usually can be purchased at differ-When implementing
SMA springs, the

most important
parameters comprise

their minimal
contracted length

and their maximal
elongated length.

ent scales based on their solid length LS or the number of
coils #coils. The solid length depicts the spring length at
which the actuators are manufactured and shipped. The
solid length can be derived by multiplying the wire diameter
DW with the number of coils: LS = #coils⇥DW . However,
as illustrated in Figure 3.3 the solid length usually cannot be
fully recovered during operation. The manufacturer there-
fore only provides approximate information about the actu-
ators characteristics based on a ’hot length’ which we will
refer to as the actual contracted length LC and the ’cooled’
elongated length LE . To estimate the contracted and elon-
gated length the manufacturer may provide certain stretch
ratio values (SRC and SRE) relative to the solid length. In
this case the individual parameters usually can be calcu-
lated by LC = LS ⇥ SRC and LE = LS ⇥ SRE . Conse-
quently the displacement length is given by LD = LE � LC .
Alternatively, the manufacturer may also provide a displace-
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ment factor dF which allows to obtain the displacement length
based on the number of coils LD = dF ⇥ #coils (or based
on the contracted length LD = dF ⇥ LC). As stated ear-
lier these values usually still remain rough estimates as the
SMAs’ behavior can be influenced by several environmen-
tal factors and varying load during operation. Hence, it is

elongated
LE

solid
LS

DS

contracted
LC LD

DW

Figure 3.3: SMA Spring Design Parameters

recommended to examine and verify these values experi-
mentally for an individual application by performing re-
peated contractions. It should further be noted that the im-
plementation requires crimping the springs to terminals as
soldering thermal SMAs usually causes permanent damage
to the soft actuators. The number of the remaining, effec-
tively used coils after the assembly are commonly referred
to as the number of active coils (#activecoils) which should
be considered when purchasing the springs or verifying op-
erational characteristics.

3.3.2 Control Parameters

As discussed in subsection 3.2.3, SMA actuators are com-
monly designed to provide a high contraction force or a large
displacement length. These variables are of greatest interest
for most applications along with the contraction frequency.
While shape and dimension of an SMA actuator define
the general operational boundaries and magnitude of these
variables, further parameters such as time, current, tempera-
ture and stress thresholds are meaningful for the control of a
spring actuator.
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Usually a recommended current value is provided along
with an estimated contraction time for a proper operation
to reach the specified contraction force. Based on the rec-
ommended cooling time one may derive the contraction
frequency. The provided values however still should be
treated as rough estimates. If a resistance by length factor
RF is only provided based on the straight SMA wire, one
can derive an estimate for the corresponding spring resis-
tance by RSMA = RF ⇥ ⇡ ⇥DS ⇥#activecoils.

The power values such as the drawn current are typically
not limited to the specified ones and can exceed the rec-
ommended values without harming the actuator. The mostAs long as as the

upper stress and

temperature limits

are not exceeded,
other control values

may vary from the
recommended ones.

critical factors which should be considered are sustainable
stress limits and an upper temperature threshold in order
to prevent an actuator from overheating. The manufac-
turer only guarantees a long operation lifetime and high
number of repeated contractions below these thresholds.
While the critical stress limits are usually given and corre-
late with the recommended contraction force, the upper tem-
perature threshold which may comprise the austenite finish
temperature Af is not necessary given. For Flexinol Spring
Actuatores, e.g. only a rough estimate for the transforma-
tion threshold is provided, namely 70�C or 90�C. Hence,
one may experimentally derive a threshold by investigat-
ing on the temperature at which the contraction length LC is
reached under the recommended load. The question may
arise, why one would want to exceed the recommended
values. The higher the current flow, the faster the SMA
heats up. This may be desired in order to achieve a quicker
response regarding the contraction time when the SMA has
to heat up from a low temperature. As Figure 3.2 indicates,
there is also a non-linear relationship between temperature
and strain one may want to overcome. In any case, higher
current loads should only be applied for a short fraction of
time as the SMA can quickly heat up and exceed the recom-
mended temperature threshold.

Altering the power over time apparently depicts the most
effective way of manipulating the contraction force which
is discussed in the following.
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3.3.3 Basic Control of a Contraction

A basic contraction can be triggered by crimping electric
cables to the SMAs’ tails and attaching them to a power
supply such as a simple battery (see Figure 3.4a). A switch
may be used to start and stop feeding the SMA spring with
current. As the SMA acts as simple conductor with a resis-
tive heating effect, it can be treated as a simple resistor. The
amount of current which is drawn may therefore be directly
derived by Ohm’s law. However, the resistance depends
on the form factor and may slightly vary during actuation
about 1⌦ (see section 3.3.5). This binary control method
usually causes a ’snapping effect’ when the SMA heats up
quickly and reaches the tranformation threshold. While this
behavior may be sufficient or even desired for certain appli-
cations, a more advanced control may be of interest which
allows to control the contraction time and prevent the actu-
ator from overheating.

In order to control the contraction time and power of an SMAs need to be
powered carefully as
they can overheat
quickly – resulting in
permanent damage.

SMA spring in a continuous way, one has to get in control
of the drawn current. This can be achieved by using a logic
controller which generates a PWM signal and a transistor
as illustrated in Figure 3.4b. As the output pins of a micro-
controller typically only provide a limited current per pin
(e.g. 40mA for I/O pins of an ATmega328), a transistor is
integrated to allow to feed the spring with higher currents
(250mA up to multiple amperes). In a real application it

SMA

switchDC

(a)

SMA

transistor

DC

µC
PWM

(b)

Figure 3.4: Simple schematic of a most basic (binary) SMA spring contraction con-
trol (a); a logic controller is used in order to control the contraction time and mod-
ulate the power (b).
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Figure 3.5: A gate driver allows to control very high loads through a PWM signal
of a microcontroller. Here, VCC describes the logic power level and VS the higher
source power voltage. As the power of the microcontroller is too weak to control
the IRF540 MOSFET, an additional 2N2222 transistor is required to amplify the
logic output signal.

may furthermore be desired to drive the SMA at a higher
voltage level than the logic power supply. In this case a gate
driver is commonly implemented instead of a sole transis-
tor. Figure 3.5 shows a schematic which uses an IRF540
MOSFET as power amplifier and embeds a 2N2222 tran-
sistor as ’level shifter’. By using a PWM signal of the mi-
crocontroller one can this way gain linear control about the
electrical current flow depending on the duty-cycle. The
IRF540 supports very high current loads which is sufficient
to drive bigger scaled SMA spring actuators such as Flexi-
nol Actuators with a spring diameter of DS = 3.45mm.

3.3.4 Repeated Contractions

So far we only described how to roughly control and trig-The SMA spring only
contracts upon

actuation; a bias

force is required in
order to elongate it

and allow for multiple
contractions.

ger a single contraction of an SMA spring. But since NiTi
SMA springs have a one-way SME, the spring will not elon-
gate on its own afterwards and allow for a repeated con-
traction. Hence, a bias force is required which pulls back the
spring. This can be achieved by using a normal mechanical
spring which provides a passive bias force in the opposite di-
rection (Figure 3.6). We will call the joint which connects
the SMA spring and the mechanical spring the operation
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SMA
Spring

contract
(heat up)

elongate
(cooldown)

loop

Mechanical
Spring

Operation
Point

Figure 3.6: SMA spring (left) and mechanical bias spring
(right) pull the operation point from one side to the other.

point. The operation point is usually of interest when pulling
an object such as a tactor. As the mechanical spring has to
be weak enough to let the SMA spring easily contract and
strong enough to pull the operation point completely back,
some manufacturers provide a mechanical spring tailored
to these demands. Depending on the application the bias
force may also be provided by some elastic matter such as
our skin. Instead of a passive bias force, moreover, another
SMA spring may be used in order to provide an active bias
force which can be beneficial to gain even more control of
the operation point’s position.

Whether an active or passive bias force is appropriate to use An active bias force

provides more
control about the
operation point, but
introduces
complexity and may
require more space.

depends on the application. On one side, a mechanical
spring can offer a quite reliable passive bias force. The ma-
terial properties may be well known and less prone to envi-
ronmental factors such as the temperature. It furthermore
does not have to be integrated into a circuit; and if the bias
force is provided by the pulled object itself, such as the skin,
it can even save space. On the other side, the SMA spring
has to overcome an additional force and looses efficiency
if the control of an operation point is of interest. The SMA
needs to be constantly actuated in order to retain the cur-
rent position of the operation point. In contrast, an active
bias force which is provided by an antagonistic SMA spring,
may only provide a bias force if wanted. It therefore al-
lows to maintain the position of the operation point after the
actuation more easily. A second SMA spring furthermore
allows to variate the bias force. As less work is required
in order to move the operation point (i.e. the tactor) and the
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contraction point can be pulled even stronger after actu-
ation, one may even increase the contraction frequency this
way.

Contraction Frequency

As the spring actuator needs to cool down in order to trans-
form back to the martensite phase and completely elongate
again, a common drawback of SMA spring actuators is said
to be the low-to-moderate contraction frequency. Without the
help of any additional cooling system one can usually as-
sume a safe contraction frequency of 0.1Hz at room tempera-
ture. Nevertheless, depending on the environmental factor
higher or lower frequencies may be obtained.

Active vs. Passive Configuration Test

As discussed before, it is liable that replacing a mechani-
cal passive bias spring by an active antagonistic SMA spring
would provide more control and even increase the contrac-
tion frequency. We aimed to verify the latter by comparing
the contraction frequency of a BMX150 Helical Spring within
an active antagonistic configuration and a passive configu-
ration similar to Figure 3.6.

SETUP & PROCEDURE: The test was performed using aWe compared a
passive mechanical

spring to an active
SMA spring which
functioned as bias

force.

mechanical bias spring provided by the manufacturer to-
gether with the BMX150 first, and then replacing the pas-
sive bias spring with another BMX150 Helical Spring. The
latter, i.e. the active configuration is shown in Figure 3.7. The
test was performed in a controlled environment at 21.9�C
with a steady power supply (7.98V ), the drawn current was
limited and measured to be 251mA. We set the contraction
time of the SMA actuators to constant 2sec and the relax
time (initial cooldown time) to 10sec. A complete cycle for
the passive configuration consisted of a contraction followed
by a relax phase. A complete cycle for the active configura-
tion consisted of a cooldown phase followed by a contrac-
tion of the first SMA and another cooldown and contrac-
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Figure 3.7: Two SMAs actively pulling the operation point
back and forth. An LED indicates which SMA is currently
pulling. A measuring tape serves as reference for tracking
the displacement of the operation point.

tion phase of the second SMA. Each complete cycle was
performed 10 times.

RESULTS: The passive bias spring required 8sec to fully elon- The active

configuration

increased the
contraction

frequency from
0.1Hz to 0.167Hz.

gate the SMA spring after 2sec actuation. Hence, 2 + 8 =
10sec were required for a complete cycle of the passive con-
figuration (7.5mm displacement). For the active configura-
tion, the cooldown time was steadily decreased from 10sec
to 0sec. The active configuration showed to be able to re-
tain the same displacement length with a cooldown time of
1sec. Consequently only (2 + 1) + (2 + 1) = 6sec were re-
quired for a complete cycle which is a difference of 4sec.
Hence, the active bias force indeed increased the contraction
frequency from 0.1Hz to 0.167Hz. It should be noted that we
assume that only the actuation in one way is of interest in
this case. Apparently, an active configuration of two antago-
nistic actuators is even more advantageous if both contrac-
tions are meaningful to the system. While the mechanical
spring would in this case still limit the contraction frequency
to 0.125Hz in one direction, the contraction frequency of the
active configuration doubles to 0.33Hz and allows for more
homogeneous and controlled actuation cycles.
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3.3.5 Closed Loop Control

The non-linear behavior of the actuators is commonly
known to complicate modeling and predicting the actua-
tors behavior accurately regarding the various effects such
as the occurring heat transfer and hysteresis. A general-A feedback system

which provides
information about the

system state could
provide more

accurate control
about the actuators.

ized model especially appears difficult as these effects may
strongly depend on the form factor along with the alloys’
composition or the way of how the actuators are integrated
into a system. A typical workaround is to implement a
closed feedback-loop in order to compare a reference value
to the actual system state and readjust the control param-
eters for minimizing the measured error. While this may
be achieved using an external sensing system these tend to
dramatically increase the size of the apparatus.

Self Sensing Test

Several work suggests that the metal alloys allow to es-Several work
suggests that one

can monitor the
displacement by

measuring the
resistance of an SMA

wire.

tablish a feedback loop by measuring the SMAs’ resis-
tance itself as there appears to be an almost linear strain-
to-resistance relationship [Lewis et al. 2013; Josephine Sel-
varani Ruth et al. 2014; Cho et al. 2010; Ma et al. 2004]. As
this control method would be most preferable in order to
keep a potential on-skin actuation system as small as possi-
ble we aimed to test the feasibility of a self sensing system
similar to Wang et al. [2012].

SETUP & PROCEDURE: For this test we used a 90�C Flex-
inol Actuator Spring (DS = 1.37mm). An Arduino UNOWe investigated on

the displacement vs.
resistance relation of
SMA springs using a

simple setup.

connected to a steady power supply (Vin = 4.75V ) was
used in order to derive approximate values for the resis-
tance. We implemented a simple voltage divider compris-
ing a high current power resistor (R0 = 5.5⌦); the voltage
drop Vout was measured using an analog input pin of the
Arduino UNO. As R0 < RSMA the resistance was then cal-
culated by:

RSMA =
R0

( Vin
Vout

� 1)
(3.1)
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Figure 3.8: SMA Spring Resistance vs. Displacement: Due to the non-linear and
non-monotonic behavior, it reveals to be hard to derive a direct estimate for the
displacement from the measured resistance.

The actuation was recorded on video and the relative dis-
placement length derived by tracking the operation point us-
ing a video analysis tool.

RESULTS: Although the measured values shown in Fig-
ure 3.8 only depict rough estimates, the results showed
that we can indeed observe a correlation between the mea-
sured resistance and recovery strain which is, however,
certainly not of linear nature (critical range indicated by
a dashed line). Especially above a threshold of approx-
imately 50% of the effective displacement length the mea-
sured values showed critical fluctuations, making an accu-
rate control based on a simple self sensing system infeasi-
ble. A setup using a differential amplifier and controlling
the power through PWM introduced even more complexity
for measuring the resistance due to the non-analog output
signal. While we could facilitate a preliminary workaround The measurements

let suggest that the
resistance does not
provide a reliable
reference value to
establish a robust
feedback system for
spring actuators.

by implementing a constant measurement interval, we ob-
tained similar results. The measured signal unveiled to be
very unstable above 50% of the contraction.

Due to the observed instability of our self sensing system,
we decided move on with a provisional open-loop system,
as we aimed to keep the system size as small as possible.
At this point it should be noted that we do not want to pre-
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Figure 3.9: Different Topologies (left to right): simple chaining of SMA actuators;
3-star topology; 4-star topology; 2x2 mesh (with outer extension). Nodes indicated
in green; connections as black lines.

clude a potentially robust self sensing control system for
SMA spring actuators; our assumptions may be based on a
poor measuring method and limited expertise. However,
we noticed that existing literature appears to exclusively
focus on SMA wires. The lack of existing work provid-
ing evidence regarding the feasibility of such a system for
SMA spring actuators, therefore may indicate an interest-
ing point for future work.

3.4 Advanced Spring Actuator Control
and Implementation Concepts

We have already introduced an antagonistic configuration
within which we used two instead of one actuator. In this
section we will mainly discuss how one may implement
multiple actuators and realize a control for more advanced
topologies in order to produce different on-skin sensations.

3.4.1 Topologies

While on-skin applications may take advantage of com-
pletely different implementations and configurations of
spring actuators, we propose three different types of
topologies which are easy to realize and could be of interest
for on-skin applications. Figure 3.9 exemplary shows:
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• one-dimensional chaining of n actuators

• two different star topologies (n-star topology)

• a mesh of SMA actuators (n⇥ n-mesh)

In the following, a connection is always defined by two We show how one
can easily implement
and control different
topolgies using SMA
actuators.

nodes. We further assume that in each case every connection
depicts an SMA actuator (or fraction, see subsection 3.4.2)
of equal length which are supposed to be controlled. Nodes
may be attached to stiff as well as elastic matter such as a
frame or the skin. Alternatively, one can imagine to use a
node in order to move an object like a tactor across the skin.
Independent of the attachment of a node, we assume every
node is required to be wired and integrated into a circuit in
order to control any of the connections. In the following, our
interest especially relies on the attachment and integration
of the nodes.

3.4.2 Connecting Multiple SMA Actuators

Figure 3.10: Top and bottom view of a prototype for a 2 ⇥
2-mesh using four BioMetal Helix actuators attached to a
solid frame. The actuators are connected at the intersection
points by twisting and crimping simple copper wires which
allow to access the individual nodes. We used a flexible
textile to simulate and test the elastic behavior of the skin.

An interesting property of SMA actuators is that they com-
monly consist of the raw metal alloy and provide uniform
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conductivity across the whole surface. Therefore, one mayThe smart material
allows to easily

interconnect multiple
actuators by

interweaving and
crimping them

together.

connect two separate actuators through a joint or just use a
single spring of doubled length and attach an electric wire
in between to gain control of the different parts. This is
especially interesting for the proposed n ⇥ n-mesh topol-
ogy which can be less tedious to fabricate at larger scale as
no complex joints are required for coupling four SMA ends
plus a wire connector at the individual node. We will refer
to a node which is shared by multiple connections as their
common node.

Obviously, we define our mesh by the number of SMA actu-
ators which are interconnected in the previously described
manner. With this definition of a n⇥n-mesh, the illustrated
4-star topology may therefore also depict a special case and
be treated as a 1⇥1-mesh. Figure 3.10 shows a prototype for
the proposed 2⇥ 2-mesh topology which demonstrates the
simple way of interconnecting several actuators for more
advanced control configurations.

To illustrate how valuable this method of connecting mul-This way, rigid parts
and complexity can
be moved from the
on-skin interface to

the control unit.

tiple SMAs is, we can estimate the number of connections
required for a generalized n⇥ n-mesh #conn = 2n(n+ 1).
Likewise the number of nodes is given by #nodes = 4n +
n
2. Hence, we save 2 ⇥ #conn � #nodes = 3n2 wires

for a n ⇥ n-mesh. Apart from simplifying the fabrication
and electric wiring, one may this way retain a more flexible
structure, as the joints usually introduce stiff parts such as
rigid terminals.

3.4.3 Controlling Multiple Nodes

So far, we only showed how to realize the control for a sin-
gle actuator or a chain of two actuators. However, our prior
control concept (from subsection 3.3.3) may not apply for
all topologies. By connecting multiple SMAs directly, the
resulting chain or mesh forms a single conductor. Hence,
one has to consider the current flow more carefully in order
to actuate the desired connections properly.

In many cases, alternating the polarity can be sufficient. Re-
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garding our antagonistic setup incorporating two SMA ac-
tuators, e.g. we could connect the voltage source VS directly In most cases it is

sufficient to control
the current flow as
well as the polarity of
the individual nodes
using a simple
MOSFET.

to the common node at the center and choose to control the
current flow through an N-channel MOSFET for the indi-
vidual connection at the outer nodes. This concept would
also apply for star topologies. For longer chains of actua-
tors and a n ⇥ n-mesh this concept does not apply. As the
current flow would not be limited in one direction, only
controlling nodes regarding a certain polarity may cause
the actuation of multiple connections. One solution could
be to alternate the polarity and control each node using
a single MOSFET. A more powerful control circuit which
would apply for any kind of topology could take advantage
of a set of half-bridges and allow for controlling the polar-
ity of the individual nodes. The latter would come with two
advantages: (1) we retain a reduced number of nodes. (2)
a half-bridge allows to define three states VCC, GND, OFF
HIGH-Z for each node. One could this way obtain a pro-
grammable mesh of SMA actuators which does not only
allow to control any connection between two neighboring
nodes, but also the current flow through larger parts of the
mesh, including multiple path-ways and connections. We
show how we realized a controller board implementing a
programmable set of half-bridges in subsection 3.4.5.

Half-bridge Output Control

In Figure 3.11, we show a schematic which allows to con- By using a
half-bridge for each
node, more
advanced topologies
can be programmed
and controlled
dynamically.

trol the state and polarity of one output PIN in a continu-
ous way. The schematic still allows to control large currents
and extends our previous control concept (see Figure 3.5) in
a simple way. The major difference relies in the implemen-
tation of the second MOSFET Q2. Nevertheless, in this case
the logic controller has to deliberately control IN01 and
IN02 for changing the output of OUT01. OUT01 is consid-
ered to be connected to a node. Table 3.2 shows the effect
of different input levels and the resulting output mode for
a binary voltage control (LOW, HIGH). Note that the logic
is inverted because of our chosen MOSFETs. Hence, a logic
1 equals to LOW voltage. The circuit furthermore allows
for a dangerous state. If the inputs are set to LOW, both
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Figure 3.11: Schematic of a simple half-bridge output
which allows to control the polarity of a node. A logic con-
troller can manipulate the output pin by controlling two
inputs.

MOSFETs are turned on causing a short which should be
prevented in any case. While the table only shows a bi-
nary control of the output state, one may still facilitate a
linear control of the current flow by keeping one input at
the HIGH voltage level and controlling the PWM signal of
the other.

IN01 IN02 OUT
LOW HIGH GND
HIGH LOW VCC
HIGH HIGH OFF (HIGH-Z)
LOW LOW short (critical)

Table 3.2: Half-bridge Output Logic
Next to the three desired states, the circuit allows for a

critical state. A short circuit should be prevented in any
case by ensuring at least one input to be set HIGH.
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3.4.4 Body Grounding

Even though general body grounding concepts (i.e. how
different topologies may be attached deliberately to the
skin) are beyond the scope of this thesis, we will briefly
discuss some general ideas. For on-skin applications using
SMA spring actuators our primary interest relies on using
the lateral contraction of a spring in order to produce any
kind of sensation. However, the spring as a raw, gener-
ates a uniform contraction force on both sides. Depending Within our initial

tests, the SMAs
could be grounded to
a solid frame fixed on
a table. For on-skin
applications one has
to carefully consider
how to attach the
interface to the skin
in order to produce
the desired
sensations.

on the application, one may want to produce a directional
pull which requires at least grounding either of the sides to
the skin. For body-grounded devices this may be achieved
by carefully distributing the force due to a certain shape
or type of the body grounding material (i.e. the attachment
layer). Hamdan et al. [2019] for example, designed a sticker
which uses a SMA spring mounted on a triangle shaped at-
tachment layer, such that the stimuli on one side produces a
relatively weak sensation compared to the other and causes
a directional skin-stretch.

In an ideal case a deliberately designed system considers
that the produced stimuli is below the activation threshold
of certain mechanoreceptors. Important factors may depict
the spatial dimension, viscosity and friction of the grounding
material, the force magnitude, as well as the number of acti-
vated receptors which may depend on their activation thresh-
old and receptive field.

3.4.5 Generic Controller Board

We designed a generic controller board (Figure 3.12) which We developed a
generic controller
board which allows to
program and control
12 independent
nodes as proposed
previously.

allows to control any of the previously mentioned topolo-
gies or several distinct SMA actuators. The board allows
to control 12 half-bridge output pins, i.e. nodes, by using
a TLE94112 driver module and only measures an outer di-
mension of 40mm ⇥ 25mm ⇥ 7mm. A 9V battery can be
connected to a power socket and a bluetooth module al-
lows to control the actuators via wireless communication.
A detailed schematic can be found in Appendix A.
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We tested the control of our 2⇥ 2-mesh prototype with our
controller board which showed to be capable of providing
basic control of each output pin as desired for our setup.
While we could already control the individual actuation of
different connections, we faced several limitations due to
the implemented driver module. First of all, the current
was limited to about 0.9A and the integrated protection
could quickly shutdown the driver module when actuat-
ing multiple SMAs. Secondly, the driver module only al-
lowed to assign a PWM signal to 3 of the 12 pins at once.
Hence, only the current flow of three connections could beWhile we could show

that the control unit
can be miniaturized,

we faced some
bottlenecks. It was

decided to postpone
fixing these as part

of future work.

controlled continuously at a time. Because of the communi-
cation protocol, a software PWM turned out to be infeasible
as the communication overhead introduced a bottleneck for
multiplexing, in general. Finally, for longer operation the
driver heated up, causing a driver shutdown through the
integrated heat protection.

25m
m

40mm

7mm

1
2

3

4

5 6

Figure 3.12: Small sized (40 ⇥ 25 ⇥ 7mm) controller board
for 12 nodes (top+bottom): RN-4871 Bluetooth module (1);
ATTINY1634 logic controller (2); 12 half-bridge outputs (3);
programming interface (SPI) (4); battery power socket (5);
TLE94112 driver (6).

Nevertheless, we assume that exchanging the implemented
driver module with an appropriate one could resolve these
issues and allow for a wireless control of different and more
complex actuator configurations as discussed before. Be-
yond the driver module, our controller board already re-
veals promising characteristics for a preferably unobtrusive
wearable interface due to its small size and compact form
factor.
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Chapter 4

Skin-drag Display

Based on the implementation concepts and gathered ex-
periences as described in chapter 3, we aimed to develop
a first prototype of a wearable and soft skin-drag display
which allows to plot diverse two-dimensional skin-drag
gestures on the skin.

In order to achieve this, we first designed a display using
several SMA spring actuators to generate skin-drag sensa-
tions by dragging a tactor, i.e. a small object, across the skin
surface. Secondly, we developed a control system which
manipulates the SMA actuators according to our control
model, such that our device could perform timely con-
trolled movements.

4.1 Display Design

To move a tactor in two dimensions, we decided to use The display uses four
SMAs in order to pull
and move the tactor
in two dimensions.

a star topology of four antagonistic SMA spring actua-
tors as illustrated in Figure 4.1a. The SMAs were con-
nected at a common node and attached to the fixed anchor
points A0, A1, A2, A3. The contraction of the individual
SMA springs would therefore allow to manipulate the po-
sition of the tactor by pulling it towards the corresponding
anchor point.
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Figure 4.1: Design parameters of the 4-star topology using SMA springs: (a) shows
the four SMA springs (blue) connected to the anchor points Ai and a common node
forming the operation point at the center; (b) shows the most important design pa-
rameters to derive the effective movement area (green) which is restricted by the an-
nuli Ei.

3-STAR VS. 4-STAR TOPOLOGY:
We chose a configuration with four antagonistic operat-
ing SMAs over three, as we could this way obtain a larger
effective movement area (EMA) for our target application.
Compared to a 3-star topology as proposed by [Kolyvas
and Tzes 2018], the resulting EMA is furthermore convex
and provides a higher degree of axial symmetry (Figure 4.2).
We assumed that we could this way (1) support a higher
number of distinguishable gestures on the skin, and (2)
obtain more accurate control of the tactor being attached
to the common node.

Design Decision
Justification:

3-Star vs. 4-Star

Topology

The anchor points Ai (1  i  4) of the SMA springs were
evenly distributed around the center point C0. By con-
sidering the diameter of the common node, the distance be-
tween the SMA anchor points and the center point is given
by rcenter =

LE+LC+dnode
2 .

With the proposed configuration the tactor could move
within an effective movement area (EMA) which is limited
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Figure 4.2: Maximized EMA for a 3-star topology proposed
by Kolyvas and Tzes [2018] (concave, left); our 4-star topol-
ogy shows to benefit from a convex shape and yield in a
(⇠ 6%) larger EMA (right).

by the minimal contracted length LC and the maximal elon-
gated length LE of the SMAs. Hence, the exact EMA is given The effective

movement area is
restricted by the
contracted and the
elongated spring
lengths.

by the intersection of the annuli Ei being bound to the con-
centric circles at the anchor points Ai, with the inner radius
L
⇤
C = LC + dnode

2 and the outer radius L⇤
E = LE + dnode

2 (Fig-
ure 4.1b). We moreover chose the intersection points Ii of
the outer circles with the center points Ai and a radius of
L
⇤
E to span our workspace. By doing so we obtained a rect-

angular workspace area with its origin at I3. This allowed
us to define a point in a Cartesian coordinate system for our
two-dimensional motion system.

4.2 Control Model

While our display design ensured to meet the mechani- The control model
defines how much
current is supplied to
the individual SMAs
for a given amount of
time.

cal requirements for a positional control of the tactor, the
spring actuators had to be controlled in a deliberate way.
This could be achieved by supplying the SMAs with the
right amount of current for a given amount of time, such
that the tactor would perform the intended movements and
produce the desired skin-drag gestures.

We developed a hybrid model which allowed us to con-
trol our proposed configuration of four antagonistic SMAs
without the need of an additional sensory system. The hy-
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brid model builds on two basic models we investigated on
in advance. The assumptions made, as well as the individ-
ual advantages and disadvantages which lead to our final
model are being discussed in the following.

OPEN-LOOP CONTROL:
Although a closed-loop control would have been most
preferable for accurately controlling the skin-drag dis-
play, we chose to rely on an open-loop control system be-
cause of the following three reasons:

(1) Despite previous work indicates that the self-sensing
capability of SMA actuators could be used in order
to realize a closed-loop control system [Josephine Sel-
varani Ruth et al. 2014; Lewis et al. 2013; Wang et al. 2012;
Cho et al. 2010; Ma et al. 2004], the proposed systems un-
veiled to exclusively focus on SMA wire actuators. Our
initial tests with SMA springs, however, revealed diffi-
culties regarding the precise control of an operation point
based on the strain-resistance correlation (section 3.3.5).
Since Furst et al. [2013] let suggest that a more complex
topology would make a self-sensing system even less re-
liable due to the reciprocal influence of multiple inter-
connected SMAs, we rejected the idea of implementing a
feedback-loop by measuring the resistance.

(2) As an alternative way to establish a closed-loop con-
trol system, we considered using an external sensing sys-
tem which could provide feedback about the operation
point’s position. However, we aimed to keep the display
in a most simple form with focus on the system size and
it’s wearability.

(3) Even with positional information about the operation
point, diverse non-linearities such as the heat transfer and
the hysteresis effect would have to be taken into account
for an accurate control (subsection 3.2.2).

Design Decision
Justification:

Open-loop Control
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4.2.1 Force Equilibrium Model

Our first model relied on the assumption that any point To acquire an
arbitrary target
position, a unique
force ratio between
all four SMAs is
calculated.

within the defined workspace could be mapped to a unique
power ratio for the spring actuators, such that the pulling
forces of our antagonistic system would cancel out at a de-
sired target position pj . Regardless of the prior position, the
resultant force at the operation point pop for pop 6= pj would
consequently pull the tactor towards pj until the force equi-
librium is reached, i.e the net force is equal to zero (Fig-
ure 4.3).

F3

F0

F1

F2

A0

A1

A2

A3

pop = pj

Figure 4.3: The contraction of the individual SMAs (red)
provides a pulling force Fi towards the corresponding an-
chor point Ai.

Despite diverse non-linear effects we found, that for a safe
maximum power value Pmax, we could assume a linear
power-strain relation to determine the required power ratio
for an arbitrary position pj . The power level of SMA Si and
a target position pj was calculated by Pij =

L⇤
E�di

L⇤
E�L⇤

C
⇥ Pmax,

where di = kpj � Aik2 describes the distance between the
target point pj and the anchor point Ai for the corresponding
SMA.
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Discussion

The greatest benefit of this model was that an arbitrary po-Positions can be
acquired accurately
without a feedback
loop. The required

time is hard to
predict.

sition could be reached regardless of the prior position and
thus allowed for an open-loop operation. However, the
maximum power Pmax which had to ensure that the pulling
force of an SMA would not exceed the stress limit of other
antagonistic actuators resulted in slow acquisition times.
We found that at least ten seconds were required in order
to ensure that the target position is reached from any prior
position. In addition, all actuators were required to be ac-
tuated at once. Hence, we would not be able to obtain fast
movements or increase the actuation frequency similar to
our previously performed tests (see section 3.3.4). Finally,
without modeling any non-linear behavior of the system,
timely controlled movements appeared to be infeasible to
realize.

4.2.2 Boosted Movements Model

Our second approach based on the idea of performing rel-
ative movements by pulling the operation point using max-
imal two instead of all four SMA springs. As the remain-
ing SMAs would not provide a bias force we assumed that
movements could be performed faster and the actuators be
driven at higher power levels without harming the inactive
actuators.

The realization of this model required three major consid-Relative movements
are performed using

maximal two SMA
actuators.

erations in order to perform a relative movement:

1. The identification of the required SMA actuators

2. The determination of the individual actuation power

3. The estimation of the required actuation time

Because of our symmetrical actuator design and defined
coordinate system, the required (active) SMAs for a move-
ment mj could be easily identified based on the sign of the
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axis components of the direction vector ~r = pj � pj�1. The
calculation of the individual actuation power for a move-
ment based on the force ratio of two active SMAs revealed
to be more difficult due to the strong non-linear behavior of
SMA spring actuators (see subsection 3.2.2).

Therefore, we took a most basic approach and first inves- The non-linear
actuation behavior of
a single SMA was
modeled in a most
basic way by
investigating on the
time-distance-power

relation.

tigated on the time-distance-power relation Tp(d) of a single
SMA spring by performing multiple contractions at differ-
ent power levels  P

⇤
max. Based on the measurements of

repeated contractions we initially determined a spline t(x)
as a function of distance to estimate the actuation time at
50% of the maximum actuation power P ⇤

max:

t(x) =

8
><

>:

s1(x) 0  x < 0.055

s2(x) 0.055  x < 21.11508198

s3(x) 21.11508198  x

(4.1)

The exact polynomials s1(x), s2(x), s3(x) can be found in Ap-
pendix C.

As the function approximated the measuring series at
other power levels by non-uniform scaling, we inferred a
parametrization of t(x) by the power value p with the scal-
ing exponents g(p) and h(p):

g(p) = 0.9988849 +
1.288355� 0.9988849

1 + ( p
12.14066)

4.240305
(4.2)

h(p) = 0.8391275 +
1.347852� 0.8391275

1 + ( p
25.38628)

1.347124
(4.3)

The parametrized function which describes the non-linear
time-distance-power relation is given by:

Tp(d) = t(dg(p))h(p) (4.4)

Our poor method of paramaterization resulted in a scaling
error for the lower power limits as observable in Figure 4.4
which had to be taken into account in our final implemen-
tation. However, beyond this special case our initial tests
revealed that with Equation 4.4 we could already derive a
good estimate for the actuation time of a single spring con-
traction.
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Figure 4.4: The time-distance-power relation for a single SMA
spring actuation. Note that the power scale is inverted and
the vertical axis describes the time interval limited to ten
seconds for a proper visualization.

We incorporated this equation for a movement involving
two active SMAs in a naive way. The movement distance
di for the active SMAs was calculated in the same manner
as described for the force equilibrium model. Assuming aThe model for a

single SMA was
extended for our
two-dimensional

approach involving
two SMAs.

movement is performed at maximum speed (P1 = P
⇤
max),

the actuation time tb for the SMA with the larger required
contraction distance d1 is derived using the determined
time-distance-power relation tb = TP1(d1). Based on the ac-
tuation time of the first SMA we could then obtain a rough
estimate for the required power level P2 of the second SMA
which has to perform the required contraction distance d2

within the same amount of time TP2(d2)
!
= tb.

We extended this basic approach to take into account thatThe force
decomposition is

taken into account to
model supportive
and antagonizing

behavior of two
active SMAs.

pulling the tactor by two SMAs may be of supportive as
well as antagonizing manner depending on the movement.
To derive a reasonable tuning parameter ⌧ for the estimated
time tb, we aimed to take into account the force decompo-
sition of ~F for the pulling force vectors ~F1 and ~F2 as illus-
trated in Figure 4.5. Assuming F = 1 and the angles ↵,�



4.2 Control Model 45

A2

A1

α
β

pj

pj-1

F2

F1

F

Figure 4.5: Parameters for obtaining the force ratio between
two SMAs connected to the anchor points A1 and A2, as-
suming a boosted movement mj is performed from pj�1 to
pj . Workspace area indicated in green.

are known, the force distribution can be calculated by the
simplified formulas F1 = sin�

sin↵+� and F2 = sin↵
sin↵+� . We then

define ⌧ = min(F1, F2) as our tuning factor for the esti-
mated traveling time tb of a boosted movement.

Discussion

This model allowed us to perform relative movements at Coarse fast and
timely controlled
movements can be
performed. Small
errors can
accumulate over
time.

a higher speed, predict the required time and furthermore
control the speed of a single movement. However, as it only
relied on rough assumptions and did not accurately model
the occurring non-linear effects, small deviations of move-
ments could easily accumulate and lead to an increasing
targeting error for sequences of movements.

As the model moreover assumed that at least an initial start-
ing position was known and the force equilibrium model al-
lowed for more accurate target acquisitions, a dynamic ap-
proach comprising a mixture of both appeared to depict a
reasonable next step.
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boost equilibriumtrans. cool 

t0 tt te tc
tmtb-tt

time

Figure 4.6: The four phases of the hybrid model for a sin-
gle movement: boost-, transition-, equilibrium- and cool phase.
t0 describes the starting time of the individual movement.
The total time for a movement is given by tm = tb + te + tc.
Note that the transition phase is part of the boost phase (tb) but
not of the equilibrium phase (te).

4.2.3 Hybrid Model

The hybrid model combined and extended our previously
developed models in order to perform two-dimensional
skin-drag gestures, consisting of sequences of movements,
in a robust manner.

While an initial calibration phase was required anytime whenAn initial calibration
is performed at the

center.
a sequence of movements was supposed to be performed,
each target position could be acquired in the same way af-
terwards. The calibration phase included a ’homing move-
ment’ towards the center point according to the force equi-
librium model followed by a 10sec cool down. The center
point C0 was chosen to depict the homing position as a
force equilibrium could be obtained most reliably by actu-
ating all SMA springs at the same power level.

Each subsequent target position was then acquired accord-Slight deviations of
coarse and timely

controlled
movements are

corrected according
to the force

equilibrium phase.

ing to 4 phases as illustrated in Figure 4.6. First, a coarse
relative movement was performed according to the boosted
movements model within the boost phase. To prevent an accu-
mulating error over time, the subsequent equilibrium phase
aimed to correct slight deviations by applying the force equi-
librium model. The combination of both allowed us to re-
duce our previously estimated required time of approxi-
mately 10sec to 2sec which appeared to suffice for con-
sistent acquisitions. As our tests showed that the rela-
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tively hot active SMAs resulted in overshooting after rapid
movements, we extended the boost phase with a transition
phase with tt = 200ms at the end, whereby tt = tb for
tt � tb. Within the transition phase the non-active actua-
tors were slightly preheated by continuously raising their
power level to the required one of the following equilibrium
phase.

A major problem still revealed to be the strong hysteresis A cool down ensures
to restore the initial
starting conditions
for the actuators.

effect which was not taken into account so far. In our two-
dimensional case, the issue may be illustrated by imagin-
ing to repeatedly draw a circle using our proposed display
design, whereby the SMA springs have to be actuated con-
tinuously in a clockwise manner. Due to the hysteresis ef-
fect of the material (subsection 3.2.2), the individual springs
may not completely relax and result in a narrowing spiral.
As the hysteresis and heat-transfer depicted two entangled
effects which would be complex to model we, therefore, de-
cided to introduced a cooling phase at the end of each move-
ment. While we tried to dynamically adjust the time for
this phase depending on the movement we finally decided
to define a constant time of tc = 10sec which unveiled to be
robust in order to assume that the same starting conditions
would be given for the subsequent movement. The total

time
Hysteresis Spiral

Problem
movement time for a single movement was consequently
given by tm = tb + te + tc.

Discussion

Our final model depicted a compromise between the ad- Sequences of
movements can be
performed robustly
without a feedback
loop. A constant
amount of time is
required for each
movement.

vantages and disadvantages of both (1) our force equilib-
rium model and (2) our boosted movements model. While
(1) enabled us to acquire an arbitrary position within our
workspace in an accurate and consistent way, we could per-
form timely controlled and rapid movements based on (2).
With help of the time-distance-power relation derived for (2),
we furthermore could adjust the speed and estimate the trav-
eling time for a given movement. While the cool down of the
SMA actuators would have had to be considered for any of
the previous models, the constant amount of time te + tc

which was added to each movement still revealed to be a
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(a) (b)

Figure 4.7: (a) Essential assembly parts: (1) frame, (2) SMA spring actuators, (3)
tactor (simple screw), (4) node mount, (5) ring terminals. (b) Top-view of the as-
sembled two-dimensional actuator with electronic wires crimped to the SMAs

major drawback. Despite this, the model turned out to be
robust to perform sequences of movements and, most im-
portantly, afforded to realize a simple control system with-
out a feedback loop.

4.3 Implementation

4.3.1 Display

The skin-drag display consists of five essential parts asThe display can be
easily fabricated and
primarily consists of
a simple frame, four
SMA springs and a

tactor.

shown in Figure 4.7a: a frame, SMA spring actuators, ring
terminals, a node mount and a tactor. For the implementation
we used the smallest version of the 90oC Flexinol R� Spring
Actuators [DYNALLOY Inc. 2019] with a spring diameter
of DS = 1.37mm and a displacement length LD = 36mm.
The absolute contraction length LC = 25mm was experimen-
tally determined by repeatedly actuating the SMA springs
and steadily increasing the displacement distance until we
reached a safe absolute of LE = LC +LD = 61mm (subsec-
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Figure 4.8: A flexible version of the proposed skin-drag display attached to the
forearm using kinesio tape and a rubber band.

tion 3.3.1). The contraction force of 40g revealed to be more
than sufficient in order to drag a tactor across the skin and
generate skin-drag sensations.

A cross shaped node mount with a diameter of dnode =
14.366mm was cut out of 2mm thick acrylic glass using
a 30W Epilog Zing laser cutter. It allowed to attach the
individual SMAs and easily exchange the tactor. For our The device showed

to be thin, but still
revealed to have a
large diameter.
Kinesio tape was
used to fix the
display to the skin
and protect it from
heat.

first version we decided to implement a planar and solid
frame with a diameter of 2 ⇥ rcenter = 100.732mm using
3mm thick medium-density fibreboard (MDF). Four holes
allowed to screw down ring terminals for the desired anchor
points. As soldering would damage the spring actuators,
they were crimped to the ring terminals along with electric
wires and connected to a common node in the same way.
Based on the given parameters we determined a workspace
size of 32.16mm ⇥ 32.16mm within which the tactor could
be moved.

For a second version of our display we printed a flexi- A flexible frame
allowed to align the
device to the body’s
curvature. We still
decided to use the
wooden frame for the
evaluation in order to
validate our control
model.

ble frame using a Prusa i3 Mk2 3D printer and FilaFlex
filament. To fix the skin-drag display properly on the
user’s skin we chose skin-friendly kinesio tape which was
mounted to the frame with the help of double-sided tape.
Holes for an exact alignment at the anchor points as well as
a precise square for the workspace area were cut into the
tape. This way, it furthermore provided a thermal isolation
layer for the slight heat which was given off by the SMAs
during actuation. Figure 4.8 shows the display fixed at the
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forearm. The flexible frame allowed to align the device to
the body’s curvature, while still providing a solid structure
– due to its round form factor – to pull the tactor towards
it. However, as the control model was developed based on
the wooden frame, we did not use the flexible frame for the
evaluation in order to be able to draw reliable conclusions
on our control model.

4.3.2 Control System

Figure 4.9: Breadboard with four gate drivers (MOSFET-
drivers) and an Arduino UNO R3 as logic controller to con-
trol four SMA spring actuators. As the SMAs are connected
to a common node, only five wires are required.

As we omitted a feedback-loop, we could break down ourAn Arduino UNO
drives the SMAs
according to the
control model. A

PWM signal is used
to control four

MOSFETs and feed
the individual

actuators with higher
currents.

control circuit to a simple one (similar as described in sub-
section 3.3.3) which enabled us to drive four independent
spring actuators at different power levels. An Arduino
UNO R3 served as machine controller which could be con-
nected to a computer via its serial port and interpret com-
mands. To drive the SMAs at higher loads than supported
by the logic unit, we used four IRF540 MOSFETs as power
amplifier with a preconnected 2N2222A transistor as level
shifter each. For safety reasons an additional 10k Ohm pull-
up resistor was connected to the gate of the 2N2222A’s to
ensure that the SMAs would not be powered by default if
the control unit is turned off. A detailed schematic can be
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found in Appendix B. To power the SMA actuators we con-
nected a steady 9V DC power supply to the circuit.

DUTY CYCLE AND POWER VALUE:
Our setup allows us to control the actuation power for
each actuator using pulse-width modulation, i.e. altering
the fraction of time, power is supplied within a defined
interval at a given frequency. This fraction is called duty
cycle which is mapped to an unsigned 8bit value (0�255)
by the microcontroller. Depending on the context we
may refer to the duty cycle in percentage or the mapped
integer value (e.g. for our developed model). Otherwise
we may report the resulting current value.

Definition:
Duty Cycle and

Power Value

The measured resistance of the SMA springs was 7.25⌦. We We defined two
maximum power
values for the
different model
phases in order to
ensure a safe
operation of the
actuators.

experimentally determined the control values by steadily
increasing the power until we could (1) yield, and hold
a force equilibrium for 10sec with a safe constant power
for all SMAs, (2) obtain a fast and strong contraction (40g
pulling force) with a safe power value for a single actua-
tor. Based on our estimations, we defined the PWM control
value to a safe maximum of Pmax = 55 (21.57% duty cycle,
237mA) for our equilibrium model and an absolute maximum
of P

⇤
max = 90 (35.29% duty cycle, 390mA) for our boosted

movements model.

4.3.3 Machine Controller Interface

Similar to conventional machine controllers the Arduino
UNO (ATmega328PU) of our control circuit (subsec-
tion 4.3.2) could be connected to a computer via USB and
interpret commands being received at the serial interface.
The gestures were then performed according to our devel-
oped hybrid model (see subsection 4.2.3).

Gesture Definition

So far, our actuation system did not provide dynamic con-
trol about the tactor beyond motion. A gesture was there- Gestures consist of

straight movements.
For each movement
a movement time

can be specified.
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fore performed by dragging the tactor along a predefined
path consisting of straight movements as illustrated in
Figure 4.10. Through the derived time-distance-power re-
lation we could furthermore incorporate a rough control
about the movement time as well as the average movement
speed.

A gesture could therefore be specified by a set of n succes-As the gestures
consist of continuous
movements, only the

target points and
corresponding

movement times
need to be specified.

sively acquired target points pi 2 {(x, y)|x, y 2 [0, 32.16]}
within our workspace, 0  i  n. The movement mj was
indirectly defined by its starting point pj�1 and a target
point pj with 0 < j  n. The traveling time tj (in millisec-
onds) moreover depicted the time required to drag the tac-
tor from the starting point pj�1 to the target point pj for the
jth movement.

As the skin-drag display would always perform an initial
calibration at the center point C0 = (16.08, 16.08), the start-
ing point for the first movement m1 was given by default
(p0 = C0) and each following point would describe a new
movement. Consequently, only the target point pj and an
optional traveling time tj had to be transmitted for the jth
movement. When not specifying a traveling time, a move-
ment was assumed to be performed at maximum speed.

mjpj-1

pj

p0
m1

p1

Figure 4.10: Movement Path

Command Interface

A gesture could then be transmitted to the back-end usingA gesture is
transmitted in form of

a batch job which is
buffered by the

controller and can be
processed, i.e

replayed, on
demand.

the commands listed in Table 4.1. The instructions were de-
fined in human-readable code as no real time communica-
tion was required and it allowed for an independent testing
by manually instructing the controller via a terminal. To
keep the coordinates independent from the system size we
furthermore decided to transmit normalized coordinates.
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The controller received instructions via the serial interface
in form of buffered commands. A machine controller in-
struction consists of a command character, optionally fol-
lowed by a numeric argument and a 0

new-line0 as end-
delimiter. Using the commands listed in Table 4.1 a gesture
could be incrementally defined by adding a movement or
cool down using (4�7) with the (optionally) previously de-
fined parameters through (1�3). Plotting a gesture could be
initiated using command 8. Command 9 resetted the sys-
tem and cleared the sequence buffer. Hence, a gesture was
treated in a similar manner to a job which is processed by
conventional computer numerical control (CNC) machines.

System State and Feedback

Each successfully interpreted command was confirmed by
a 0

ok
0. While plotting a gesture the back-end reported the

current system state in terms of which movement was go-
ing to be performed next as well as any power value change
of the driven SMA actuators. Additionally, the start and
finish of the complete process of plotting a gesture were re-
ported via the serial interface.

# Command Argument Description
1 X normalized coordinate sets the x-coordinate for a target point
2 Y normalized coordinate sets the y-coordinate for a target point
3 T time in milliseconds sets the traveling time for a movement
4 C - adds a movement with params (X,Y,T)
5 D - adds a movement with params (X,Y,max)
6 P - adds a 10 seconds cool down
7 p - adds a cool down with time T
8 S - starts plotting the sequence of movements
9 R - resets and clears the movement list

Table 4.1: Command Interface
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Chapter 5

Design Tool

Next to the back-end of our skin-drag display we devel-
oped a graphical user interface (GUI) which allows to pro-
gram our actuation system in an easy way. Our target user
group depicted researchers who seek to explore diverse on-
skin gestures for different contexts. We therefore intended
to provide a tool which resembles the device properties in
a realistic way and make physical boundaries of our skin-
drag display as well as constraints of the supported ges-
tures obvious to the user. The user should be able to ’play
around’ and easily figure out these limitations while being
capable to accurately control different parameters.

5.1 Design Tool Components

The graphical user interface can be split into four major
parts (see Figure 5.1). The movement area was supposed to
provide the user with an intuitive visual representation of
the two-dimensional workspace and already allow to de-
sign the movement path in a simple and coarse manner.
The movement list was intended to provide an overview
about the sequence of movements. Properties such as the
position and speed of a selected movement could be spec-
ified in a more accurate way in the movement settings part.
At the bottom an additional status bar reported about the
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Figure 5.1: Gesture Design Tool: The graphical user interface allows to design, save,
load and replay skin-drag gestures. It can be split in four major parts including the
movement area, movement list, movement settings and status bar.
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current system state of the back-end. However, feedback
from the back-end (section 4.3.3) such as the currently per-
formed movement were also indicated graphically in the
user interface.

5.1.1 Shadow Movements

Although the dragged tactor would cause a tactile sensa- As the tactor applies
continuous pressure,
the user is able to
mark unintended
movements as
’shadow movement’.

tion for any movement as it had continuous contact to the
skin, we believed that a future system would allow for turn-
ing the stimulus on and off. Hence, we introduced the con-
cept of shadow movements for our high level abstraction of
the programming interface. A user should be able to come
up with gestures which may yet not be supported, i.e. de-
sign a movement path which includes unwanted move-
ments. We call movements which are not intended to be
part of the gesture ’shadow movements’.

The user could therefore mark movements which are not So far, marking a
movement only
affects the gesture
representation in the
GUI.

intended to belong to the gesture as shadow movement.
Marking a movement, however, did not have any impact
to the actually performed gesture. Shadow movements were
only visually indicated in the movement area view as gray
lines. As the initial movement always starts at the cen-
ter and was considered to depict an unintended movement
in most cases, we decided to mark the first movement as
shadow movement by default (see Figure 5.1).

5.1.2 Cool Down

Initially we aimed to provide the user with control about Temporally reducing
the cool down may
be a desired feature,
though it affects the
SMAs behavior. We
decided to disable
the UI component for
now, to ensure a
robust operation.

the time for the cooling phase after a movement. Our as-
sumption was that if we could roughly model the hys-
teresis effect and heat transfer, we could try to estimate to
which degree the effective movement area for the subse-
quent movement would shrink and allow the user to place
the next end-point within this area. As this unveiled to be
more complex and decreased the stability of our open-loop
control model, we decided to disable this feature for our
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user study and maintain a safe operation of the actuation
system. The cool down time was therefore fixed and set to
ten seconds.

5.2 Gesture Design

The design of a gesture could be performed offline, i.e.
without having the skin-drag display connected to the com-
puter. As described in section 4.3.3, a gesture was mainly
defined by its movement path depicting a set of subsequently
acquired target positions. For each movement the movement
time (or ’traveling time’) could be specified. We further-
more introduced the speed of a movement as an additional
parameter which may be of interest. The cool down time
was fixed. Optionally a movement could be marked as
shadow movement.

5.2.1 Defining the Movement Path

A user could design the movement path in a similar man-
ner to that of common vector graphic applications. As
discussed before, the starting point of the first movement
was always set to the center point because of the initial
calibration phase. Adding a node to the movement path
would therefore describe the target position for the subse-
quent movement.

Hence, a movement could simply be added to the sequenceThe movement path
can be defined by

adding, clicking and
dragging nodes

which describe the
target points of a

movement.

by left-clicking at a desired target location in the movement
area or pressing the plus-button below the table-view. For
the latter, the target position would depict the center point
by default. In a similar fashion a selected movement could
be deleted, by either right-clicking or pressing the minus-
button. A movement could be selected by clicking on the
according row in the table-view or at the node in the move-
ment area. The current selection was indicated by the high-
lighted row in the table view and graphically represented
as a red line in the movement area. A node could be dragged
across the workspace to change its position and alter the
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movement path on the fly. For more precise input a grid
could be toggled which served as visual reference or the
normalized coordinate could be entered directly using the
input fields in the movement settings section.

5.2.2 Time and Speed Control

By default a new movement was performed at maximum Next to the position,
the movement time

and speed for each
movement can be
set. The
dependencies
between the
parameters are
made obvious.

speed, i.e. with the lowest movement time. Next to the
the movement time, the speed parameter should provide
the designer with the ability to adjust or align the speed
levels of different movements. The speed parameter only
depicted a rough estimate for the distance (mm) per time
(sec). We indicated the boundaries below the sliders to
make the user aware of the possible range for a given move-
ment. We defined a maximum movement time of ten sec-
onds as well as a minimum time of two seconds due to the
equilibrium phase. The speed was simply calculated by tak-
ing the movement distance and dividing it by the move-
ment time (excluding the two seconds for the equilibrium
phase. Increasing the movement time would decrease the
movement speed and vice versa. To make the relationship
easy for the user to discover, we indicated the dependency
of both parameters visually with a ’lock symbol’ which is a
common metaphor used for uniformly cropping and scal-
ing images. In addition, the slider controls and displayed
values updated immediately on any change of the parame-
ters - making the relation even more obvious during inter-
action.

5.3 Plotting a Gesture

To test and plot a gesture using the skin-drag display, it had
to be connected via USB. The interface automatically rec-
ognized if the skin-drag display was connected to a serial
port which was reported at the status bar along with en-
abling the ’start sequence’ button. On pressing the button,
the sequence data would be transmitted to the controller as
described in section 4.3.3 and the machine controller would
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be triggered to start plotting the sequence using the corre-
sponding ’start sequence’ instruction. While the user inter-
face did not simulate and visualize the continuous move-
ment of the tactor the user could monitor the progress
based on the table view and movement area, which high-
lighted the currently performed movement based on the re-
ceived status information at the serial port. In addition, the
current progress as start, finish and the current movement
number was reported in the status bar.



61

Chapter 6

Evaluation

The proposed system was evaluated in two ways: First, the
skin-drag display was evaluated regarding positional accu-
racy and its gesture plotting performance in a technical way
(section 6.1). Secondly, a small user study was conducted in
order to validate the on-skin perception of our device in a
preliminary way (section 6.2) and test our design tool with
respect to its usability (section 6.3).

6.1 Technical Evaluation

With our technical evaluation we aimed to answer four ma-
jor questions regarding our proposed apparatus:

Q1: How accurately can targets be acquired within the de-
fined workspace?

Q2: Can single target acquisition as well as sequences of
movements be reproduced consistently?

Q3: Does our open-loop system decrease in accuracy over
time for sequences of movements?

Q4: How well do the plotted shapes match the intended
design?
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We sought for answering these questions within two sep-
arate tasks. With our target acquisition task we wanted
to address (Q1) and (Q2) by repeatedly acquiring different
targets from the the center. With the sequence of move-
ments task we aimed to answer (Q2-Q4) by plotting differ-
ent shapes consisting of straight lines.

6.1.1 Apparatus and Setup

Figure 6.1: Top view of the prototype used for tracking the
operation point. The snapshot shows the system during the
calibration phase at the center. The printout placed below the
actuator shows the target points within the workspace area.

The tests were performed in a controlled environment withThe operation point

was visually tracked
from the top using a

camera.

minimized airflow at a constant room temperature of 26�C.
An iPhone 7 was used in order to take video recordings
(1080⇥ 1920 pixels, 30 fps) of the skin-drag display during
the tasks. The smartphone was mounted on a tripod with
the camera horizontally aligned to a parallel plane above
the actuator.

The skin-drag display was fixed on a table using tape. WeThe solid frame was
used in order to

validate the control
model under the

same conditions it
had been developed

on.

decided to use the same solid and wooden frame for the
evaluation which had been used in order to derive our con-
trol model. In order to track the operation point and take
accurate measurements afterwards, we attached a printout
to the bottom of the two-dimensional actuator displaying
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the estimated workspace including the target points on a
predefined grid. The screw tactor was replaced by a tiny
metal needle which could be tracked more accurately. A
snapshot of the camera view is shown in Figure 6.1.

6.1.2 Design and Procedure

Target Acquisition Task

Figure 6.2: Selected target points within the workspace
area: 6 points at the border B1-B6 in red; and 6 con-
tained points C1-C6 in blue (enumerated from left-right,
top-bottom).

We assigned a 6⇥6 grid to our workspace (32.16⇥32.16mm) Twelve individual
target points were
repeatedly acquired
to investigate on
accuracy and
consistency.

from which we chose 12 different target points as shown in
Figure 6.2. Intermediate steps as for C2 and B3 were con-
sidered, too. The target points were carefully selected in or-
der to represent unique features on the predefined grid, and
being equally distributed across the workspace at the same
time. We ensured that no point would be represented by
another point mirrored by any of the workspaces’ symme-
try axes. The targets were, furthermore, divided into two
groups. Six target points at the BORDER (B1-B6) and six
contained target points around the CENTER (C1-C6).

Each target target was acquired three times resulting in
12 ⇥ 3 = 36 trials in total. For each trial, the actuator
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Figure 6.3: Selected shapes with labeled target point numbers for the sequence
of movements task. The initial shadow movement from the center to target T1 is
omitted.

first calibrated at the center point C0, followed by a 10sec
cool down, before approaching the target point at maxi-
mum speed based on our developed control model (sub-
section 4.2.3). The end of the target acquisition was indi-
cated by a short LED flash. After another 10sec cool down
it was continued with the next trial. Targets were acquired
in randomized order.

Sequence of Movements Task

For the sequences of movements we chose five simpleFive different shapes
were repeatedly

plotted to investigate
on robustness over

time and shape
matching

performance.

shapes which were also supposed to be used in the percep-
tion study shown in Figure 6.3. A SQUARE, TRIANGLE, X-
SHAPE, Z-SHAPE and S-SHAPE. The Z-SHAPE was mirrored
and the S-SHAPE plotted from bottom to top as we obtained
the same initial shadow movement for each shape this way.
The shapes were plotted in the order as presented in Fig-
ure 6.3 (left to right). Similar to the target acquisitions, each
shape was plotted three times resulting in 3⇥5 = 15 trials in
total. Here, one trial denotes one sequence of movements.
Considering the different numbers of target points, the total
number of data points sums up to (5+4+4+4+6)⇥3 = 69.

Before conducting the tests, the SMA spring actuators were
actuated more than 100 times.
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6.1.3 Measurements

For each target acquisition the position of the effectively
reached point was measured based on pixel points. These
were put in relation to the workspace dimension to derive
distance values in millimeters. For the sequence of move-
ments task we used a motion tracking tool1 in order to trace
the performed movements of the individual shapes. To in-
vestigate on time dependent effects and systematic errors
we introduced three measurements: The targeting error, the
adjusted targeting error and the center error. The analysis of The relation of

diverse variables was
taken into account
within the analysis.
Two additional error
measurements were
introduced to allow
for investigating on
effects independent
from a systematic
error.

the data sets was performed using common correlation and
linear regression methods. Pearson and Spearman correla-
tion methods were used in a supportive manner to discover
potentially hidden effects by looking at the pairwise rela-
tion of diverse variables including target position, group, or-
der, repetition, direction (diagonal/horizontal/vertical fraction),
center distance, axis wise difference, targeting error, standard
deviation, the adjusted targeting error, average deviation and
the center error. The shape, target point number and move-
ment length were additionally taken into account for the se-
quence movements task. Statistical significance was mainly
used in a supportive manner and not considered in a strict
way.

TARGETING ERROR:
The targeting error depicts the distance between the de-
fined target point of a movement and the measured effec-
tively reached point in millimeters (mm).

Definition:
Targeting Error

CENTER ERROR:
The center error is defined as dct�dcm

dct
, whereby dct de-

picts the distance between the center point and the tar-
get point; and analog for the measured point for dcm. By
normalizing the value we aimed to get a robust measure-
ment which would allow us to detect accumulating ef-
fects such as hysteresis or fatigue of the SMAs over time.

Definition:
Center Error

1https://physlets.org/tracker/

https://physlets.org/tracker/
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Figure 6.4: The BORDER group shows a significantly higher mean targeting error
compared to the CENTER group (error bars show the standard error) (left); The
measured points indicate a systematic error, border points are barely reached from
the center (right).

ADJUSTED TARGETING ERROR:
The adjusted targeting error is defined by the distance of
a measured point to the centroid of all measured points
for the same target acquisition (in millimeters). It would
therefore take into account a potential systematic error.
The mean of the adjusted targeting error was furthermore
considered to depict a more robust value for the average
deviation of repeated target acquisitions.

Definition:
Adjusted Targeting

Error

6.1.4 Results and Discussion

Individual Target Acquisitions

On average, the targets were reached with a mean target-
ing error of M = 3.73mm (SD = 2.28). The targeting er-
ror for the BORDER group B1-B6 depicted M = 5.76mm

(SD = .75); CENTER points C1-C6 performed significantly
better with a mean targeting error of M = 1.70mm (SD =
.99) (Figure 6.4, left). The relatively low standard devi-
ation, suggested a good consistency for repeated acquisi-



6.1 Technical Evaluation 67

Distance vs. Error Deviation

Av
er

ag
e 

De
vi

at
io

n 
(m

m
)

0.00

0.10

0.20

0.30

0.40

Distance to Center (mm)
0 6 12 18 24

R² < 0.01

Center
Border

Distance vs. Error

Ta
rg

et
in

g 
Er

ro
r (

m
m

)

0.00

2.50

5.00

7.50

10.00

Distance to Center (mm)
0 6 12 18 24

R² = 0.91

Center
Border

Figure 6.5: The average targeting error for the individual targets increases with the
distance from the center (left). The low average deviations show to be uncorrelated
to the distance from the center (right).

tions which indicated a systematic error. Plotting and com-
paring the intended targets with the measured points (Fig-
ure 6.4, right) appeared to support this assumption. Targets
at the border unveiled to be barely reached at all, suggest-
ing that the EMA had decreased.

While we could not determine an increasing error over The accuracy
decreased with
increasing distance
from the center. The
targeting error

deviated little for
repeated target
acquisitions.

time, the targeting error as well as the center error showed
to increase with the distance to the center. The average
targeting error for the individual targets was found to be
strongly positively correlated with the targets’ distance to the
center, r(10) = .86, p < .001. In addition, the average cen-
ter error for the individual targets was found to be strongly
positively correlated with the targets’ distance to the center,
r(10) = .72, p < .01. By further investigating on the center
distance and targeting error, we could infer a non-linear rela-
tion described by a power-curve fitting to CENTER as well
as BORDER targets as shown in Figure 6.5 (left, R2 = .91).
As the average deviation of repeated target acquisitions does
not show to correlate with distance to the center (Figure 6.5,
right, R2

< .01), it supports the assumption of a systematic
error described by the power-curve. The low average devi-
ation furthermore indicates a strong consistency regarding
repeated target acquisitions.
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Figure 6.6: Comparison of the plotted shapes (black) and the intended shapes (color
coded). The top-row shows the mean of the reached target points connected by
straight lines (dashed); the bottom row shows the tracked points comprising all
repetitions of the corresponding shape.

Sequences of Target Acquisitions

The mean targeting error of all target acquisitions for the
sequences of target acquisitions depicted M = 2.08mm

(SD = .67). The mean targeting errors of the individual
shapes are listed in Table 6.1. Movement length and av-
erage targeting error showed a strong positive correlation,
r(21) = .64, p < .01. Also the targets’ x-coordinate was
found to positively correlate with the average targeting er-
ror of multiple target acquisitions, rs(21) = .42, p < .05. By
investigating on the individual actuators we found that the
right actuators’ pulling strength was weaker compared to
the others. The reduced pulling force furthermore could ex-
plain the non uniform scaling, in particular observable for
the target points at the right of the SQUARE and Z-SHAPE
(Figure 6.6). As diagonals mainly described longer move-
ments which were performed from left-to-right, this may
also explain the increased error for longer movements.

The average targeting error did not show to increase over se-The SMAs’ behavior
appeared to have

converged to an
equilibrium

introducing the
systematic error.

quences of movements. However, a positive correlation of
the overall acquisition number and the center error was found,
rs(21) = .49, p < .05. By investigating on four target points
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shape mean error (mm) SD (mm)
SQUARE 1.93 .62
X-SHAPE 2.31 .58
S-SHAPE 1.39 .59
TRIANGLE 2.20 .68
MIRRORED-Z 2.57 .33

Table 6.1: Shape Targeting Errors

(T1-T4 of the SQUARE, commonly shared by most shapes,
N = 48) we could observe a slight increase of the center
error by about 1mm. A second degree polynomial showed
to explain the relation best (R2 = .35). Its decreasing slope
indicated that the SMAs actuation performance converged
to an equilibrium and the EMA would not decrease much
further.

To obtain a direct comparison between the traced move- While subsequent
movements were
affected by a
deformation during
the cool down, the
targeting error did
not show to increase
over time.

ments and the intended shapes we plotted both in individ-
ual charts (Figure 6.6). The cooling phase showed to have a
strong adverse effect on the subsequent movements: The
tactor unveiled to drift towards the center on the flat sur-
face during the cool down, resulting in an offset for the
starting point of the followed movement. Figure 6.7 illus-
trates the effect of the cool down exemplary for the SQUARE
shape. Assuming the movement starts at the same end-
point as measured during our test, the same movement
paths would resemble the target shape significantly better.

6.1.5 Conclusion

ACCURACY (Q1): The estimated workspace showed to The EMA had
decreased and
introduced a large
error for border
points. Within a
smaller area, targets
could be acquired
accurately.

have shrank to about 22.16mm⇥ 22.16mm after more than
100 actuation cycles. Consequently, the control model, be-
ing tailored to the larger EMA, introduced a systematic er-
ror with respect to the targets distance to the center. The
sequence of movements task, indicates that targets can be
acquired sufficiently well within a smaller workspace area,
M = 2.08mm (SD = .67). The small deviations of repeated
target acquisitions suggest that the targeting error can be
significantly reduced by taking into account the systematic
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63%

cool down
equilibrium
rapid move

target shape

39%

Figure 6.7: The plotted SQUARE shape is affected by the
cooling deformation (left, blue); the same rapid movements
and effectively reached positions without the cooling de-
formation result in a better shape matching (right): The
fraction of the enclosed area of the plotted square increases
from 39% to 63%.

error for the control model.

CONSISTENCY FOR REPETITIONS (Q2): The skin-drag dis-The small deviations
of repeated

acquisitions suggest
that taking into

account the
systematic error

could lead to high
accuracy.

play showed to be able to acquire targets very consistently
for both of the tasks. Despite the tactor drifted towards
the center during the cooling phase, the equilibrium phase ap-
peared to correct the deviations and prevent an accumu-
lating targeting error for sequences of movements. As the
S-SHAPE reveals, the system even appeared to be able to
recover from larger targeting errors.

ROBUSTNESS OVER TIME (Q3): Although, the workspace
showed to have shrank after more than 100 actuation cy-
cles, the targeting error did not increase significantly over
time and the center error indicated that the implemented
SMA actuators performance converged towards an equi-
librium. The constant cool down time of 10sec, appeared
to afford a stable operation for sequences of movements.

SHAPE MATCHING (Q4): By looking at the reached tar-
get points (Figure 6.6, top) the proposed system unveiled
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to be capable of resembling the intended shapes in general.
However, the movements still show larger deviations from Even though the

cooling deformation
had a major impact
and decreased
shape matching, the
model showed to be
robust over time.

the intended ones (Figure 6.6, bottom). Without a quantita-
tive measurement, shape matching showed to be moderate-
low. The cooling phase clearly introduced a larger error for
subsequent movements and depicted the most critical fac-
tor with respect to the shape matching performance.

While a closed loop control system would certainly be able
to overcome most of the problems, our developed open-
loop control system already showed to perform good and
afford a high consistency regarding repeated target acqui-
sitions.

6.2 On-Skin Perception

Even though our two-dimensional actuator was not opti-
mized for wearability, we aimed to validate its perception
in a preliminary way to identify major design issues for po-
tential future improvements.

Within a shape recognition task we investigated on the
comfort and noticeability of our proposed system by vary-
ing the speed of five distinct skin-drag gestures, i.e. shapes.

Figure 6.8: Skin-drag display mounted on a users hand per-
forming a gesture.
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6.2.1 Setup

To ensure that the gestures would be performed in the sameThe solid frame was
fixed to the user’s

back of the hand with
the help of kinesio

tape.

way as tested before, we decided to keep the solid wooden
frame for our preliminary user study, too. The kinesio tape
allowed to fixate the display on the users skin and could
easily be exchanged after a user’s session.

Since Caswell et al. [2012] let suggest that the back of the
hand is similar sensible to skin-stretch and motion stimuli
as the forearm we chose to test our device at the back of the
users hand (Figure 6.8). The back of the hand provided us
with a larger fixation area and increased the stability of our
planar two-dimensional actuator. A cushion aimed to allow
for a relaxed finger position. An iPhone 7 was used to take
video recordings of the actuator and user’s hand during the
sessions similar to the technical setup (subsection 6.1.1).

6.2.2 Gesture Selection

We used the same shapes as for the sequence task of theThe same shapes as
for the technical
evaluation were

evaluated regarding
perceptibility.

technical evaluation (Figure 6.3): a SQUARE, TRIANGLE, Z-
SHAPE, X-SHAPE and S-SHAPE – five shapes in total. The
shapes were chosen to be simple, with a preferably similar
total movement time, path length and shape complexity.
Although the S-SHAPE constituted a special case, we de-
cided to keep it as reference for the evaluation. The shadow
movements were considered to be part of the gestures, ex-
cluding the initial movement from the center point. It was
paid attention to design the movement paths, such that the
shapes would share a common starting point at the bottom-
left corner.

6.2.3 Design and Procedure

At the beginning the participants were supposed to fill out
a demographics questionnaire regarding age, gender, their
experience in programming and haptics design. To derive
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a rough estimate for the participants hand size, the con-
tours were marked on a piece of paper. The number of hairs
within 1cm2 at the center of the back of the hand were count
to obtain a value for the individual hair density.

The participants were asked to sit in front of a table with the The users could only
feel the gestures at
the back of their
hand. A sleeping
mask prevented
them from visually
perceiving the
system state.

dominant hand resting comfortably on a small cushion – af-
fording a relaxed finger position. During the session partic-
ipants wore a sleeping mask to prevent them from visually
perceiving the actuators’ state. The subjects were asked to
keep their head straight facing in the direction of their hand
and arm, which were resting on the table. The actuator was
fixed on the back of the user’s hand with the y-axis aligned
to the straight hand orientation, facing away from the user.

The gesture recognition task consisted of five blocks. In Each user had to
recognize five
shapes at three
different speed
levels. In addition,
the participants were
interviewed
regarding
noticeability,
confidence and
comfort.

each block one of the gestures was plotted at three differ-
ent speed levels (fast, slow, varying). Consequently each
block consisted of three trials. For each trial the partici-
pants were asked to describe what they felt and whether
they recognized one of the gestures including the option
’None’. They were furthermore supposed to rate the notice-
ability and comfort of a gesture, as well as their confidence
of identifying the correct shape on a 5-point Likert scale (1
lowest - 5 highest). After the initial trial the subjects were
additionally asked whether the performed gesture was per-
ceived to be slower, faster or equal compared to the speed
of the preceding trial (Appendix D).

The gestures were visually presented to the participants
before a session including shadow movements. The sub-
jects were told that in each trial either one or none of the
presented shapes may occur and at different speed levels.
They were asked to think aloud and describe what they feel
during each trial. A beep indicated the start and end of of a
gesture for each trial.

After the session the participants were supposed to fill a
questionnaire regarding the overall perception of the de-
vice:

• How noticeable was the actuator on average? (1-5
Likert scale)
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• How comfortable was the actuator on average? (1-5
Likert scale)

• How distinguishable were the shapes between the
blocks? (1-5 Likert scale)

• Did you find some shapes be more distinguishable
than others? If so, please describe which and why.
(open)

• How well could you feel when a shape was slowed
down or sped up? (1-5 Likert scale)

• Did shape speed influence perception? If so, how?
(open)

• Did shape speed influence distinction? If so, how?
(open)

• Did shape speed influence comfort? If so, how?
(open)

The blocks were counterbalanced using a Latin Square and
the speed levels randomized within the individual block.

5 SHAPES {SQUARE, TRIANGLE, MIRRORED-Z, X-SHAPE, S-SHAPE}⇥
3 SPEEDS {FAST, SLOW, VARYING} ⇥ 5 REPITITIONS =
75samples

6.2.4 Participants

Overall, 5 participants (2 female, 3 male) were recruited
aged between 20 and 45; all right-handed. The average
hand size was M = 34.59cm2 (SD = 11.11). Female par-
ticipants showed to have a glabrous skin at the back of the
hand. The hair density for the male participants depicted
M = 9.33cm�1 on average (SD = 2.52). All users had ex-
perience with GUI design. Three stated that they were fa-
miliar with programming embedded systems. All but one
participant stated to have experience with haptic interfaces
(3 as developer).
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Figure 6.9: Shape confusion matrix (left); Subjective rating frequencies for all trials
on a 5-point Likert scale (right, 1 very low - 5 very high).

6.2.5 Results and Observations

Although our pilot test appeared to be promising, the ges-
ture perceptibility within our preliminary user study still
revealed to be low. We decided to drop P1 as she encoun-
tered multiple problems and stated to barely perceive the
tactor. It was noticed that the tactor sometimes hovered
above the skin. This appeared to be caused through the
hands slope at the right side. In accordance, the confidence
rating of P1 was very low and in 12 of 15 cases ’None’ was
selected as perceived shape. Only one shape was selected
correctly with low confidence. In each case the user an-
swered that the speed level was equal.

We will therefore briefly report the raw results omitting P1
and focus on the qualitative evaluation by looking at differ-
ent observations and statements from the individual partic-
ipants.

Overall Results

Without P1 19 of 60 shapes were identified correctly which
increased the gesture recognition rate slightly from 26.67%
(including P1) to 31.67% (excluding P1). P2 and P4 identi-
fied a correct shape most often (7 and 6 times respectively);
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Figure 6.10: Noticeability and confidence ratings by shape on a 5-point Likert scale
(1 very low - 5 very high): Overall the Z-SHAPE showed to be most noticeable (left);
users appeared to be slightly more confident for correct answers – in particular
regarding the S-SHAPE (right).

P3 and P5 3 times. While dropping P1 increased the median
from 2 to Mdn = 3 (1 very unconfident - 5 very confident)
for the overall confidence rating, participants still revealed
to be very unconfident in many cases and answered that
they could not identify any shape in 12 of 60 cases (see Fig-
ure 6.9). Noticeability of the performed gestures was rated
to be moderate with Mdn = 3. Comfort was rated high
(Mdn = 4). The S-SHAPE (6 times) and Z-SHAPE (5 times)
were identified correctly most often. The X-SHAPE was per-
ceived least often (2 times).

Shape Related Results

While no significant difference between the means of
wrong and correctly answered shapes could be found, Fig-
ure 6.10 indicates that for most shapes users tended to be
more confident if the shape was perceived correctly. De-
spite the X-SHAPE was perceived least often, users showed
to most unconfident regarding the TRIANGLE, even if the
shape was identified correctly (Mdn = 2). In contrast, theUsers tended to be

unconfident in
general; the triangle
showed to be most

confusing.

subjects were clearly more confident when identifying the
S-SHAPE correctly (Mdn = 3, distinct quartiles). The quar-
tiles of the Z-SHAPE showed stronger varying confidence
for correct answers while still revealing the highest confi-
dence rating (Mdn = 4). The medians regarding the notice-
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Figure 6.11: Noticeability and confidence ratings regarding different speeds on a
5-point Likert scale (1 very low - 5 very high).

ablitiy show to follow the ranking of the medians of the
user’s confidence for correct answers, but the TRIANGLE
(Figure 6.10). Z- and X-SHAPE showed to be most notice-
able with Mdn = 4 and Mdn = 3.5 respectively. The com-
fort of the different shapes was rated similar high Mdn = 4.
Only the Z-SHAPE revealed a slightly higher median value
of Mdn = 4.5 compared to the other shapes.

Speed Related Results

The comfort regarding the different types of speed were Though users were
more confident
regarding fast
shapes, slow shapes
were identified twice
as often.

rated equally high with a median of Mdn = 4. While
the noticeability revealed to be rated equally across the dif-
ferent speed types with a moderate rating of Mdn = 3,
users showed to be more confident if the gestures were per-
foremd at fast speed Mdn = 3.5. Regarding slow gestures,
users rated the confidence to be lower with Mdn = 2.5 and
Mdn = 2 for gestures varying in speed. Slow gestures were
correctly identified 4 times, fast ones 9 times, and gestures
with varying speed 6 times.

6.2.6 Observations and Discussion

During the sessions, several issues became obvious. At
first, it should be noted that recognizing the correct di-
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rection already revealed to be hard for the participants.
Especially diagonal movements were rarely recognizedThe tactor was

noticeable but the
direction hard to

recognize.

and ’easily confused with simple horizontal or vertical’
(P3). P5 only perceived horizontal movements for the di-
agonals of the triangle shape. The diagonals of the triangle
unveiled to introduce most difficulty which is reflected by
the users confidence rating and comparable high number
of answers depicting ’None’ (5 times, see Figure 6.9).

The cool down time of 10sec between the movements,The cool down time
added to the mental

load. Users were
tempted to take on a

think-pose.

showed to increase complexity and add to the mental load
of the participants by interrupting the gestures for a com-
parable long fraction of time. Without any reference points
it unveiled to be hard to follow the relative movements be-
longing to the different shapes. Users were tempted to take
up a typical ’think-pose’ and appeared to reconstruct per-
formed movements mentally, trying to match them to one
of the proposed shapes. If a movement was perceived dif-
ferently as expected, their mental model seemed to break
down and sometimes introduced complete confusion; of-
ten followed by the sentence like ’that does not make sense
at all’ (P2) or ’no shape could match these movements any-
more’ (P4). Changing the body posture furthermore may
have lead to increased misconceptions regarding the direc-
tion. As the subjects were blinded their mental mapping of
the movements and the hands coordinate system may have
been prone to drift apart from reality over time.

While one person during a pilot test stated that she was notThe cooling
deformation

sometimes was
misleading with

respect to the
perceived direction.

able to perceive the actuators ’correction movement’ which
was performed during the equilibrium phase, it showed to
cause confusion during the preliminary study. Similar as
to our technical evaluation (Figure 6.6) the relative coarse
movements could sometimes barely reach the target point.
The comparable large correction movement, consequently
lead a stronger perceived sensation. This happened most
often for movements from the top-left to the top-right and
added to the confusion.

As suspected, two participants (P1 and P4) tried to count
the number of distinct movements in order to identify the
correct shapes. Both, especially tried to deduce the S-SHAPE
in this manner. However, only P4 one time could derive the
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S-SHAPE successfully by counting (’This time I felt many
lines.’). P4 furthermore reported that she sometimes did
not choose the same shape as answer again, as she thought
it would be unlikely to have the same shape multiple times
in a row.

Despite P5 claimed slow gestures to be more noticeable Some users showed
to be able to identify
a speed change.
Regarding the speed
level, the user’s
confidence and
number of correct
answers revealed a
discrepancy.

during the session, she also stated to have felt more confi-
dent regarding fast gestures after the session. Indeed, most
users showed to be more confident regarding fast gestures.
However, slow gestures were recognized correctly more
than twice as often compared to fast ones. By only looking
at the mean noticeability values of correctly identified ges-
tures, the fast gestures (M = 3.5) also showed to be rated
slightly more noticeable compared to slow ones (M = 2.89).
A possible explanation may be that fast gestures are poten-
tially better perceived and cause a stronger sensation, but
slow movements provided the users with more time to re-
construct shapes as described before or exclude others. Al-
though P5 did only select 3 of 15 shapes correctly, she ap-
peared to be good in identifying different speed levels com-
pared to other participants. While the users were not told
that the speed may vary within a single gesture, P5 even
stated that the speed varied in two cases ’Previous move-
ments were hard to feel because they seemed to be very
slow.’. Also ’last two were more noticable’ (P5) for the sped
up S-SHAPE indicate that faster movements may be more
noticeable.

6.2.7 Conclusion

The prototype clearly showed to still suffer from its low
wearability due to the rigid frame which did not align to
the curved body features. The tactor appeared to only ap-
ply slight pressure. Instead of dragging the skin, it showed The low pressure of

the tactor showed to
result in almost no
skin stretch stimuli –
making it hard to
perceive the
direction.

to primarily cause motion stimuli. We believe that this is-
sue was mostly introduced through the low wearability, as
well as the low friction caused by the tactor in general. As
skin stretch stimuli is most critical to directional discrim-
inability [Olausson et al. 2000], we presume that altering
the tactor and increasing wearability may therefore drasti-
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cally increase the noticeability, recognition rate and overall
robustness of the gesture perception.

Despite the low perceptibility of the skin-drag display, theThe speed level
appeared to

influence the
perceived

sensations.

speed level showed to affect the confidence and number of
correct answers. Although slow performed gestures were
selected correctly more often, fast movements may have
resulted in stronger perceived sensations and higher con-
fidence. While our preliminary study does not allow to
draw further conclusions, the discrepancy between the con-
fidence and number of correctly perceived shapes regard-
ing the different speed levels appears to be an interesting
point to further investigate on in future.

Diagonal lines appeared to increase complexity. How-
ever, shapes including diagonals were rated with a
slightly higher noticeability and confidence regarding cor-
rect shapes. As the diagonal lines of the MIRRORED-Z and
the X-SHAPE were slightly longer, users may have per-
ceived the stimuli more easily.

Finally, the cool down time clearly showed to depict a ma-
jor problem which increased the difficulty of detecting the
direction for sequences of movements. The combination of
high cool down time and low perceptibility appeared to in-
crease the overall cognitive load of the users in general.

6.3 Design Tool Usability

To gain a first impression about the usability of our design
tool we asked the participants from the prior perception
study to design several shapes and rate our developed tool
regarding different criteria.

6.3.1 Setup

During this study the skin-drag display was connected to a
computer via serial port and fixed on a table next to a moni-
tor (30-inch Apple Cinema HD Display, 2560⇥1600 pixels).
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The users sat in front of the table and could program and
test the skin-drag display using the developed design tool.
The skin-drag display was recorded on video similar to the
perception study. In addition, the screen was recorded dur-
ing the whole session along with the users voice.

6.3.2 Design and Procedure

At the beginning the tool was demoed for the participants Users were asked to
design and test four
shapes with different
tasks/requirements.

by showing them how to program and plot a gesture. They
were briefly introduced to the different components in the
UI.

The study was divided in four sessions. Within each ses-
sion the users were asked to design one of four shapes
(SQUARE, TRIANGLE, X-SHAPE and Z-SHAPE). For each ses-
sion they were furthermore given a certain design require-
ment as task (T1-T4).

T1: Program the gesture at highest speed.

T2: Equalize the movement speeds (excluding shadow
movements).

T3: Set the total time to X + 10 sec.

T4: Design one part of the gesture faster than the other
(excluding shadow movements).

A session started after the shape and the design require-
ment were shown to the participants. The session ended
when the participants had programmed the skin-drag dis-
play and were satisfied with its state. The sessions, i.e.,
shapes, were counterbalanced using a Latin Square. The
design requirements were applied to the session in the pre-
scribed order. The users the overall

usability, the clarity of
specific UI
components and the
shape matching.

The users were asked to talk aloud throughout the session
and informed that questions may only be answered after a
session. After each session the users were supposed to rate
the design tool and the shape matching with respect to the
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the session on a 5-point Likert scale (1 very hard/low - 5
very easy/high). The participants were furthermore asked
to state if they encountered a specific challenge, if certain
parts of a gesture were perceived to be performed espe-
cially bad by the device and if anything may be improved.
The users could only visually perceive the state of the skin-
drag display.

At the end the users had to fill a questionnaire regarding the
overall perceived usability and clarity of the individual UI
elements. The questionnaires can be found in Appendix E.

6.3.3 Results and Observations

The users rated the design tool to be easy to use (Mdn=4)Novice users showed
to quickly get along
with the design tool

and be able to
design gestures. The

overall usability was
rated to be very high.

and showed to be very satisfied regarding the tool (Mdn=5)
in general. The usability with respect to the individual
shapes and tasks turned out to be rated very high (Mdn=5).
Only one participant (P1) rated the design tool to be hard
to use when he had to design the triangle shape. This was
due to the fact that he had to design the first ’closed’ shape.
When designing closed shapes most users reported diffi-
culties, and asked for a feature to snap/connect the next
movement to one of the existing point. This feature had not
been implemented. When clicking on an existing point, the
movement to the endpoint was selected without creating a
new movement. Users had to add a new endpoint some-
where else (either by clicking the ’+’ icon or inside the view
space) and dragging it to the desired target point. Alter-
natively they could enter the position numerically. How-
ever, the numerical input field for the position was rarely
touched.

Shape Matching

When it comes to the matching of the designed gesture and
the performed result of the actuator, the system was rated
with a median value of 4 on a 5-point Likert scale (1 not
matching at all - 5 perfectly matching). The triangle was
rated to be less matching (Mdn=3) compared to the others
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Figure 6.12: Overall shape matching and usability ratings
on a 5-point Likert scale (1 very low - 5 very high).

(Mdn=4). The diagonals of which the triangle was com- Several users
reported to spot
curvy movements
caused by the
cooling deformation.
The overall shape
matching was still
rated to be high.

posed showed to be most critical for the actuator move-
ments when sped down.

Several subjects reported that some ’[...] lines were more
like curves.’ (P1,P4). Similar to what had already been
observed within the gesture recognition task, a correction
during the equilibrium phase resulted in a ’speed up’ at the
end of long and slow movements. This was also noticed by
the users ’There was a speed difference during slow move-
ments.’ (P1). Despite P4 was being aware of the shadow
movement concept, she tried to design shapes without any
shadow movements by only making use of one quarter of the
EMA in two cases (Z-SHAPE and SQUARE).

UI Components

The overall clarity of the individual UI components was
rated to be very clear (Mdn=5). Some participants sug-
gested adding the speed and shadow movement to the ta-
ble view. A more frequently asked feature was to allow
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to add movements not only at the end, but in-between theThe overall clarity
was rated to be very

high. Frequently
asked features

mainly comprised
ones known from

common vector
graphics and

spreadsheet tools.

individual movement paths, e.g. ’by clicking on existing
movement lines’ (P4). Several participants had also been
looking for a feature which allows to set the speed and
movement times for multiple movements at once. P3 asked
for an additional button, P4 recommended allowing multi-
selection in this case.

6.3.4 Conclusion

The usability study showed that novice users are able to
easily design gestures and the participants were already
highly satisfied with the developed tool. The most fre-
quently requested features appeared to come from prior
experience with vector graphics and spreadsheet applica-
tions. The most challenging part during the design of ges-
tures unveiled to be closing a shape, i.e. connecting the start
and end point. A snapping feature could simplify this task
in future.
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Chapter 7

Summary and future
work

7.1 Summary and contributions

This thesis aimed to investigate on the feasibility of a
programmable and unobtrusive wearable interface which
takes advantage of SMA actuators in order to replay two-
dimensional skin-drag gestures.

We therefore first looked into different design and imple-
mentation concepts of SMA actuators (chapter 3). We in-
vestigated on how one can gain control about the actuation
of a single SMA spring and discussed the advantages as
well as disadvantages of different actuator configurations.
Within a first test we saw that one can increase the contrac-
tion frequency of spring actuators by using a second SMA as
active bias force in place of a conventional mechanical spring.
In a second test we investigated on the feasibility of a feed-
back loop by sensing the resistance of an SMA spring actu-
ator. We concluded that measuring the resistance does not
provide a reliable reference value in our case. Next to sim-
ple implementation and control techniques for SMA spring
actuators, we described how more advanced topologies can
be realized and proposed a general method to control them.
We furthermore presented a generic controller board which
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puts our proposed method into practice. Although we en-
countered some bottlenecks, the controller board provided
the essential functionality and allowed us to demonstrate
how small a control unit could possibly get.

Based on the gathered experience described in chapter 3,
we presented a first proof-of-concept of a thin and soft skin-
drag display which uses a star topology of four antagonistic
SMA spring actuators in order to move a tactor across the
skin (chapter 4). We explained our design decisions and
showed how the different design parameters can be deter-
mined. In addition, we described how we developed our
control model and discussed the underlying assumptions
along with the resulting trade-offs. We built a control sys-
tem which drives the SMA actuators according to our con-
trol model without the need of an external feedback sys-
tem. Finally, we created a design tool which aims to allow
researchers to program our skin-drag display and explore
diverse gestures in an easy way (chapter 5).

We evaluated our proposed system in several ways regard-
ing the robustness of our control model, the accuracy and
consistency of our device, gesture perception and design
tool usability (chapter 6). Our technical evaluation revealed
that our high-level assumptions for the control model al-
ready allow for a robust control of the spring actuators.
Despite our device exhibited a systematic error which cor-
relates with the distance to the center, we found that our
system is able to perform skin-drag gestures very consis-
tently. In contrast to our pilot tests, our preliminary user
study showed that users still have problems to recognize
different gestures. We concluded that this was mainly due
to the the low wearability of our planar frame as we ob-
served that the tactor was applying low pressure. We be-
lieve that this lead to a low perceptibility of the direction of
a movement. In addition, the long cool down appeared to
have added to the mental load. The results of our usability
study let suggest that our design tool provides an intuitive
user interface which allows novice users to program our
skin-drag display in an easy way.
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7.2 Limitations and Future Work

7.2.1 Skin-drag Display

In future, we aim to conduct a user study which investi-
gates on the perceptibility when using our flexible frame.
We believe that the flexible frame would already increase
the perceptibility of the replayed skin-drag gestures signif-
icantly, as the tactor would apply more pressure and pro-
duce a stronger skin-stretch stimulus. Our preliminary has
shown that the users noticed that the tactor was moving but
had a hard time to tell the direction. Olausson et al. suggest
that skin-stretch is a critical factor in order to perceive the
direction of a moving stimulus. Thus, we furthermore aim
to test different types of tactors to increase the friction and
investigate on how different form factors and matters influ-
ence the skin-drag sensation.

100mm

62mm

Figure 7.1: By redirecting the contraction force of the
SMAs (blue) using pulleys (gray), the system’s diameter
can be decreased from 100mm (dashed line) to approxi-
mately 62mm (black line).

Another important step towards improving the wearabil-
ity depicts shrinking the overall size of our device. De-
spite the prototype already unveils to be relatively flat (3-
4mm thickness), the diameter of the circular frame (100mm)
still shows to be very large compared with the estimated
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workspace area of 32.16mm ⇥ 32.16mm. A smaller frame
would allow to test the device at more common body loca-
tions to provide haptic feedback, such as the forearm. Fig-
ure 7.1 illustrates how pulleys could help to shrink the sys-
tem diameter from 100mm to 62mm and thereby increases
the effectively used space.

We moreover assume that a future extension could replace
our shadow movement concept by implementing a control-
lable tactor which only applies pressure if wanted. To do so,
e.g. a mechanical spring and an additional SMA could be
used to pull down the tactor and produce the desired tac-
tile sensation at the right moment. To prevent potentially
bent SMA springs from causing unintended and imbal-
anced pressure, we propose that some sort of gliding plate
could be introduced which distributes the pressure as indi-
cated in Figure 7.2. A controllable tactor could this way still
produce pointed sensations on curved body surfaces while
the gliding plate causes a comparably weak sensation. By
doing so the the device could support a much larger variety
of possible gestures and therefore reach a higher degree of
expressiveness.

controllable
tactor

glider

Figure 7.2: A glider moves along with the tactor across
the skin resulting in distributed pressure introduced by the
bend springs. A controlled tactor only applies pointed tac-
tile sensations if wanted.
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7.2.2 Control Unit

Another critical factor to the perceptibility and expressive-
ness of our device revealed to be the comparable long cool-
ing phase of our control model. Within our perception study
we could observe, that the constant amount of time after
each movement added to the mental load of the partici-
pants. We also saw that during the cool down the cool-
ing deformation impacts the shape matching. While we be-
lieve that a higher friction and a stronger sensation would
already lower the impact of the cooling phase it is preferably
minimized in order to replay gestures more fluently and
faster.

To decrease the cool down time we suggest adding active
cooling by using Peltier elements or simply implement-
ing a liquid which increases the thermal conductivity and
thereby accelerates the heat transfer. The control system
could furthermore try to model the thermal effects or take
advantage of a feedback system. Being able to roughly
model the occurring effects could already allow to perform
more fluent gestures. The user interface may inform the
designer to which degree the speed or effective movement
area decreases when lowering the cooldown time.

Regardless of the cooling phase, our control model is still
limited to straight movements. Future work could extend
the proposed system by allowing to perform circular move-
ments. Finally the systematic error that has been identified
within our technical evaluation should be incorporated into
the control model in order to increase the overall accuracy
for targets closer to the border.
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Appendix A

Generic Spring
Controller Board
Schematic
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Appendix B

Skin-drag Display
Control Circuit
Schematic



94 B Skin-drag Display Control Circuit Schematic
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Figure B.1: Skin-drag Display Control Circuit Schematic
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Appendix C

Time-Distance-Power
Relation

Tp(d) = t(dg(p))h(p)

g(p) = 0.9988849 +
1.288355� 0.9988849

1 + ( p
12.14066)

4.240305

h(p) = 0.8391275 +
1.347852� 0.8391275

1 + ( p
25.38628)

1.347124

t(x) =

8
><

>:

s1(x) 0  x < 0.055

s2(x) 0.055  x < 21.11508198

s3(x) 21.11508198  x

s1(x) = 888.2373305127733x� 4847.53939592249x3

s2(x) = 24.582586475803367 + 430.77799730142283x

� 146.00670875668141x2 + 33.139768599012676x3

� 4.5191835604370194x4 + 0.36629490380189034x5

� 0.017246792614173400x6 + 0.00043539390155004394x7

� 0.0000045548864384476225x8

s3(x) = 88838823.979520223627� 8212.1883029048913x

+ 646.85479089192700x2 � 22.057526175511740x3

+ 0.27784732477792562x4
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Appendix D

Perception Study
Questionnaires

Actuator Perception

Block 1 - Trial 2

not noticeable at all

1 2 3 4 5

very easily noticeable

Please describe what you felt.

Your answer

How noticeable was the shape?

Figure D.1: Perception Study Questionnaire Trials (1)
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1 - square 2 - triangle

3 - mirrored Z-shape 4 - X-shape

5 - S-shape

6 - None of the listed

very uncon�dent

1 2 3 4 5

very con�dent

Please select which shape you think you have felt on the skin.

How con�dent are you that you identi�ed the correct shape?

Figure D.2: Perception Study Questionnaire Trials (2)
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slower

faster

equal

very uncomfortable

1 2 3 4 5

very comfortable

Never submit passwords through Google Forms.

This content is neither created nor endorsed by Google. Report Abuse - Terms of Service - Privacy Policy

How fast was the speed compared to the trial before?

How comfortable did the shape feel?

BACK NEXTFigure D.3: Perception Study Questionnaire Trials (3)
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Actuator Perception

Overall

not noticeable at all

1 2 3 4 5

very easily not

very uncomfortable

1 2 3 4 5

very comfortable

they all felt the same

1 2 3 4 5

very well distinguishable

very bad

1 2 3 4 5

very well

How noticeable was the actuator on average?

How comfortable was the actuator on average?

How distinguishable were the shapes between the blocks?

Did you �nd some shapes be more distinguishable than others?

If so, please describe which and why.

Your answer

How well could you feel when a shape was slowed down or sped

up?

Did shape speed in�uence perception? If so, how?

Your answer

Did shape speed in�uence distinction? If so, how?

Your answer

Did shape speed in�uence comfort? If so, how?

Your answer

Figure D.4: Perception Study Questionnaire Trials
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Appendix E

Usability Study
Questionnaires
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Tool Usability

Session 1

very hard to use

1 2 3 4 5

very easy to use

did not match at all

1 2 3 4 5

matched perfectly

Never submit passwords through Google Forms.

Describe how easy the tool felt to use for the given task.

What UI elements were challenging to understand?

Your answer

How far did the physical result match the programmed design?

If the result did not match your design, please explain what did

not match most.

Your answer

What do you think that might be improved if the programming of

the design tool is done again?

Your answer

BACK NEXTFigure E.1: Usability Study Questionnaire Trials
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Tool Usability

Overall

very hard to use

1 2 3 4 5

very easy to use

not satis�ed at all

1 2 3 4 5

very satis�ed

On average, how easy was the tool to use?

How would you rate the clarity of the individual UI elements?

very unclear unclear neutral clear very clear

movement area
view

view options

movement list

position input
�elds

cooldown time

movement time

speed

total time

movement area
view

view options

movement list

position input
�elds

cooldown time

movement time

speed

total time

Which main challenges did you face, if any?

Your answer

Please rate your overall satisfaction with the tool.

Do you have any other comments or recommendations?

Your answer

Figure E.2: Usability Study Questionnaire Overall





105

Bibliography

Feier Cao, MHD Yamen Saraiji, and Kouta Minamizawa.
2018. Skin+. In ACM SIGGRAPH 2018 Posters on - SIG-
GRAPH ’18. ACM Press, New York, New York, USA, 1–2.
https://doi.org/10.1145/3230744.3230772

Nathaniel A. Caswell, Ryan T. Yardley, Markus N. Mon-
tandon, and William R. Provancher. 2012. Design of
a forearm-mounted directional skin stretch device. In
2012 IEEE Haptics Symposium (HAPTICS). IEEE, 365–
370. https://doi.org/10.1109/HAPTIC.2012.
6183816

J. Cederström and J. Van Humbeeck. 1995. Relationship Be-
tween Shape Memory Material Properties and Applica-
tions. Le Journal de Physique IV 05, C2 (2 1995), 2–335.
https://doi.org/10.1051/jp4:1995251

Hiroki Cho, Takaei Yamamato, Yuji Takeda, Akihiko
Suzuki, and Toshio Sakuma. 2010. Exploitation of shape
memory alloy actuator using resistance feedback control
and its development. Progress in Natural Science: Mate-
rials International 20, 1 (2010), 97–103. https://doi.
org/10.1016/S1002-0071(12)60013-6

Jean-Baptiste Chossat, Daniel K. Y. Chen, Yong-Lae Park,
and Peter B. Shull. 2019. Soft Wearable Skin-Stretch
Device for Haptic Feedback using Twisted and Coiled
Polymer Actuators. IEEE Transactions on Haptics PP,
c (2019), 1–1. https://doi.org/10.1109/TOH.
2019.2943154

Marcelo Coelho, Hiroshi Ishii, and Pattie Maes. 2008. Sur-
flex. In Proceeding of the twenty-sixth annual CHI conference
extended abstracts on Human factors in computing systems -

https://doi.org/10.1145/3230744.3230772
https://doi.org/10.1109/HAPTIC.2012.6183816
https://doi.org/10.1109/HAPTIC.2012.6183816
https://doi.org/10.1051/jp4:1995251
https://doi.org/10.1016/S1002-0071(12)60013-6
https://doi.org/10.1016/S1002-0071(12)60013-6
https://doi.org/10.1109/TOH.2019.2943154
https://doi.org/10.1109/TOH.2019.2943154


106 Bibliography

CHI ’08. ACM Press, New York, New York, USA, 3429.
https://doi.org/10.1145/1358628.1358869

Marcelo Coelho and Pattie Maes. 2008. Sprout I/O. In Pro-
ceedings of the 2nd international conference on Tangible and
embedded interaction - TEI ’08. ACM Press, New York,
New York, USA, 221. https://doi.org/10.1145/
1347390.1347440

Patrick Delmas, Jizhe Hao, and Lise Rodat-Despoix. 2011.
Molecular mechanisms of mechanotransduction in mam-
malian sensory neurons. Nature Reviews Neuroscience
12, 3 (3 2011), 139–153. https://doi.org/10.1038/
nrn2993

Julia C. Duvall, Nicholas Schleif, Lucy E. Dunne, and Brad
Holschuh. 2016. Active ”hugging” vest for deep touch
pressure therapy. UbiComp 2016 Adjunct - Proceedings
of the 2016 ACM International Joint Conference on Perva-
sive and Ubiquitous Computing (2016), 458–463. https:
//doi.org/10.1145/2968219.2971344

DYNALLOY Inc. 2019. FLEXINOL R� Actuator Spring
Technical and Design Data. (2019). https://www.
dynalloy.com/tech_data_springs.php

B. B. Edin. 1992. Quantitative analysis of static strain sensi-
tivity in human mechanoreceptors from hairy skin. Jour-
nal of Neurophysiology (1992). https://doi.org/10.
1152/jn.1992.67.5.1105

Stephen J. Furst, John H. Crews, and Stefan Seelecke. 2013.
Stress, strain, and resistance behavior of two oppos-
ing shape memory alloy actuator wires for resistance-
based self-sensing applications. Journal of Intelligent Ma-
terial Systems and Structures 24, 16 (11 2013), 1951–1968.
https://doi.org/10.1177/1045389X13486715

Frank A. Geldard. 1960. Some Neglected Possibilities
of Communication. Science 131, 3413 (5 1960), 1583–
1588. https://doi.org/10.1126/science.131.
3413.1583

Jun Gong, Da Yuan Huang, Teddy Seyed, Te Lin, Tao Hou,
Xin Liu, Molin Yang, Boyu Yang, Yuhan Zhang, and

https://doi.org/10.1145/1358628.1358869
https://doi.org/10.1145/1347390.1347440
https://doi.org/10.1145/1347390.1347440
https://doi.org/10.1038/nrn2993
https://doi.org/10.1038/nrn2993
https://doi.org/10.1145/2968219.2971344
https://doi.org/10.1145/2968219.2971344
https://www.dynalloy.com/tech_data_springs.php
https://www.dynalloy.com/tech_data_springs.php
https://doi.org/10.1152/jn.1992.67.5.1105
https://doi.org/10.1152/jn.1992.67.5.1105
https://doi.org/10.1177/1045389X13486715
https://doi.org/10.1126/science.131.3413.1583
https://doi.org/10.1126/science.131.3413.1583


Bibliography 107

Xing Dong Yang. 2018. Jetto: Using lateral force feed-
back for smartwatch interactions. In Conference on Hu-
man Factors in Computing Systems - Proceedings, Vol. 2018-
April. ACM Press, New York, New York, USA, 1–14.
https://doi.org/10.1145/3173574.3174000

J. A B Gray and P. B C Matthews. 1951. A comparison
of the adaptation of the Pacinian corpuscle with the ac-
commodation of its own axon. The Journal of Physiology
114, 4 (8 1951), 454–464. https://doi.org/10.1113/
jphysiol.1951.sp004636

Aakar Gupta, Antony Albert Raj Irudayaraj, and Ravin Bal-
akrishnan. 2017. HapticClench: Investigating squeeze
sensations using memory alloys. In UIST 2017 - Proceed-
ings of the 30th Annual ACM Symposium on User Inter-
face Software and Technology. ACM Press, New York, New
York, USA, 109–117. https://doi.org/10.1145/
3126594.3126598

Nur Al-huda Hamdan, Adrian Wagner, Simon Voelker,
Jürgen Steimle, and Jan Borchers. 2019. Springlets. In
Proceedings of the 2019 CHI Conference on Human Factors
in Computing Systems - CHI ’19. ACM Press, New York,
New York, USA, 1–14. https://doi.org/10.1145/
3290605.3300718

Teng Han, Fraser Anderson, Pourang Irani, and Tovi
Grossman. 2018. Hydroring: Supporting mixed real-
ity haptics using liquid flow. In UIST 2018 - Proceed-
ings of the 31st Annual ACM Symposium on User Inter-
face Software and Technology. ACM Press, New York, New
York, USA, 913–925. https://doi.org/10.1145/
3242587.3242667

Liang He, Cheng Xu, Ding Xu, and Ryan Brill. 2015.
Pneuhaptic: Delivering haptic cues with a pneumatic
armband. In ISWC 2015 - Proceedings of the 2015 ACM
International Symposium on Wearable Computers. 47–48.
https://doi.org/10.1145/2802083.2802091

Alexandra Ion, Edward Wang, and Patrick Baudisch. 2015.
Skin drag displays: Dragging a physical tactor across the
user’s skin produces a stronger tactile stimulus than vi-
brotactile. In Conference on Human Factors in Computing

https://doi.org/10.1145/3173574.3174000
https://doi.org/10.1113/jphysiol.1951.sp004636
https://doi.org/10.1113/jphysiol.1951.sp004636
https://doi.org/10.1145/3126594.3126598
https://doi.org/10.1145/3126594.3126598
https://doi.org/10.1145/3290605.3300718
https://doi.org/10.1145/3290605.3300718
https://doi.org/10.1145/3242587.3242667
https://doi.org/10.1145/3242587.3242667
https://doi.org/10.1145/2802083.2802091


108 Bibliography

Systems - Proceedings, Vol. 2015-April. ACM Press, New
York, New York, USA, 2501–2504. https://doi.org/
10.1145/2702123.2702459

Seungwoo Je, Brendan Rooney, Liwei Chan, and Andrea
Bianchi. 2017. tactoRing: A skin-drag discrete display.
In Conference on Human Factors in Computing Systems -
Proceedings, Vol. 2017-May. ACM Press, New York, New
York, USA, 3106–3114. https://doi.org/10.1145/
3025453.3025703

Yeon Sub Jin, Han Yong Chun, Eun Tai Kim, and Sungchul
Kang. 2014. VT-ware: A wearable tactile device for upper
extremity motion guidance. In IEEE RO-MAN 2014 - 23rd
IEEE International Symposium on Robot and Human Inter-
active Communication: Human-Robot Co-Existence: Adap-
tive Interfaces and Systems for Daily Life, Therapy, Assistance
and Socially Engaging Interactions. IEEE, 335–340. https:
//doi.org/10.1109/ROMAN.2014.6926275

D. Josephine Selvarani Ruth, S. Sunjai Nakshatharan, and
D. Dhanalakshmi. 2014. Differential resistance feedback
control of a self-sensing shape memory alloy actuated
system. ISA Transactions 53, 2 (2014), 289–297. https:
//doi.org/10.1016/j.isatra.2013.11.002

Seung Chan Kim, Chong Hui Kim, Gi Hun Yang, Tae Heon
Yang, Byung Kil Han, Sung Chul Kang, and Dong Soo
Kwon. 2009. Small and Lightweight Tactile Dis-
play(SaLT) and Its Application. In Proceedings - 3rd Joint
EuroHaptics Conference and Symposium on Haptic Interfaces
for Virtual Environment and Teleoperator Systems, World
Haptics 2009. IEEE, 69–74. https://doi.org/10.
1109/WHC.2009.4810820

Espen Knoop and Jonathan Rossiter. 2015. The Tickler. In
Proceedings of the 33rd Annual ACM Conference Extended
Abstracts on Human Factors in Computing Systems - CHI
EA ’15, Vol. 18. ACM Press, New York, New York, USA,
1133–1138. https://doi.org/10.1145/2702613.
2732749

Efthymios Kolyvas and Anthony Tzes. 2018. Model based
design of antagonistic shape memory alloy spring de-
vices. Journal of Intelligent Material Systems and Struc-

https://doi.org/10.1145/2702123.2702459
https://doi.org/10.1145/2702123.2702459
https://doi.org/10.1145/3025453.3025703
https://doi.org/10.1145/3025453.3025703
https://doi.org/10.1109/ROMAN.2014.6926275
https://doi.org/10.1109/ROMAN.2014.6926275
https://doi.org/10.1016/j.isatra.2013.11.002
https://doi.org/10.1016/j.isatra.2013.11.002
https://doi.org/10.1109/WHC.2009.4810820
https://doi.org/10.1109/WHC.2009.4810820
https://doi.org/10.1145/2702613.2732749
https://doi.org/10.1145/2702613.2732749


Bibliography 109

tures 29, 12 (7 2018), 2619–2640. https://doi.org/
10.1177/1045389X18770880

Ig Mo Koo, Kwangmok Jung, Ja Choon Koo, Jae Do Nam,
Young Kwan Lee, and Hyouk Ryeol Choi. 2008. De-
velopment of soft-actuator-based wearable tactile dis-
play. IEEE Transactions on Robotics 24, 3 (6 2008), 549–558.
https://doi.org/10.1109/TRO.2008.921561

Seungyon Claire Lee and Thad Starner. 2009. Mobile ges-
ture interaction using wearable tactile displays. In Pro-
ceedings of the 27th international conference extended ab-
stracts on Human factors in computing systems - CHI EA ’09.
ACM Press, New York, New York, USA, 3437. https:
//doi.org/10.1145/1520340.1520499

N. Lewis, A. York, and S. Seelecke. 2013. Experimental char-
acterization of self-sensing SMA actuators under con-
trolled convective cooling. Smart Materials and Structures
22, 9 (9 2013), 094012. https://doi.org/10.1088/
0964-1726/22/9/094012

Jason Lin, Jasmine Zhou, and Helen Koo. 2015. Enfold.
In Proceedings of the 2015 ACM International Joint Confer-
ence on Pervasive and Ubiquitous Computing and Proceed-
ings of the 2015 ACM International Symposium on Wearable
Computers - UbiComp ’15. ACM Press, New York, New
York, USA, 563–566. https://doi.org/10.1145/
2800835.2801671

Pedro Lopes, Alexandra Ion, and Patrick Baudisch. 2015a.
Impacto. In Proceedings of the 28th Annual ACM Sympo-
sium on User Interface Software & Technology - UIST ’15.
ACM Press, New York, New York, USA, 11–19. https:
//doi.org/10.1145/2807442.2807443

Pedro Lopes, Alexandra Ion, and Patrick Baudisch. 2015b.
Impacto: Simulating p hysical i mpact by combining tac-
tile stimulation with electrical mu scle stimulation. UIST
2015 - Proceedings of the 28th Annual ACM Symposium
on User Interface Software and Technology (2015), 11–19.
https://doi.org/10.1145/2807442.2807443

Granit Luzhnica and Eduardo Veas. 2019. Optimising En-
coding for Vibrotactile Skin Reading. In Proceedings of
the 2019 CHI Conference on Human Factors in Computing

https://doi.org/10.1177/1045389X18770880
https://doi.org/10.1177/1045389X18770880
https://doi.org/10.1109/TRO.2008.921561
https://doi.org/10.1145/1520340.1520499
https://doi.org/10.1145/1520340.1520499
https://doi.org/10.1088/0964-1726/22/9/094012
https://doi.org/10.1088/0964-1726/22/9/094012
https://doi.org/10.1145/2800835.2801671
https://doi.org/10.1145/2800835.2801671
https://doi.org/10.1145/2807442.2807443
https://doi.org/10.1145/2807442.2807443
https://doi.org/10.1145/2807442.2807443


110 Bibliography

Systems - CHI ’19. ACM Press, New York, New York,
USA, 1–14. https://doi.org/10.1145/3290605.
3300465

N. Ma, G. Song, and H. J. Lee. 2004. Position control of
shape memory alloy actuators with internal electrical re-
sistance feedback using neural networks. Smart Materi-
als and Structures 13, 4 (2004), 777–783. https://doi.
org/10.1088/0964-1726/13/4/015

Jess Mcintosh, Paul Strohmeier, Jarrod Knibbe, Sebastian
Boring, and Kasper Hornbæk. 2019. Magnetips: Com-
bining fingertip tracking and haptic feedback for around-
device interaction. In Conference on Human Factors in
Computing Systems - Proceedings. ACM Press, New York,
New York, USA, 1–12. https://doi.org/10.1145/
3290605.3300638

Jaronie Mohd Jani, Martin Leary, Aleksandar Subic, and
Mark A. Gibson. 2014. A review of shape memory al-
loy research, applications and opportunities. (4 2014),
1078–1113 pages. https://doi.org/10.1016/j.
matdes.2013.11.084

Paul Motzki. 2018. Advanced Design and Control Concepts
for Actuators Based on Shape Memory Alloy Wires. Ph.D.
Dissertation. Saarland University. https://doi.org/
10.22028/D291-27354

Akira Nakayasu. 2016. Luminescent tentacles. In SIG-
GRAPH ASIA 2016 Art Gallery on - SA ’16. ACM Press,
New York, New York, USA, 1–1. https://doi.org/
10.1145/3004257.3004486

Takuya Nojima, Yoshiharu Ooide, and Hiroki Kawaguchi.
2013. Hairlytop interface: An interactive surface display
comprised of hair-like soft actuators. In 2013 World Hap-
tics Conference (WHC). IEEE, 431–435. https://doi.
org/10.1109/WHC.2013.6548447
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CNC computer numerical control

DEA dielectric elastomer actuator

EMA effective movement area

FSMA ferromagnetic shape-memory alloy

FEA fluidic elastomer actuator

GUI graphical user interface

HCI human-computer interaction

MDF medium-density fibreboard

NiTi nickel-titanium

PWM pulse-width modulation

SMA shape-memory alloy

SME shape-memory effect

TCP twisted and coiled polymer

TULA tiny ultrasonic linear actuator

VR Virtual Reality
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