4.2. The Science of Touch in Electronics
Haptics, it used to be all about resonant frequency
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ABSTRACT

The sense of touch is a critical element into an immersive user experience. Haptics is, essentially, the science of touch.
According to IDTechEx, the haptics market will be worth nearly $5bn by 2025.

How can an electronic device enhance the user experience through interacting with the sense of touch?

Haptic technologies have been present in gaming and cell phone for a long time. More recent developments are enabling
far more sophisticated user experiences. KEMET Electro-Mechanical Polymer-based actuators are thin, light, flexible,
and provide a wide range of haptic feedback that are mild, pleasing and distinguishable from one another thereby
providing a wide range of localized feedback.

INTRODUCTION

The term “haptic” comes from a greek word haptikos, which means connect to sense of touch, and greek verb “haptesthai”
which means to contact or to touch. Specifically, it describes the possibility to sense and manipulate the surrounding
physical or virtual environment through touch [1]. The touching process can be performed by humans, machines, or a
combination of both and the final feedback given to the user can be enhanced including additional sensory modalities like
vision or hearing. The application of haptics technologies has encouraged various disciplines such as mechanics,
biomedical, psychology, neurology, engineering and computer science to deeply investigate the relation between human
touch and force feedback. [2]. Haptic technologies make use of actuators to apply forces to surfaces (skin in case of direct
human contact) to create a tactile feedback. The actuators are able to generate, starting from an electrical stimulus, a
mechanical motion. The first generation of haptic actuators made use of electromagnetic technology such as vibratory
motors which displayed only a limited number of feedback sensations. Starting from these technologies, research led to
various solution such as devices with touch coordinate specific responses or products with fully customizable actuation.
The last generation of actuators is incorporating the most advanced haptic technology concepts, enabling pressure
sensitivity and proportional response to the amount of force applied [3]. The efficiency, performance, and advancement
of haptic interfaces depend on the type of feedback, manoeuvrability, manipulability, stimulation amplitude and actuator
technology of the final product [4]. Factors such as feedback speed and force or interaction mode should also be
considered in the design phase for effective results [5]. Considering only the feedback type, various example such as
force, vibrotactile, and electrotactile feedback systems can be found, with a majority of the haptic devices based on force
and vibrotactile feedback [2,6]. With many kinds of information to be defined for each end-use application and the
necessity to respond quickly to market, the importance of haptic devices has skyrocketed [7]. Specifically, three different
areas of haptic technologies have been defined until now: human haptics, machine haptics, and computer haptics [8].
Human haptics are based on kinesthetic information and tactile information. Machine haptics is defined as the use of
machines to replace human touch autonomously or through haptic interfaces. Computer haptics has become prominent
over the years and it is related to creating and rendering a tactile feedback feel of virtual objects to the user with the help
of algorithms and software [3]. Even if produced by different technologies, the final haptic feedback perception of the
final user belongs to one of the most complex human sensory systems which comprises the skin, our largest sensory
organ, by involving signal exchange between the musculoskeletal system, the peripheral sensory nervous system of touch
and the brain [9-10]. It subdivides in two main categories encompassing the kinesthetic (movements, forces and their
sensory information) and tactile feedback. The tactile sensitivity to pressure, vibration and texture is the outcome of
sensory neural endings and specialized receptors that are responsible for capturing mainly mechanical and thermal signals,
thus providing enormous amount of information regarding our interaction with the environment as well as the state of
human body. The most sensitive areas of human skin are located at the pads of our fingertips, comprising thousands of
sensory nerves per centimeter square of skin [11]. Human skin is composed by three primary layers [12] (the epidermis,
the dermis and the subcutaneous) and it is divided into two main types (hairy and glabrous), each one presenting different
characteristics regarding biomechanics, anatomy and sensory resources. The most part of human body is covered by hairy
skin, while the glabrous skin, which has hairless and thicker characteristics, is present on the parts of the body such as
hands, fingers and the soles of the feet, that are mostly used to interact with our surroundings by means of touch [13] —
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reasonably being these the main areas of focus for the development of haptic interfaces. The successful re-creation of
tactile haptic feedback should exploit the presence of mechanoreceptors located in the skin by mimicking the external
stimulus within the appropriate spectrotemporal sensitivity and dynamic range characteristics referent to each type of the
receptors present in the skin area of interest. In this manner, it would be possible to induce a natural response of the
mechanoreceptors that will transduce the deformation of the skin into neural information (electrical action potentials or
spikes) which are carried into the brain by the nerve fibers through the medial lemniscal pathway creating a conscious
tactile perception [14], [15]. As starting point, it is vital to understand the function and the response characteristics of
mechanoreceptors present in the glabrous skin. Four types of low-threshold mechanoreceptors are present in glabrous
skin, each one responding in a different manner regarding skin deformation. Merkel cells and Meissner corpuscles are
located under the epidermis, while Pacinian corpuscles and Ruffini endings are positioned in a deeper tissue. Merkel cells
have round shape and are the most numerous receptors, reaching densities over 500 cm™ in some areas of glabrous skin,
such as fingertips, with single cell dimension of approximately 10 um in diameter [16]. They are slowly adapting to
external stimuli with receptive field size of approximately 0.5 mm, displaying large interval of frequency response, from
low frequency skin vibration (few Hz) and up to frequencies over 100 Hz. These types of mechanoreceptor display good
response towards static skin deformation as well as to transient skin deformation [17], [18]. The second in highest density
mechanoreceptors are the oval shaped Meissner corpuscles, reaching approximatively 100 ¢m™ density in most
concentrated location with 50 x 150 um in size [16], [19]-[21]. In comparison with Merkel cells, these corpuscles are
rapidly adapting to external stimuli and are excited by transient or oscillating stimuli. Their receptive field is about 3 to 4
mm with frequency response from 10 Hz to over 300 Hz and peak sensitivity around 60 Hz [17], [18]. Pacinian corpuscles,
with maximum density of around 20 cm?, present themselves with an oval appearance with typical length ranging between
0.5 and 2 mm [20], [22]. They display a high sensitivity towards transient and oscillating external stimuli by means of
very large diffuse receptive field (over 20 mm). The high sensitivity (peaking around 250 Hz) can detect a transient skin
displacement on nanometer-scale, covering in this way a large frequency range from 20 Hz up to over 800 Hz [23], [24].
Ruffini endings which are characterized by a 1.4 mm long spindle-shaped structures, reach a maximum density of 10 cm
2 around the nail and are as well located in deeper layers of the skin [25], [26]. They display high sensitivity toward
detection of skin stretch, with lower response towards vibrations (in comparison with Pacinian corpuscles) over a large
range of frequencies from just a few Hertz up to 300 Hz [27]. Depending on type, location, amplitude and frequency of a
certain stimuli, it is possible to induce a response on more than one type of mechanoreceptors at the same time, creating
in this way a mix of complex signals which are decoded by the brain in order to construct a conscious perception of the
surrounding or interaction at play. The complex system of human haptics creates numerous technological challenges in
order to design and implement a haptic interface capable of successfully mimicking types of stimuli recognizable by the
various mechanoreceptors. Merkel cells and Ruffini endings mostly respond to a low range of frequencies around few
Hz, while the Meissner corpuscles have highest sensitivity to oscillation frequencies up to 100 Hz and the Pacinian
corpuscles cover frequency range from tens up to 1000 Hz. This is one of many parameters that a haptic actuator should
be capable to covering in its working regime, where the other important ones are regarding temporal resolution which
should be under 1 ms, maximum displacement range of 300 um, spatial resolution of 100 pm and others [28]. Given the
outstanding number of information that human body is able to analyse and respond to through tactile feedback, in the last
years the haptic industry has been focusing to address some of these challenges by fabricating different types of actuators
and devices in order to integrate haptic feedback and technologies the highest number of application possible. Some of
the most studied and under development application fields of haptic technologies are entertainment industry, tele-
manipulation, VR/AR gaming, industrial training, specialized medical devices, to wearable gloves, military training, and
surgical procedures [2]. Exploring virtual and augmented reality (VR/AR), these technologies offer interactive graphic
and acoustic experiences in a virtual world or a computer-enhanced real environment and in the last years the development
and market of these products has grown rapidly [29]. Considering the constant evolution of VR technologies, haptics is
starting to play a significant role in providing feedback to enhance user multisensory experience. In addition to
vibrotactile-based haptic actuators, new materials and technologies that can generate high-definition haptic feedback with
compact, lightweight, flexible design are gaining significant attention. Regarding medical simulation, haptic interfaces
have proved to be very useful in defining fast and accurate interaction with environment, crucial for minimal invasive
procedures. These include laparoscopy, interventional radiology and remote surgery. Especially in surgery, where touch
is used to differentiate healthy tissue from disease infected tissue the benefit of using haptics technique is the lower fatigue
and stress on the surgeons. Haptics are also used to provide a feedback from prosthetic limb to its wearer and help to the
visually impaired [30]. Another interesting application field for haptic technology are teleoperations. Teleoperation
describes the possibility to control machines from distance and in this technology the visual modality is the predominant
source of perception, but material as well as surface characteristics can also be a very useful information, therefore the
possibility to implement a haptic feedback was deeply investigated. Specifically, the implementation of haptics has led to
an increase in precision of teleoperation by force and surface information feedback [31]. Given the different roles of
haptic technology in each discipline and the variety of the application fields available, a deep investigation concerning
design, customization and fabrication of haptic devices is of the utmost importance. Currently, most haptic actuators are
based on common electro-mechanical actuators and in particular, for the latest VR/ AR products from the gloves or hand
controllers, haptic feedback mainly relies on this technology [32] since their stable performance over the years and
sufficient feedback intensity. However, as downside, electro-mechanical motors are too stiff, bulky, and heavy to be used



for wearable haptics or immersive VR/AR applications. Moreover, the high-power consumption which characterizes this
kind of device, due to the current-driven activation mechanisms, is becoming a significant burden for haptic applications
which require low dimension and small batteries. However, the most critical issue is that it is difficult to recreate natural
and complex tactile sensations. Actuators need to generate complex tactile response, such as fine textures, minuscule
shapes, to possess a large force/displacement, spatial resolution, fast response time, and deliver the haptic feedback in the
most natural and efficient way to the human skin. Given the difficult challenge for conventional motor-based actuators to
meet all specifications [33], so far, there have been tremendous efforts to achieve those requirements, especially by
utilizing emerging active materials. Specifically, many researchers focused on the investigation of suitable materials, in
order to improve the efficiency of energy exchange with skin, to be skin-conformable, flexibility and stretchability. Given
these fundamental specifications, a growing number of haptic devices are designed based soft materials which include
electrostatic, piezoelectric, electromagnetic, electrorheological, magnetorheological materials, each with distinct
advantages and disadvantages. Among all soft material, a strongly emerging class of products are flexible actuators. They
are often composed of polymers that respond to external stimulations with a size or shape change and are capable of
converting electrical energy to mechanical energy and thus imparting a force and/or motion [34]. Usually, flexible
actuators can be classified into two main categories, one is driven by other fields such as optical, thermal and chemical
stimulus, and the other is driven by electrical field, named electro-active polymer (EAP) actuator. EAP actuators can be
generally divided into two principal classes: dielectric and ionic. In ionic EAPs actuation is triggered by the displacement
of ions inside the polymer; it requires only a few volts for actuation, but the ionic flow implies a high electrical current.
Examples of ionic EAPs are polyelectrolyte gels, ionic polymer-metal composites (IPMCs), conductive polymers and
bucky gel actuator. Dielectric EAPs instead, are materials where the electric field-induced actuation response is initiated
by the electrostatic attraction between oppositely charged conductive layers applied to the opposing surfaces of the
polymer film [35]. The stress acts normal to the film surface and thus serves to compress the film along its thickness (z)
and stretch the film laterally (in x and y). This type of EAP typically requires a large actuation voltage to produce high
electric fields (hundreds to thousands of volts) [36]. Examples of dielectric EAPs are electrostrictive polymers and
piezoelectric elastomers, odd-numbered nylons (with an odd number of carbon atoms between amide groups) and
polyurethane. One of the most studied dielectric EAP materials are piezoelectric polymers. Some example of this product
are polyvinylidene fluoride (PVDF), poly(vinylidene fluorideco-trifluoroethylene) (PVDF-TrFE) (Fig.1) and polyvinyl
fluoride (PVF) and each material presents specific properties based on the chemical structure. For examples,
poly(vinylidene fluoride) (PVDF), polyamides, parylene-C are semicrystalline while polyimide, polyvinylidene chloride
(PVDC) are amorphous piezoelectric materials. The first type arranges positively and negatively charged ions in
crystalline form when an electric field is applied. The latter type contains molecular dipoles in its molecular structure, the
dipole of this polymer is aligned when electric field is applied above a glass transition temperature which results in higher
coupling factors and increased diclectric constants, with a controllable mechanical flexibility.

VF2 TrFE CTFE P(VDF-TrFE-CTFE)

Fig. 1: Polyvinylidene fluoride (PVDF) based EAP materials example

KEMET Film Flex Assembled Actuator

Inspired by the idea to make the world a better, safer and more connected place to live, inventors are the ones who push
the boundaries of innovation and create new devices towards these goals. KEMET’s latest piezoelectric polymer haptic
actuator is one such invention. This new class of haptic actuator uses Electro-Active Polymer (EAP) technology, which
is paper-thin at 150 pm thickness, featherweight and can easily mimic real-world stimuli for inducing haptic effect
sensations. The working principle of these devices relies on implementation of a unique electro-active polymer, which
when activated by means of electric field, realigns its molecules in a direction that elongates the film, creating in this way
a piezoelectric effect that can effortlessly convey specific material textures and familiar feelings, like the clicks and clacks
of buttons, and more. The technology and the applications for this kind of product, with a more nuanced, localized,
natural-feeling experience than previous haptic devices, are endless. Bonding or framing the actuator to a rigid substrate
transforms actuator elongation into an out-of-plane vibration, creating the haptic effect.

The wide bandwidth of the devices coupled with some physiology of touch and sensation allows for a very innovative
haptic response rather than the simple on/off, buzz, or no buzz notifications associated with ERMs.

KEMET haptic actuator is built through the same manufacturing process as the film capacitors and this allow to get the
best from the polymer film properties described above. The dimensions of the first launched KEMET haptic actuator are



L=10mm, W=11mm, T=110um. This is expected to be the first haptic actuator of a family whose dimensions can vary
depending on the market needs either in terms of performances and dimensions. The easiest way to take advantage of the
haptic effect, produced by the KEMET haptic actuator when the electric field is applied, is to constrain it within a flexible
surface: in this way, the alignment of the molecular dipoles within the film may be perceived as an out of plane
displacement, depending on the frequency and amplitude of the applied electrical field. A flexible printed circuit board
(flex PCB) has been used for that purpose, with a layout aimed at allowing wiring and fixing of the final Film Flex
Assembled Actuator underneath the target surfaces (Fig. 2).

Fig. 2: KEMET haptic actuator on a flexible PCB: FFAA

Integration of KEMET Film Flex Assembled Actuator in a finished product

KEMET actuators, unlike LRAs and ERMs, do not shake the entire device, can be embedded directly into a product's
surface and act as a haptic skin for devices. They are capable of providing localized and meaningful haptic feedback and
enhancing the user experience, increase immersion and satisfaction. Because the integrated haptic devices vibrate over a
wide range of frequencies, the user experience is enhanced. Rich, low frequencies provide pleasant sensations, and then
higher frequencies impart the detail and overtones, creating effects with unusually natural sensations [37].

Mechanical integration of KEMET Film Flex Assembled Actuator is possible within both rigid shapes and flexible
surfaces or volumes. The performances of the actuator are transferred to the user depending of its installation, positioning
and material interface (also referred as “cover” in the following), so it is important to develop the structure of the final
geometry around the FFAA depending of the needs of the users and application. Positioning the FFAA near the user
facing surface, on the flex PCB side the stronger haptic effect will be achieved. Also the cover plays an important role in
the modulation of perceived sensation. There are a variety of textiles and polymer blend sheets suitable and available in
the market to be used as cover to guarantee good performances, safety and reliability of the final assembled product.
Below are reported some of the most important characteristics (electrical insulation, resistance to bending, wear rate,
waterproofness, conformability) that has to be considered for a cover material:

- Electrical insulation: surface cover material and cabling must fulfil electrical insulation requirements for an
operating voltage > 250Vac.

- Resistance to bending: the stiffness and thickness of the material used influence the capability to bend of the
final product, the actuator’s energy transfer into a perceivable haptic sensation and the visibility of the FFAA on
the cover surface. If the sheet is too flexible, a stiffener layer could be added as support on the PCB side where
the actuator is assembled.

- Wear rate: scratch and wear resistance are important design factors for the user facing surfaces. Aesthetic
characteristics must have the same requirements of standard products.

- Waterproofness: the whole integration of the haptic module should be waterproof. The FFAA is an electric
device, so it has to be protected by water.

- Conformability: the user facing surface can also wrap around the whole integrated product part for seamless
construction.

Considering some possible application of KEMET FFAA in different devices and technologies, in the next parts of the
paper will be analysed the integration of the actuator with both hard and flexible shapes.

Hard shape integration
Hard shape integration is when the actuator has to be included within a rigid structure, various examples can be easily
found in several human machine interfaces (buttons, joysticks, touch pad...). To allow proper haptic effect, the integration
structure can be realized as the per next description. Considering the mechanical structure of the FFAA, with the active
part in the centre of the flex PCB, to keep the best performances and to allow the right positioning of the soldering areas,
the Film Flex Assembled Actuator should have a mechanical supporting structure working in the perimeter around the
active part of the actuator (free margin of the flex PCB of the FFAA). Any rigid plastic, constituting the mechanical



support of the FFAA, should be designed with the aim to avoid interference with the actuator, (active part of the FFAA)
to prevent damages or stresses. On the contrary, any soft material such as foam can be used as substrate for the active part
of the actuator to have light support, when working. When designing the FFAA mechanical support, the depth of the seat
where the FFAA is placed, can be considered within the tolerance range of the FFAA itself (Fig. 3 and Table 1).
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Fig. 3: FFAA layout and relevant dimensions to properly fix the FFAA into an opening within a rigid shape.

Table 1: Relevant dimensions of FFAA and rigid mechanical support seat

Dimensions (mm) Width Length Thickness Lateral edge PCB  Thickness

free margin PCB
Assembled actuator 14.1£0.1 18.5+0.1 0.6+0.1 0.55+0.1 0.05
Opening' frame 15.0+0.1 19.0£0.1 / / 0.5+0.1

A high depth in the seat of the actuator may lead to an undesirable bending of the PCB surface with a modification or
dampening of the haptic feedback. Another important aspect to be considered is the wiring. The overall design should
allow the wires to easily pass thorough without applying any mechanical stress to the flex PCB and the overall FFAA.
Finally, our suggestion from an aesthetical point of view, is that the external cover of mechanical support should be
designed with the aim to create the best compromise between thickness and hardness to guarantee that the outline of the
FFAA is not visible from the user side and that best haptic performances are preserved. Below will be discussed different
examples of integration developed to integrate the FFAA in rigid mechanical support.

Button shell
The first rigid support developed by KEMET was a round button, named Button shell. The construction and components
disposition are reported in Fig. 4 while materials and layers thickness are listed in the Table 2.

- Cover
& [ / : ) Double side adhesive

FFAA
Foam
— Shell

Fig. 4: Suggested mechanical integration layers and structure for the Button shell.



Table 2: List of used materials for Button shell

Item Supplier Material ID Substances Thickness
Cover Kuraray-Clarino Trivela 0.55mm UMT Nylon mlcr.oﬁber/PU 0.55mm
#Black coating
Adhesive 3M™ Adhesive Transfer . .
transfer tape 3IMTM Tape 467MP Acrylic Adhesive 60pum
Foam AR.E. srl HLC/18 PU Smm
Shell / EnXL ABS Sheet&Rod ABS /

Foam

As discussed previously, in order to provide a light support to the FFAA when working, the active part of the FFAA can
be supported by a thin foam layer placed below the actuator itself (Fig. 5). It can be integrated to the rigid part of the shell
in several ways: the seat of the shell is designed with a rigid bottom or an external rigid support is placed in the cavity.

Fig. 5: Example of the internal structure of the Button shell opening with foam integrated
Independently by the support chosen, one important consideration that needs to be done in the design phase of the seat is
that it needs to be big enough to allow the wires layout without constrains. In Table 3 are reported the main properties of

the foam used in Button shell.

Table 3: Characteristics of the foam used in the Button shell

Parameter Reference Unit  Value
Density UNIENISO 845 Kg/m3 18
Compression resistance UNI 6351 kPa 2.8

Soldering and wiring

Another important aspect of the rigid shell design is the shape of the seat frame. The frame can be composed of a single
tooth (Fig. 6a circled area) usable as a reference to facilitate the FFAA positioning near to the soldering area. A second
design approach of the frame shape can be to add recesses on the edges (Fig. 6b) in order to hide the conductive paste
drops at the four corners of the actuator assembly; this will be helpful with the target of obtaining a flat surface of the
FFAA with the surface covering layer. Until now KEMET experience in wiring and final assembling of the FFAA into
the fully integrated device, is fully manual. Therefore, it was observed that also the soldering of cables to the actuator
plays an important role regarding mechanical stresses and potential failures. Examples of wires and soldering paste used
in Button shape are reported in Table 4.

a) b)

Fig. 6: Solutions to place and mask soldering points: a) tooth; b) recesses



Table 4: wires and solder paste used for the wiring of the FFAA

Material ID Main parameters Details
PTFE coated wire 0,12 mm2 (26 AWG) 200°C, 300V
Silicone coated wire 0.15 mm2 (30 AWG) 200°C, 600V
SnAuCu (SAC) Manual Iron tip soldering Never touch the actuator

alloys or SnCu alloy T@350°C+10°Cmax, t<=1sec body with the soldering tip

During assembly and later during handling of the FFAA, wires work as leverages towards the actuator. It could happen
that during final assembly, just because of rough handling, the wiring can be partially disconnected from FFAA
jeopardizing the overall manufacturing process. Moreover, stronger mechanical stresses can potentially affect the solder
paste at the four corners of the actuator and therefore the film layers constituting the actuator. To avoid any mechanical
stress on the FFAA due to wires, cable soldering can be performed both following the same plane of the Flex Assembled
Actuator, or normal to it (Fig. 7). All the assembly and testing steps need to build the final integration shape shall be
treated carefully, guaranteeing anyhow the easiest path to the driver connectors.

Fig. 7: Wires position for an effective integration of the FFAA

Double sided adhesive tape

Either heat activated or pressure sensitive adhesives can be used to attach the assembled actuators to the user facing
surface. The choice depends on the shell material and on the user facing surface material. Heat activated adhesive should
be avoided on the area where the actuator is since the bonding temperature must not exceed 100°C. Mechanical adhesion
is easier compared to heat activated adhesion: it is suggested to avoid air bubbles within the adhesion area.

Surface cover

Cover should be chosen to avoid actuator performances reduction due to stiffness or thickness. Moreover, it has the

following functions to be taken in consideration:

- to finish the user facing surface after the actuator positioning in the designated area

- to keep the FFAA in the designated position providing the mechanical constraints without affecting the vibration
performances

- to guarantee electric shock and humidity protection.

Assembly procedure suggestions

The following suggestions for assembly are referred to the Button shell shape described above but are appropriate for the

application of any general surface cover positioned on a rigid structure with a seat.

- Concerning the double-sided adhesive, both paper layers protecting the adhesive should pre-cut for an easy removal
in the next steps. Moreover, to ease the surface cover positioning, the adhesive could be pre-assembled on the inner
side of the cover (a paper layer will remain on the cover side intended for the adhesion on shell side). The cover
should be placed with the exposed adhesive area on the edge of the shell. Then the paper layer should be removed
while making the adhesive layer adhere to the shell (flex PCB side of the assembled actuator). The double side
adhesive shall also be mechanically activated by gently pressing the cover to make it adhere, while also removing
small air bubbles.

- During the assembly process the rigid shell could be hold steady (for instance in a vice).

- FFAA should be kept in the correct position into the shell adding a layer of adhesive Kapton between FFAA and the
shell, paying attention to make it tight without air bubbles.

- Itis good practice, at the end of the assembly, to test the assembled actuator for actuator activation, Capacitance and
Insulation Resistance at HV.



Other integration ideas
Below are reported other three integration examples of KEMET FFAA in well know shape, specifically a joystick, a
curved button and a mouthpiece. The structure of the different devices is depicted in Fig. 8.

Cover ’ Cover
Adhesive 4
A dnesive Sover
FFAA g /
Zo
<. FFAA
Lever p
Shell FFAA
Foam
Two axis <<= Capacitive
module - Sensors Shell
Support for
cap sensors
a) b) 9

Fig. 8: Other examples of effective integrated objects with FFAA a) joystick, b) curved button, c) mouthpiece

Flexible shape integration

Since the main characteristics of the FFAA are its flexibility, conformability and localized haptic sensation, there might
be soft structures, where it can be effectively used. Gloves and shirts are potential applications as soft and flexible shapes.
Effective integration in soft shapes may be achieved following most of the suggestions and instructions given for the hard
shapes. The easiest and smaller shape possible, requires just to cover the FFAA with proper surface cover and adhesive
(both materials reported in this paper are suitable for the purpose) without any supporting mean and in this configuration,
no foam layer is required. Wiring should be secured within the two layers of covers and the double sided adhesive and
can be positioned directly on the soldering areas between FFAA and cables. It is possible also to create a large shape or
surface equipped with more than one FFAA, once the cable path and general architecture of the FFAA layout is defined,
the main topic to be addressed is the mechanical fixing of FFAA to the designated area(s) and how to hide the wires. For
both purposes, in KEMET integrated devices, the approach used to resolve the issue was to apply a small layer of foam
between the two cover layers. Materials and layers thickness, used for the construction of flexible pads, are listed in the
Table 5. Moreover, to hide and host the wires, tracks were carved on the foam with a laser engraver. The FFAA should
be positioned on the top side of the foam with the actuator facing the foam (flex PCB substrate of the actuator visible).
The wires should be placed on the rear side of the foam; therefore, the foam should be pre-cut to allow the wires to pass
through.

Table 5: Materials used for the Flexible shape integration

Item Supplier Material ID Substances = Thickness
Cover Aktivstoffe Kenbell. Softshell Polyester S55um
Light
Adhesive 3M™ Adhesive Acrylic
transfer tape SMTM Transfer Tape 467MP Adhesive 60um
Foam* A.RE. sl HLC/18 PU Smm
*See Table 3

In case a multipolar cable is needed to connect several actuators to the power supply, a mechanical constraint, such as
some Kapton strips, is needed to lock the cable to the foam and/or final cover. In Fig. 9 is reported the structure of a
flexible and soft pad able to integrate one to four (and potentially more) actuators.
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Fig. 9: Flexible shape integration: a) flexible touch pad with one or more FFAA integrated; b) layout of the flexible
shape integration

Effect design

Haptic effects on the market are subject to the related technology. Each technology has its own frequency and amplitude
range where the haptic effect can perform at its best. As indicated in the datasheet available in the KEMET Website, the
Film Flex Assembled Actuator module can be driven by voltage waveforms with the characteristics reported in the
following table.

Table 6: Characteristics of KEMET FFAA

Part Number Parameter Symbol Min Max Description
Stimulus signal VPP 2V Peak-to-peak Y(?ltag?, all
voltage peaks of positive sign
Frequency Hz Iil(; 500 Hz Voltage frequency
FFAA141921201L Stimulus signal N i 100 mA Peak inrush current, 1
current msec pulse width
Slew rate V/usec 0,5 V/usec Slew rate
Qut of plane pm 200 - Actuator displacement
displacement

Regardless the complex phenomenon which happens in the raw material when voltage is applied, the final effect of the
Voltage waveform application is the vibration of the actuators, the haptic effect. The final outcome to the user depends
not only on the waveforms but also on the individual perception. As previously reported, the most sensitive areas of
human skin are located at the pads of our fingertips with a high sensitivity towards transient and oscillating external
stimuli. The high sensitivity can detect a transient skin displacement on nanometer-scale, covering the frequency range
from 20 Hz up to over 800 Hz, with a peak corresponding to 250 Hz. KEMET developed some waveforms to drive its
FFAA and to show its capabilities through a Demo kit which provides an extensive multisensory user experience including
touch, sound and sight stimuli. Voltage peak to peak values (around 200V) and frequency ranges (less than 200Hz) of the
waveforms, which drive the KEMET FFAA, seem to be well aligned to the values identified in literature as suitable to be
recognised as the stimuli for the human fingertips. Regardless the individual perception and sensitivity, peaks of the
waveform are connected to the perception on the skin of the vibration, while frequency is associated to overall content to
be transmitted. Either waveforms with regular period or without a specific period have a meaning in the haptic simulation.
Clock, heartbeat, and other periodic waveforms have been implemented as driving haptic effects for the FFAA and can
be easily identified by the human fingertips. As well, some waveforms without a specific period, which has been
developed to reproduce a kind of electric discharges or water movements (random waveforms), are still well identified
by the human fingers; examples of both random and periodic waveforms are reported in Fig. 10. Some waveforms have
been obtained adapting their equivalent sound waveforms. Sound effect might be reproduced by the FFAA; it can be
reduced or avoided filtering frequencies above 200 Hz and tuning the overall waveform.

Regardless some hints on how to mimic the natural touch sensations through the waveforms building criteria, there will
be as many waveforms as the vary many surfaces. Therefore, for any application some time should be spent in defining
the best waveform (or set of waveforms) to get to the most natural fingertips response.
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Fig. 10: Random (A4) and periodic (B) waveforms

SUMMARY AND CONCLUSIONS

In the past century both analogic and digital electronics have made tremendous advancements realizing devices that could
reproduce the objects, people, scenes, and experiences, through video, sound, and even touch. Today, we are witnessing
how haptics as having a strong role in stimulating and developing research in bringing current technologies to a wider
commercial market in the very near future. Until now the training topics have been focused on advancements in materials
science and engineering, but a growing interest in methods for designing and fabricating these materials into functional
devices and systems is what will carry research in the years to come. Among the promising developments, Electro active
polymer actuators are emerging due to their intrinsic properties such as flexibility, stretchability, transparency, and self-
healing, paired with surprising haptic feedback capabilities. The flexibility and the versatility of EAP actuators, as
reported in this paper, can lead to their application in an almost infinite number of applications and technologies. Solutions
to integrate KEMET Film Flex Assembled Actuator in both flexible and rigid shapes, surfaces and volumes have been
presented and very interesting results that could lead to new devices development have been achieved. Even if the
complete integration of this technology may still present numerous challenges, the active research in application fields
such as mechanics, biomedical, VR/AR and computer science areas suggests that the currently large gap between actual
technology and final application continue to shrink. This may lead to future haptic technologies that will attain widespread

applications, with commensurately large implications for human society and economy.
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