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Abstract

Tactile sensing technology has been studied for a long time, and a significant number of
technologies have been proposed in the literature. This technology has also found growing
relevance in the robotics field, including robot manipulation and safe human—robot interac-
tions, where force/torque sensors are frequently used. Despite their accuracy, these kind of
sensors do not allow dealing with complex physical interactions as in the case of multiple
contacts (where only the resultant force would be detected, and therefore information on
internal forces and contact locations are lost) or when major internal forces arise. Conversely,
skin-like sensors used to measure and process distributed contacts, allow the reconstruction
of the pressure distribution applied to the entire contact area.

The goal of this thesis is to investigate the design of skin-like capacitive sensors for robot
bodies, based on inkjet printing technique. Tactile sensors are devices based on the trans-
duction of a component due to induce contact stresses, and they are often built as matrices
of sensitive interconnected elements called taxels. The challenges for the manufacturing of
tactile sensors are related to the maximization of their dynamic range and sensitivity, and
to the use of a fabrication method that allows to optimize the sensor placement especially
on curved surfaces, with the embedded electronics. To enhance the sensors dynamic range
and sensitivity, the approach of exploiting the sensors vertical direction has been adopted,
by creating stacks of capacitors. The validation of the proposed mathematical model is
conducted by means of finite element simulations and the effectiveness of stacked capacitors
in sub-optimal configurations has been experimentally tested by using inkjet printing as the
main fabrication technique. The use of printed electronics has been chosen since it simplifies
the fabrication process of tactile sensors with respect to conventional fabrication methods and
it contributes to overcome the difficulties arising in the development of tactile sensors for real
robot applications. From the system-level in the thesis we have design a front-end electronics
for data acquisition and early tactile data processing based on embedded microcontrollers
which can do both the acquisition and transmission part and programmed with an event-based
algorithm to test the reliability about the touch detection.

Results show that the stacked capacitors exhibit an enhanced dynamic range and sensitivity



with respect to common single capacitors, for a given sensors area budget, and this suggests
a method for designing tactile sensors with higher spatial resolution, higher transduction
sensitivity and dynamic range. Furthermore, it has been verified that the new architecture can
be connected and integrated with the manufactured sensors, detecting touches, and showing
the resulting output capacitances on the host PC with low noise. This is a low-cost solution
which allows to increase the number of sensors from which gather data and process them,
meaning that a large contact area of the robot can be covered by the sensors and its electronic
components. The result is the design of an embedded system that combines the manufactured

part with electronics, creating an optimal blueprint for a future real implementation.

Keywords: Capacitive tactile sensing, robotics, skin, stack, inkjet printing, sensitivity.
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Introduction

Tactile sensing began to develop in the 1970s— albeit at a slower pace, when compared
with the development of other sensing modalities. Early surveys on the state of tactile
sensing show a wide diversity in the types of sensing device that were developed in the 1980s
(87; 177). The application domain of robotics has been continuously developing and rapid
technological progress and rising expectations of machines have changed the face of robotics.
The concept of a robot as an industrial machine working in a human-less area though con-
trolled by humans is fading, and a new generation of robots such as humanoids, bio-robots,
social robots, assistive and medical robots, etc. are entering our lives. Humanoids robots
simulate human structure and behavior; bio-robots help provide insight into how biological
systems work; social robots enable human-robot interaction; exoskeletons and artificial limbs
assist humans; and medical robots help perform surgical procedures more accurately and
less invasive. All these new types of robots are expected to learn autonomously, interact
safely with the environment, with the humans, among themselves and also feature additional
characteristics, such as self-maintenance, and more.

Achieving this goal is not straightforward even the model of the environment would be
available and the robot actuators could perfectly execute motion commands relative to that
model. Unfortunately, in most cases, a complete model of the world is not available, and
robots must plan and successfully execute tasks while taking into account uncertainties in the
environment. For this reason, current robots and the next generation robots must be equipped
with advanced sensors, which enable the development of techniques in order to manage the
interaction with the environment and with humans.

In general, sensory information from multiple sensory modalities (e.g., touch, vision, hearing,
etc.) is needed to interact with and perceive the environment. The sensor information may
come from a single sensory modality or simultaneously from multiple sensory modalities
to obtain a robust perception (63). Touch is an essential modality that allows us to evaluate
contact parameters such as shape, surface texture, stiffness, and temperature, etc. It helps

develop body awareness, enables us to distinguish between "me" and "not me," and helps us
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roll an object between our fingers without dropping it. Tactile perception is also required
in human-robot interaction for safe interaction and robot training. Without adequate touch
feedback, performing normal tasks that require a high degree of dexterity is extremely dif-
ficult, if not impossible. Thus, it is clear that the sense of touch is critically important on
many different levels, from controlling the body to perceiving the environment to learning
and interacting with it.

Historically, sensor-based robotics emerged when traditional motion strategies proved in-
sufficient to reduce uncertainties in the relative positioning of objects. For example, when
a robot is asked to place a book on a table, one motion strategy was to move the book at a
reasonable height above the table and then simply drop it (52). Such strategies are simple
and fast, but the result is flawed due to inevitable control and model errors. The inadequacy
of such strategies for the ever-changing robotics paved the way for sensor-based strategies.
Sensors provide information about the state of the environment and the state of the robotic
system, which serves as the basis for control, decision making, and interaction with other
agents/objects in the environment. In this thesis we focus on particular sense modality which
is "touch", or more specifically "tactile sensing". The sense of touch is different from sensory
modalities such as vision and hearing because it is distributed over the body and involves
physical contact with objects. What a robot can or cannot do without a "sense of touch" can
be seen in many of the difficulties that humans might face in its absence. The interaction
behavior with objects in the real world can be better understood when robots physically inter-
act with them -just as humans do. The "sense of touch" helps to understand the interaction
behavior of real-world objects, which depends on the weight and stiffness of the object, how
their surfaces feel when touched, how they deform on contact, and how they move when
pushed, etc (52). In biomedical robotics, tactile and force feedback together can improve the
ability of robots to detect lumps (or hard tissue) during minimally invasive surgery (MIS).
Information obtained through the sense of touch is used for reflexes and automatic responses
(e.g., regulation of grasping force) without requiring cognitive effort. In daily life, we use
tactile sensors to feel objects, measure the comfort of shoes through touch receptors in the
foot, and more, where sensory modalities such as vision would be of little help (52). The
tasks mediated by the sense of touch can be divided into three categories: Manipulation
(perception for action), Exploration (action for perception), and Response or Haptics (210).
It should be noted that all of these tasks are dynamic in nature and require relative movement
of the sensors. Grasping is an essential capability for a general-purpose robot operating in
an industrial or domestic environment. It is a manipulation task where touch data is used

as a control parameter or for grip stability. Using tactile sensors to maximize the contact
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area for removing a book from a bookshelf is an example where tactile sensing is used
for control (173). Similarly, touch sensing can prevent slippage when holding an object,
contributing to stable grasping. Information of interest during gripping typically includes
contact point estimation, surface normal and curvature measurement, position, shape, weight,
slip detection, and/or material properties (66; 210). Often the environment is unstructured,
making it difficult to estimate the parameters of interest and thus challenging traditional
approaches to achieving a stable grip. For example, visual sensing has traditionally been used
to determine touch information such as the shape and position of an object. However, the
accuracy of vision is limited, and small errors in object position are common, even for known
objects, and even small errors can lead to errors in grasping. Uncertainties arising from the
softness or deformability of an object also lead to errors in grasping, since most analytical
methods used for grasping stability focus on rigid objects. Studies of the kinematics and
dynamics of dexterous manipulation with robotic hands also indicate that the equations of
motion of the combined hand-object system are very sensitive to the contact conditions or
events between the fingers and the object. That is, stable grasping requires detection of
changes in the state of the contacts (between the fingertips and the object and between the
grasped object and the external environment), and tactile feedback can be very useful for
this purpose. Equipping robotic hands with appropriate touch sensors (i.e., tactile and joint
force sensors) is therefore urgently needed to extend the possibilities offered by using only
other sensing modalities. The sense of touch plays an important role in exploring objects
and distinguishing them from each other. In robotics, this is done by touching the objects,
by multiple grasping, or by various manipulations using haptic inputs. For example, when
the robot moves its finger over a surface or object, it can extract data/features from multiple
points to obtain a tactile image that can be used to create or improve a model using learning
techniques. The contact information can be used to derive information about the properties
of the object, such as: is the object stiff or is it compliant? Is there a texture? What is the
coefficient of friction? etc. Tactile perception is also important for the safe interaction of
robots with humans, objects, and possibly in unstructured environments. In classical robot
interaction tasks, such as the peg-in-hole problem, certain robot parts (typically the tip of
the end effector) are involved during the interaction, and force/torque sensors have been
widely and successfully used for this purpose (52). However, a robot’s physical interaction
with the real world is not necessarily through touch with fingers or hands. Other body parts
such as the arms are often involved as well. For example, a robot lifts an elderly or disabled
person and transfers them from a wheelchair to bed. Advanced robotic systems such as

humanoids must be able to control more complex forms of interaction (e.g., grasping and
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manipulating with the whole hand or arm, controlling gait stability, etc.). These tasks require
monitoring the robot’s contacts with the environment, which may occur at unpredictable
positions and in unpredictable ways. Therefore, skin-like sensors, not only on the fingers and
hands, but on the entire body, are needed for such complex forms of interaction to enable the

implementation of safe interaction strategies.



Chapter 1
Tactile Sensing: Technological Issue

Tactile sensing has been studied for a long time and a significant number of technologies
has been studied in the literature (218; 232; 267). As discussed in the Introduction, tactile
sensors are used for sensing the location of contact and to measure surface properties, such
as roughness, stiffness and temperature. The research on tactile sensing has attracted intense
interest in different fields, from biomedical engineering to industry. There are several appli-
cations of tactile sensing systems, such as manual paalpation, minimally invasive surgery,
prosthetic, sportswear as well as agriculture, food processing, aerospace and automobiles in-
dustry (226). Tactile sensing has also found growing relevance in the robotic field, including
robot manipulation and safe robot-human interaction (28; 29; 32; 103; 130; 144; 160; 181).
In the domain of robot control, this operations have been treated using force/torque sensors
(54; 55; 77, 85; 144; 152; 159). Despite their accuracy, they do not allow to deal with com-
plex physical interactions as in the case of multiple contacts or when major internal forces
could arise. In case of multilple contacts, indeed, force resultant would only be detected and,
therefore, information on internal forces and contact locations are lost. Conversely, skin-like
sensors used to process the distribution of tactile information, allow to reconstruct the pres-
sure distribution applied to the entire contact area (25; 58; 59; 93; 100; 109; 126; 139; 214).
This chapter aims to introduce the state of art of tactile sensors, focusing on the problems that
could arise during their development. Section 1.1 provides an overview of the requirements
and major challenges arising in the design of large area tactile sensors, while in Section 1.2
the fundamental transduction principles used for tactile sensors are introduced. Section 1.3
provides a summary of the main fabrication techniques for tactile sensors, with a description
of their pros and cons, while determining how inkjet printing behaves in respect to manufac-

turing.



1.1 Requirements and challenges in tactile sensors design 6

1.1 Requirements and challenges in tactile sensors design

In general, a tactile sensor is a device based on the transduction of a component due to
induced contact stresses. Different transduction principles based on different techniques have
been used to measure contact information (178). Each method has its pros and cons, and,
depending on the applications, some methods are more suitable than others (50; 135) . While
tactile sensors are often built as matrices of sensitive interconnected elements (taxels), there
is not a standard technology (in comparison to e.g. image transducers) for the development
of these devices. Consequently, the overall system design can be linked to the type of
application. In particular, for some applications, tactile sensing arrays built over large areas
have been proposed. In this context, there are not specific numbers to define the requirements.
Thus, we give the guidelines based on the task. Examples of large area skins (in which
information on the size -cm?- and number of sensitive elements can be found) are described in
applications of Tactile-based control (in the works of (8; 127)) and Tactile-based recognition
(in the works of (7; 20)). In Tactile-based control tasks, the fundamental requirement is often
the coverage: in these applications, the robot needs to be covered with tactile sensors since
contact can occur anywhere. An extended coverage allows to detect the forces acting on the
entire robot and to react accordingly. As a result, the spatial resolution plays a minor role, as
we do not need to reconstruct the contact shape but to detect the lumped forces acting on
robots. Conversely, in Tactile-based recognition tasks a high spatial resolution is required,
since the aim is to recognize the spatial distribution of the acting force.

The development of tactile sensing systems is affected by a large number of challenges and
constraints (50; 51). One of these regards the fabrication of vertical vias in multi-layered
tactile devices, in which functional devices from different layers need to be connected by ver-
tical interconnects (195). Some works addressed the problem by manually creating vertical
feedthrough (creating holes and metallizing them), during or even after the device fabrication
(30; 79). This process 1s normally conducted in rigid double layer devices. More difficulties
arise in the case of multi-layered sensors (more than two layers), as the drilling must be
done with a perfect cut to ensure that the subsequent metallization contacts all the conductive
layers involved. Furthermore, reliable interfacial adhesion of flexible sensing elements with
electronic components, such as wiring, integrated circuits, or other conventional devices,
still remains a problem. Since tactile sensors are devices subjected to significant mechanical
stresses due to contacts, the problem of bonding and of sensor integration with the integrated
electronics is an issue from the durability and robustness point of view. Then, the choice

of materials is an important constraint in the design of a tactile sensor. The ageing of the
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material used has to be considered, as it leads to a decrease in sensor lifetime and sensitivity.
For large area tactile sensors, the interconnection of the sensitive elements strongly depends
on the geometry of the surface on which they must adapt. Therefore, other fundamental
constraints arise during the design of tactile sensors. The sensors conformability is an
important parameter since they need to mechanically adapt to a generic geometry, either
planar or curved. Furthermore, sensors placement to ensure the maximum surface covering
is needed, as well as simple calibration procedures. Once interconnected, sensors need to
communicate with each other via suitably routed wires (to not prevent, for example, the robot
movement). As we will discuss later, the key challenges that can be treated with printed
electronics technologies mainly regard the system-level integration of tactile sensors (i.e.,
conformability, sensors distribution and placement, spatial calibration, routing of wires) as
shown in Figure 1.1, while the others still remain open problems.

In this section, we will limit to describe how the systeml-level requirements have been
addressed in the past.

Main Challenges in Tactile
Sensing

\ 4

e “\
System Integration
\ S
Conformability Sensors Distribution Spatial Calibration Routing of
And Wires
Placement

Figure 1.1 The main challenges in tactile sensing addressed with the inkjet printing technol-
ogy.

1.1.1 Conformability

Tactile sensors should be conformable to cover arbitrary curved robot body parts easly. This

is an important aspect especially when tactile sensors are distributed all over the body (51).
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This goal has been pursued in the literature by implementing tactile sensors using flexible
printed circuits boards (PCBs), implementing discrete and interconnected tactile skin patches
to improve the adaptability to the robot surface (26; 170; 175; 181; 202). The available
mechanically flexible tactile sensing solutions tipically use PCB on rubber like substrates and
flexible PCBs as substrate and the off-shelf sensing and electronic components are soldered.
Examples of such solutions are based on tactile skin modules having triangular, hexagonal or
other basic shapes, interconnected to form tree or comb or general shaped patches. These
techniques ensure a pretty good conformability but also have major drawbacks. In fact,
sometimes, the bending radius of flexible PCBs is large and such solutions are only suitable
for body parts like arms of a humanoid. Furthemore, skin patches make the sensors easily
adaptable to different surfaces, but, as we will discuss in the next paragraph, they lead to
surface covering problems. Finally, the flexibility of a sensing structures does not always
ensure conformability in all directions. Many available structures can bend only along one
axis and hence can conform to surfaces as cylinders, which approximates the arm of a robot;
in this context, many simple flexible PCBs fail. One way to address this issue could be
based on the use of intrinsically stretchable sensors. As discussed in (51), this poses new
challenges in introducing new materials and manufactuing processes. Bringing these ideas to
the extreme, the concept of stretchability could also be proved from the electronic components
level by manufacturing stretchable electronic devices. The realization of stretchable devices
with traditional materials such as silicon is a challenge owing to their intrinsic properties
such as brittleness that limit their ability to stretch or bend (53; 84). Furthermore, metals
such as gold and copper have been preferred for interconnects and electrodes, owing to
their high electrical and thermal conductivity that permits an influx of large current and fast
transmission of signals (53). However, when it comes to flexibility the metals have been

found to have limited use as they are not elastic enough (53).

1.1.2 Sensor distribution and placement

The surface covered with tactile sensors often has a complex geometry characterized by
variable curvatures. Hence, the need to create customized sensors has emerged. The spatial
distribution and placement is an essential challenge because the number of tactile sensors
and their distribution across the sensing surface affects the quality of measurements and the
effectiveness of tactile data utilization. An appropriate placement of the sensors can ensure
the maximum surface covering, guaranteeing appropriate sensitivity and taxel distribution

over large areas allowing to measure multiple touches over the whole surface of the device
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(47). The state of the art of tactile technology does not allow the fabrication of sensors
which can be easly adapted to arbitrary geometries. Custom solutions can be complex, time
consuming and expensive since they might require a complete redesign and setup of the
manufacturing process. Approximate covering solutions have been proposed to ensure sub-
optimal placement of general-purpose tactile skin patches (50). Examples of such solutions
include tactile skin patches with triangular (26), (202), hexagonal (170), or the tree— or
comb- shaped modules (175), (181). These types of structures start from simple shapes,
and they are further be extended to approximate complex geometries. For example, the
triangles are inspired by computer graphics for creating complex solids. For this reason
various large area tactile sensors are constructed as meshes of triangles or hexagons to
simplify the approximate placement of the sensors on general robot body geometries. Once
shapes have been obtained, the interconnections can be done by software that solves the
optimization problem to generate the mesh. Preliminary works by Anghinolfi et al. (13),
further extended by Wei et al. (240) and Mastrogiovanni et al. (161) have discussed the
possibility of obtaining suboptimal covering of surfaces based on standard robot skin patches
geometries, typically formed by triangular or hexagonal meshes. Software methods can be
either separate or complementary to the hardware part, as the aforementioned geometries
do not solve the problem by themselves, especially for their physical limits (if the sensor
is bent beyond a certain limit, it breaks). Thus, the challenge is the quick design of ad hoc

components.

1.1.3 Spatial Calibration

As previously discussed, currently, sensor patches are placed on the surface to be sensorized
with significant uncertainty in the displacement of the tactile elements. This requires time-
consuming geometrical calibration procedures to obtain specific calibration files (27; 57;

123; 171; 179; 190). These procedures are tedious and may require specific equipment.

1.1.4 Wiring

Wiring of large area tactile sensors is one of the most critical problems related to the
development of tactile sensors (48; 49). In robotics applications, the large number of wires
bring to the fore such problems as routing cables through the robot’s joints and optimizing the
use of the limited available space in the robotic shell, due to existing motors and electronic
components (50). Available wireless technologies (60; 96) can not be used for robotics

applications because they are not reliable and they are not deterministic, and so problems on
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robots control arise (49). In general, as the number of sensors increases, so is the number
of wires needed to address elements, acquire and transmit the data, and power the sensors.
As reported in (49), the number of wires has an inverse relation with dexterity and a direct
relation with the time needed to scan a set of taxels or array. Fewer wires call for the serial
access of data, which is slower than parallel access that requires a large number of wires
(49). So, the challenge is related to how many wires have to be integrated. If many wires
are involved, the problem of routing arises, but if there are few wires with a serial access,
the bus generates band saturation. In order to find optimal routes and avoid wire collisions,

Wasserfall et al. (238) propose an algorithm solution for local, topology-aware wire routing.

1.2 Tactile Sensing Principles

This section introduces the fundamental transduction principles of tactile sensors and their
relative advantages and disadvantages. In the literature a huge number of transduction
principles have been proposed (115; 136; 143; 204; 232; 267). Piezoresistive, capacitive,
piezoelectric, optical, inductive and magnetic methods have been often the preferred choice

of sensor designers.

1.2.1 Piezoresistive

The mechanism of piezoresistive sensors is based on the transduction of pressure into the
variation of resistance. The resistance variation of piezoresistive sensors mainly comes from
the contact resistance between two conductive electrodes subject to an external pressure.
The voltage—current characteristic of a simple resistive element can be expressed as, V = IR;
where V is the voltage, I is the current and R is the electric resistance of the material. A
standard piezoresistive sensor is composed of a thin film of material applied to a plastic
substrate. Piezoresistive sensors have been widely studied for their simple fabrication,
structure, low cost and easy signal acquisition. They allow to transduce pressure input
stimuli starting from zero frequency (constant pressure) up to frequencies of the order of kHz.
Piezoresistive sensing is less susceptible to noise, but it is affected by hysteresis, leading to
lower frequency response compared to capacitive stactile sensors, and they can only be used
for dynamic measurements with limited spatial resolution (226). The reported maximum

piezoresistive sensing sensitivity can reach 0.25 mV/nm (68).
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1.2.2 Capacitive

Capacitive tactile sensors are based on the change in capacity by mechanically changing
the geometry of the capacitor. The capacitive pressure sensors are mainly based on the
parallel plate capacitor, and the capacitance is determined by the equation: C = %,
where €&y, € are, respectively, the vacuum electric permeability and the dielectric constant
of the material used. A represents the electrode area and d is the distance between the
electrodes. When applying pressure perpendicularly to the electrodes, d changes leading
to the variation of capacitance, whereas in some design also A can change as the effect of
shear force components (135). Parallel plate capacitors are the fundamental structure for
capacitive sensing. Rectangular stripes, pyramidic structures, spheres, and pillars are all
other structures used (267). Capacitive touch sensors have been well received for their low
power consumption, high sensitivity, high repeatability, and simple device construction (228).
They generally have a high spatial resolution and large dynamic ranges, though they might
be susceptible to multiple types of noises (226). Furthremore, as for piezoresistive sensors,
capacitive sensors can measure input stimuli starting from constant pressures (zero frequecy)
up to frequencies limited by the required output sampling frequency and by the acquisition
electronics. The best performance of capacitive tactile sensors ever reported is a minimum
resolution of 3 Pa with a sensitivity of 0.55 kPa~! (157).

1.2.3 Piezoelectric

Piezoelectric devices produce an electric charge proportional to the mechanical stress they
are subject to. A typical readout mechanism is based on the usage of a charge amplifier
leading to an output voltage which is proportional to the mechanical stress. The sensing
principle leads to sandwich configurations as the general sensing structures for piezoelectric
tactile sensors, where piezoelectric layers are deposited between two electrode layers. Like
the capacitive tactile sensors, convex structures like mesas and spheres have been integrated
as a contact promoter. The peculiar characteristic of piezoelectric transducers is that they
cover wide measuring ranges. The maximum measurable pressure range has been reported
as 100 MPa (15). So, it is possible to use the same sensor to measure very small or
very large forces. Furthermore, piezoelectric tactile sensors are attractive due to their fast
response, high dynamic sensitivity and low material costs. They exhibits very high-frequency
response, making them the best choice for dynamic signal sensing (226). Unlike capacitive
or piezoresistive tactile sensors, piezoelectric tactile sensors can not transduce the effect of

constant input stimuli, i.e. constant pressures (zero frequency input).
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1.2.4 Optical

Optical tactile sensing is implemented by coupling geometric change of electromagnetic
waveguide with the modulation of wavelength, phase, polarization or intensity of the wave.
Usually transduction occurs when changes in the tactile medium modulate the transmission
or reflectance intensity, or the spectrum of the source light, as the applied force varies. Key
sensing structures for tactile sensing are optic fibers vertically placed towards the sensing
surface and waveguides sandwiched between substrate and contact interface structures (267).
Optical tactile sensing is immune to common lower frequency electromagnetic interference
generated by electrical systems, which is its major advantage. Optical sensors generally have
high spatial resolution and wide dynamic response range. As reported in (267), optical tactile
sensing can be used for sensing surface roughness, compliance, shear and vertical stress .
For roughness measurements, the reported best resolution is around 100 nm level (241). For
stress and mechanical forces, a resolution of 0.02 N has been reported for optical sensors
used for minimally invasive surgery (192). Optical tactile sensing has shown great potential
in applications requiring flexibility and portability (120; 180). Although they have many

benefits, their size and rigidness are the major disadvantages (226).

1.2.5 Inductive and magnetic

In inductive and magnetic tactile sensors, a primary coil induces a magnetic field which is
sensed in a secondary sense coil. Modulating the mutual inductance between the coils, for
example by changing the length of an iron core in the case of a linear variable differential
transformers, in turn modulates the amplitude and phase of the voltage measured in the sense
coil. These sensors have a very high dynamic range and an often rugged construction, but
are bulky in size, which leads to a very low spatial resolution when arrayed. Due to their
mechanical nature, they have low repeatability as coils do not always return to the same
position between readings. Since these sensors use an alternating current in the primary
coil, hence producing an output voltage at the same frequency, they require more complex
electronics than normal resistive tactile sensors as the alternating signal amplitude must be
demodulated (226).

1.2.6 Others

Except for the transduction mechanisms mentioned above, other transduction principles

have also been utilized to sense pressure. A resonant pressure sensor, with the structure
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of sandwiching a deformable dielectric layer between two inductive spirals, is capable of
detecting pressure attributing to the resonant frequency shift under pressure (37). This kind
of flexible pressure sensor initiated the wireless monitoring the health index of human for
medical diagnosis and bioresearch. The transistortype pressure sensor is a good candidate
for a highly-sensitive pressure sensor. Transistors are mainly studied for organic field-effect
transistors, and their sensitivity is defined by the deformability of the gate dielectric layer
under applied pressure, similar to capacitive-type pressure sensors (260). Lately, triboelectric
pressure sensors based on the coupling of contact electrification and electrostatic induction
has drawn plentiful attention, which generating electrical signal as a response to external

stimulation without power supply (233).

1.3 Main Fabrication Techniques for Tactile Sensors

From an applicative perspective, we are interested in understanding how to make tactile
sensing. As for manufacturing, 3D printing and deposition techniques are the most commonly
used for tactile sensors building. A detailed description of these manufacturing methods
follows and a summary of their pros and cons will be assessed, while determining how inkjet

printing behaves in respect to manufacturing.

1.3.1 3D Printing

3D printing (also termed as additive manufacturing) is a resourceful procedure that performs
manufacturing of physical items from a 3D computer-aided design (CAD) model in an
additive (usually layer) approach. Numerous features can be addressed, including better
utilization of materials, customized products on demand, development of multipart structures
with easy fabrication and quick prototyping (75). Furthermore, advantages of this technology
includes time saving, cost effective and economical manufacturing process. Using this
technology, force sensors have been utilized in various areas, like robotics, biomedical
environment, and meteorological applications (250). Figure 1.2 shows various steps in a 3D
printing technique. In the first place, the product concept has been transformed into a 3D
model using any popular CAD software, like CATIA or AUTO CAD. A standard tessellation
language (STL) file is commonly termed as standard in each 3D printing method. It converts
the continuous geometry in the CAD file into small triangles (242). It is sliced into thin

cross-section layers using precise software. Then, the part is fabricated using one of the
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3D printing technologies. With post-processing, the final product is prepared (224). Fused
Deposition Modeling (FDM) is a popularly 3D printing method used in tactile sensor design ,
due to its features like simple, high speed and cost-effective manufacturing process (42; 174).
Also, other techniques play essential role, including Selective Laser Sintering (SLS) (73; 261)
and Stereolithography (SLA) (231). These methods can be broken down into high resolution
methods (those a minimum feature size of 50 m) and low resolution methods (those with a
minimum feature size of 0.5 mm) (21). FDM and SLS suffers from low resolution, while
SLA has the highest quality in terms of resolution and surface (24; 30). Figure 1.3 shows the

3D printing techniques commonly used for tactile sensors design.
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‘ STL conversion |
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Figure 1.2 Various steps in a 3D printing technique (242).

1.3.2 Deposition Techniques

In the last decade, deposition techniques like drop casting, spin coating, spray coating
and screen printing have emerged as manufacturing methods for tactile sensors in robotics
applications (23; 39; 97; 229; 255). In particular, drop casting, spin coating and screen
printing are widely used in applications requiring the deposition of elastomeric materials,
as well as the fabrication of multilayered devices. Drop casting is a simple film-forming
technique and it does not require specific equipment. The solution containing the desired
material is cast on a substrate following by the evaporation of the solvent. However, it is

difficult to obtain a uniform layer and to control its thickness. This technique is similar to
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Figure 1.3 3D printing techniques for tactile sensors (21): Stereolithography, Selective Laser
Sintering, Fused Deposition Modeling.

spin coating, which involves the deposition of a solution on a substrate and the spinning of
this substrate at a chosen rotational speed. It allows for obtaining quickly homogeneous films
with high reproducibility in thickness and morphology. However, it is a wasteful technique:
most of the solution is ejected during spinning. Additionally, this can make it difficult to coat
with a low-concentration solution. The main limitations of spin coating are that it is only
effective for coating small substrates and is limited to batch processing and it is completely
unsuitable for large-scale production. Spraycoating is based on sub-micrometric droplets
ejection on a substrate. The aerosol is created by passing ink through a nozzle. The path
traveled by the nozzle over the wafer is optimized to ensure that the coating is applied evenly
to the substrate. The solutions used in spray coating usually feature a very low viscosity,
which guarantees fine droplets formation. With this technique, the ink waste is not negligible.
In a screen printing process, the solution of the active material is squeezed by a moving
blade through a screen mask onto the substrate surface. This method is widely use in the
manufacturing of tactile sensors due to its simple and rapid prototyping as well as the choice
of different materials that can be used. However, it requires additional equipment, like masks
or stencils, limiting its use for large-area production. Other limitations of this method are
the difficulty to control thickness and uniformity of the material and the waste of the latter.

Figure 1.4 shows the deposition techniques used in tactile sensors manufacturing.
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Figure 1.4 Other common fabrication methods for tactile sensors: a) Drop Casting (23), b)
Spin Coating (255), c) Spray Coating (97), d) Screen Printing (229)

1.3.3 Advantages and disvantages of manufacturing techniques

Table 1.1 presents a comparison between the frequently used techniques for tactile sensors
manufacturing, analysing advantages and disadvantages, to underline how inkjet printing
can overcome some limits of these technologies, such as thickness control and homogeneus
deposition of material, as well as a large scale production. Inkjet printing technology
enables the fabrication of elastomer-based devices and simplifies the fabrication process
of multilayered sensors, in contrast to the conventional processes, which often requires
additional equipment, such as punching tools or stencils (167). Furthermore, the digital
nature of inkjet printing enables the fabrication of elastic interconnects simply by modifying
the patterning geometries (167). Despite many advantages of inkjet printing, even this

fabrication method suffers from some disvantages, which will be desribed in the next chapter.
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Table 1.1 Features of the fabrication methods frequently used for the manufacturing of tactile

Sensors
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Chapter 2
Inkjet Printing Technology

The inkjet printing technology has become significant in recent years, and it can be consid-
ered one of the the most innovative methodologies for the manufacturing of large area tactile
sensors (6; 11; 199; 212; 223). Inkjet printing is part of the class of additive manufacturing
technologies (21). The inkjet printing technique has all the advantages of the additive method-
ologies, in particular relating to the versatility and the cost-effective linked to a rational use
of materials. In the inkjet printing process, a controlled print head deposits tiny droplets
of ink on an underlying substrate (199). This technology has emerged as a new solution
for designing flexible and wearable sensors for its versatility with respect to other common
technologies (6; 140; 193; 207; 231; 267). In fact, CAD tools allow straightforward geomet-
ric modification of the sensor layout as well as a precise control of the printer parameters,
significantly reducing the setup time and costs paving the path for the customization of these
products (6; 95). This is important in all applications where sensors customization is needed,
and this is certainly the case for robot applications. Furthermore, inkjet printing has a high
versatlity since it can be appplied to different support materials allowing to print conductive
patterns on different substrates made of both organic and inorganic materials, finally also
reducing material waste (56; 102; 110; 207; 212; 243; 248). Inkjet printing often takes place
at room temperatures (128; 151; 188; 198; 213; 237; 257), and non-contact patterning with
minimized contamination is involved (6; 33). Finally, inkjet printing leads to a limited num-
ber of manufacturing steps reducing the setup costs and time, thus leading to fast production
and making large area sensors fabrication highly cost effective. (199; 223; 257), (257). The
state of art of tactile sensors has been discussed in the literature (116; 146; 218). This chapter
aims to demonstrate the relevance of inkjet printing for the design and implementation of
large area tactile sensors with respect to the current state of art (manufacturing techniques and

technologies including parameters such as materials, layout, processing). The contribution of
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the thesis is to show how inkjet printing overcomes the main challenges arising during the
design of tactile sensors and how this technology can boost the development of tactile sensors
on large scale of production, leading to high technology readiness level (TRL) cost effective
devices ready for the market. Furthermore, a view of the most relevant open problems that
should be addressed to improve the effectiveness of these processes is provided. Section
2.1 describes the inkjet printing process, with its advantages and shortcomings, highlighting
typical parameters with relevance to tactile sensors that can be achieved with this technology.
Then, the main challenges associated with the inkjet printing process have been discussed in
Section 2.2. Section 2.3 gives a summary of inkjet-based sensor design solutions, including
an assessment of the different characteristics of the fundamental transduction principles, to
show how inkjet printing allows to overcome some difficulties that arise in the development
of tactile sensors for real robot applications. In Section 2.4 we assess the most appropriate
design solutions for different application areas. Open problems are finally drowned. The
state of the art of the thesis particularly focuses on the inkjet printing of large area tactile

sensors for robotics applications, but all the treated topics can be extended to generic systems.

2.1 Inkjet printing modes of operation

The use of the inkjet printing technology allows a calibrate use of materials, making possible
on one hand the versatility in the construction of components, and on the other hand a
targeted use of materials with reduction of waste and, therefore, benefits in terms of costs
and environment.

There are two modes of operation for inkjet printing: drop-on-demand (DoD) and continuous
inkjet printing (C1J) as shown in Figure 2.1. In most DoD printers, the droplets are induced
by a piezoelectric actuator. In CIJ printers, a continuous electro-conductive stream of fluid is
delivered through a nozzle because of piezoelectric actuator vibrations, regulating the breakup
of the stream into individual uniform droplets with uniform spacing. In the DoD method,
single drops of ink are released onto a wide range of substrates in response to a digital signal
or waveform, allowing for the printing of both aqueous and UV curable inks. It allows for
the control and calibration of the ejection of ink droplets from each nozzle. This method is
widely used due to its high placement accuracy, controllability and efficient material usage,
where no excess ink is wasted, as it is only dropped where and when needed. As a result, this
method is frequently implemented in research and in industrial applications. Furthermore,

it is adaptable to the printing of water-based inks containing conjugated polymers, as it



2.1 Inkjet printing modes of operation 20

uses lower temperatures. Piezoelectric inkjet printing relies on the mechanical action of a
piezoelectric membrane to generate a pulse. Nozzle sizes are in the range of 20-30 mm, and
droplets sizes are in the range of 10-20 pL. The diameter of an ink drop on a substrate is
about twice the size of the released drop (18; 34; 117). Continuous inkjet technology differs
from DoD in the way the ink is deposited from the cartridge. Specifically, CIJ produces
a continuous stream of ink, where drops break up from the print head nozzle by applying
harmonic modulation. The separation of the drops is determined by the modulation frequency
and the speed of the jet. Continuous inkjet systems typically produce 80 to 100 mm droplets
travelling at speeds of 20 m/s with drop frequencies that can exceed 250 kHz. In the most
common implementation of CIJ printing, electrostatic charging and deflection are used to
select and steer individual drops to define the final printed pattern. On the other hand, CIJ can
operate with fluids of lower viscosity and at a higher drop velocity than DoD. However, CIJ
printing requires a larger amount of fluid. This demonstrates the advantage of DoD systems
over ClJ in the area of inkjet printed electronics, as it consumes less ink and accordingly cuts
down the overall fabrication cost (33; 256).
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Figure 2.1 Schematic diagram of inkjet printing processes. a) DoD mode; b) Continuous
mode .
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2.1.1 Inkjet printing components

In any inkjet printing process, three main components are required: the inkjet printer, the ink
and the substrate and they are shown in Figure 2.2. There are several commercially available
inkjet printers which are widely used for research purposes. Among these, Dimatix Fujifilm
printers (DMP-2831 and the newer DMP-2850) are the most commonly used types of inkjet
printers for research (6). Industrial devices (from Fujifilm) are based on the same technology.
Inkjet printing technologies are widely used in these years for the development of flexible
electronics as they offer a fabrication alternative to lithography-based approaches (53; 245),
introducing the use of new intrinsically stretchable inks (2; 4; 5; 12; 22; 34; 41; 43; 45; 46;
61;72;99; 102; 104; 113; 119; 121; 138; 142; 147; 148; 176; 182; 189; 191; 194; 201; 205;
209; 211; 215; 216; 222; 230; 258; 264), avoiding the challenge related to the brittleness
of traditional materials used to manufacture tactile sensors (10; 17; 60; 137; 144; 145; 164;
172; 187; 197; 219; 259).

Furthermore, inkjet technology makes the system conformable by printing on different
types of flexible substrates (6). Paper substrates are the most common flexible type of
substrates, which are used in inkjet printing of electronics and sensors, as will be discussed
in Section 5.2. Polymer substrates such as polyether imide, polycarbonate, polyarylate,
polyamide, polyethylene and terephthalate are also types of commonly used flexible sub-
strates (22; 118; 189). PDMS is frequently used as a stretchable substrate (44; 98; 217; 246).
It is a silicon-containing elastomer, which is also widely used to construct microfluidic
devices and lab-on-chip systems. On one hand, the aforementioned stretchable inks and
flexible substrates allow to overcome the challenge related to the conformability of the tactile
sensors. On the other hand, these two main components allow to produce printable sensors
with printable stretchable wires as in the work of Albrecht et al. (9), which may find use in
artificial skin for humanoids. The optimized wiring is one main advantage of the application
of inkjet printing for tactile sensors, which leads to the printing of wires instead of physically
turning them, for example, between the robot joints. Thus, inkjet printing introduces a
difference between printed wires and non-printed ones. In the first case, the stretchability
of wires permits a simpler routing, allowing a high level of integration to the entire system.
In the second case, the problem of flying and non-stretchable cables arises, leading to the

routing of wires problem.
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Figure 2.2 Main components in inkjet printing processes: inkjet printer, ink and substrate.

2.1.2 Relevant Parameters

The resolution of inkjet printing is an important parameter that mainly depends on the ink
volume propelled by the inkjet-printing machine. The width of the printed tracks is limited by
the resolution of the printer. For example, the resolution of Dimatix is 10-30 um depending
on the drop volume (199). The constituents of the ink, the substrate, the sintering process and
the voltage waveform applied to the jetting nozzles affect the resolution and accuracy of the
inkjet-printing process (199). The best resolution achieved using inkjet-printing technology
is 2 wm and it is proposed in the works of (112) and (124).

2.2 Challenges of inkjet printed tactile sensors

This section analyses the major challenges related to the manufacturing of inkjet printed
tactile sensors. The first problem regards the choice of the ink, looking at its proprieties
such as viscosity, surface tension and contaminants or polymer chains. Other issues include
the adhesion of the inks to the selected substrate, sintering processes after the printing and
sensors mechanical durability.

When designing inks for inkjet printing, the properties of interest are primarily viscosity and
surface tension (166). So, inks must have the required value of viscosity as not to clog the

printer nozzles (33; 168; 266) and a required value of surface tension to permit the bonding
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between the drop and the substrate (204). In case of too viscous materials, a dilution with a
solvent is required, until the mixture will reach the right viscosity (166), (162). Here, the
challenge is to choose the right solvent concentration to maximise the ink’s material-content.
An excess of solvent with respect to the main material can alter the properties of the latter.
Furthemore, the need for a right viscosity upon the extrusion through the printhead can also
limit the range of materials that the inkjet printing technique can use.

Once the appropriate dilution is found, the ink must pass through a filter before being inserted
in the cartridge. Filtering is an important step to prevent nozzle clogging prior to printing,
either from any contaminants, or from polymer chains or other ink components that are
too large (166). Fluid particles must generally be 1/100 of the printer nozzle size (6). For
example, the 10 pL cartridge of the commercial printer Fujfilm Dimatix Material Printer
DMP-2850 has a nozzle of 21 yum; in this case the particle diameter must be 0.2 ttm and so a
filter with a pore size of 0.2 um need to be used.

The second key issue is the adhesion of the ink to the selected substrate. In several works,
the substrate surface is modified using plasma treatments to make it hydrophilic allowing
the adhesion of ink particles (3; 19; 67; 88; 117; 134; 244; 254). The adhesion problems
can also arise in the case of multiple depositions. This challenge is particularly sensitive
in the case of PDMS-based inks (166). In this example, the problem is the adhesion of
the silver nanoparticle (AG NP) ink on top of PDMS layers. The authors propose to use
nitrogen plasma treatments for printing the conductive layers, enhancing its adhesion with the
hydrophobic PDMS. Mikkonen et al. (165) studied and compare other methods to improve
the adhesion between the ink and the substrate. These methods include other chemical
modifications such as (3- mercaptopropyl)trimethoxysilane (MPTMS) and pyrolytic coatings.
Another method to improve the adhesion is ink sintering, which also has a decisive role on
ink conductivity properties (6). Sintering is the last step in an inkjet printing process, and it is
essential for the evaporation of the solvent that might be present in the ink, and it is performed
by applying heat to the printed pattern. On one hand, high sintering temperatures increase
electric conductivity by dissolving more of the solvent and further fusing the nanoparticles of
the conductor (6). On the other hand, high sintering temperatures may harm the substrate and
change its properties (6). In fact, sintering processes make sure high conductivity but they
can also reduce the lifetime of the substrates (199). A third key element in the development of
inkjet printed tactile sensors is their mechanical durability (6). Clearly, a tactile sensor which
can sustain prolonged bending or stretching, while maintaining its response characteristics
is desirable. As a matter of fact, electrical conductivity of the sensors electrodes is the

priority. Typically, sensors are tested for the number of bending/stretching cycles they can
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undergo before cracking and/or slipping of the conductive lines (6). In the case of sintering
process, the solvent in the deposited ink evaporates and the conductive lines, which have
different thermal expansion coefficient with respect to the substrate, tend to crack, therefore
affecting the electrical conductivity of the printed lines (74). However, various strategies
have been adopted to reduce this effect. One possible strategy is to print thicker conductive
tracks (even if thicker tracks may reduce bendability). Alternatively, using thinner substrates.
Otherwise, using flexible inks and substrates (6). Furthermore, the strategy of sandwiching
the conductive lines between two elastomer layers has shown a reduction in crack formation
(166),(83). During sensors life cycle tests, slipping of the printed conductive lines with
respect to the substrate can occur if the adhesion between them is insufficient (83). In this

context, the challenge can be overcome using a right adhesion process (as discussed above).

2.3 Inkjet printed tactile sensors

For inkjet printed tactile sensors there are three types of transduction technology: piezoresis-
tive, capacitive and piezoelectric and, depending on the application, some are more suitable
than others (50; 135), as will be discussed later.

A summary of inkjet-based sensor design solutions is described in the following, including

an assessment of the different characteristics of the various manufacturing solutions.

2.3.1 Piezoresistive

Using inkjet printing technology, silver, single-wall carbon nanotubes (SWCNT) and graphene
are conductive materials used in many works (64; 71; 138; 145; 191). The contribution of
inkjet printing for the manufacturing of these kind of sensors is to introduce a cheaper
alternative aiming to minimize the complexity without compromising the quality and sensing
performance for the target application. Significant advantages on these aspects are discussed
in the work of Lo et al. (145). Here, an inkjet printed resistive pressure sensor that of-
fers high sensitivity and can be fabricated using a very simple process is reported. The
device is comprises a conductive silver nanoparticle (AgNP) layer directly printed onto a
polydimethylsiloxane (PDMS) substrate and encapsulated by a Very High Bond (VHB)
tape. The pressure is measured by changing electrical resistance caused by pressure-induced
strain in the printed AgNP thin film. From the geometry point of view, Li et al. (138)
proposed a novel ring-shaped piezoresistive pressure. Carbon nanotube (CNT)-polyimide

(PI) nanocomposites with different CNT concentrations are prepared in a liquid mixture as
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the fabrication material. The ring-shaped nanocomposite thin film device is deposited on a
circular polyimide diaphragm by inkjet printing fabrication method. The drop-on-demand
fabrication process of the inkjet printer enables the fabrication of nanocomposite thin film
in various geometries and shapes to achieve better structural compatibility with the sensor
port and over-all measurement accuracy. Thanks to the last one sensor features, the sensors
offer some advantages as an easy fabrication process, excellent flexibility and high sensitivity.

Figure 2.3 shows the piezoresistive tactile sensors manufactured in (145) and (138).

’ VHB; 0.5 mm
/', AgNPs

PDMS; t mm

" -

b)

substrate

CNT-PI thin film

Electrode

Figure 2.3 Schematic illustrations of printed piezoresistive sensors: a) (145), b) (138).

2.3.2 Capacitive

Inkjet printing technology facilitates the utilization of a variety of flexible substrates for
various designs (199). Polyethylene terephthalate (PET) is widely used as a flexible substrate
for inkjet printed capacitive sensors (10; 12; 148; 187). Furthermore, printed electronics of
paper allows to implement flexible sensors and it has been used to manufactured printed
capacitive sensors in (41; 142; 258). The paper substrate has many advantageous features,
e.g. it is inexpensive, eco-friendly, lightweight, expandable, foldable in three dimensions
and available everywhere (40; 89; 111; 141; 251). Basak et al. (17) and Zhang et al. (266)
developed their printed capacitive sensors on thermoplastic polyurethane (TPU) and alu-
minum substrates, respectively. Mikkonen et al. (164) proposed a novel approach using a
water-soluble polyvinyl alcohol (PVA) layer as the substrate. In this work, they report a
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simple method for fabricating fully printed, elastomeric capacitive sensors with high flexi-
bility and great sensitivity at a wide pressure range. A significant advantage of this work is
the development of a straightforward method for inkjet printing of PDMS. They fabricated
conductive mesh electrodes by inkjet printing silver nanoparticles on PVA, while a dielectric
layer, consisting of a PVA mesh layer embedded in an inkjet printed PDMS layer, was placed
between the mesh electrodes to form a capacitive tactile pressure sensor.

Figure 2.4 shows some substrates used to manufacture capacitive sensors, while Figure 2.5

shows the capacitive tactile sensor manufactured in (164).

a)

Figure 2.4 Inkjet printed capacitive sensors layout on a) PET substrate (12), b) Photopaper
(41), c) TPU substrate (17).

2.3.3 Piezoelectric

Among the existing piezoelectric materials, piezoelectric polymers are the most suitable for
tactile sensors printing because of their superior flexibility and high transparency. These mate-
rials are being highly investigated because of their high mechanical stability and compatibility
with solution-based printing technologies (236). Polyvinylidene fluoride-triflouroethyleje,
also known as P(VDF-trFE), is of particular interest, since it is a piezoelectric material
commonly used to manufacture 3D printed (185; 203) and inkjet printed tactile sensors
(60; 172; 225). Two of its applications in the inkjet printing field are shown in Figure 2.6.
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Figure 2.5 Schematic illustration of sensor manufacturing process in (164).
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Figure 2.6 Schematic illustration of printed piezoelectric sensors: a) (172); b) (225)

2.3.4 Other transduction methods

Different solutions based on inkjet printing technique have been recently presented in (70)
and (200) and they are shown in Figure 2.7. The work of Fu et al. (70) reports an all inkjet
printing approach for fabricating flexible bimodal sensors (able to measure two parameters)
and large-area sensing arrays, that can simultaneously sense bending strain and pressure. The
sensor unit is composed of a bottom electrode on polyethylene naphthalate (PEN) and a top

electrode on paper and silver nanoparticles (AgNPs) suspension was used as the conductive
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ink. The device has excellent performance with low pressure-detection of 2 Pa and high
stability over more than 5700 cycles for pressure sensor. The device can recognize the radius
of curvature of human activities and objects, and can detect the pressure distribution and the
curvature of irregular surfaces. In the work of Salim et al. (200) an inkjet printed kirigami
inspired split ring resonator (SRR) strain sensor is proposed, able to adapt to curved surfaces,
easy to fabricate and cheap. Kirigami is an oriental technique of carving and folding of paper
to obtain three-dimensional shapes starting from a single sheet, without removing pieces. So,
in (200), two sheets of paper were used as the dielectric for compatibility with the kirigami
technique, as shown in Figure 2.7b, and a conductive pattern was inkjet printed on the top
paper using silver nanoparticle ink, whereas the ground plane on the bottom paper was inkjet

printed using stretchable inks.
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Figure 2.7 Schematic illustrations of sensors manufacturing processes in (70; 200): a)
bimodal sensor and circuit diagram in (70), b) sensing principle and layout for the proposed
inkjet printed kirigami inspired split ring resonator (SRR) strain sensor at zero strain and
corresponding resonance frequency (fo) (200).
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2.3.5 Features of the proposed manufacturing solutions

Analyzing the characteristics of the various manufacturing solutions, it is possible to un-
derstand how the inkjet printing technology can overcome the system-level integration
challenges arising during tactile sensors design. Firstly, the variety of flexible inks and
substrate for various designs makes the sensors conformable to cover arbitrary curved robot
body parts. Since the substrates are important for conformability, measurement principles
and applications, the common ones presented in this chapter and their physical properties are
listed in Table 2.1. Furthermore, the inkjet printing technology can be a good manufacturing
solution as it permits a simple sensors layout design on specific surfaces. Then, in the inkjet
printing process, the geometric placement techniques of sensors can be used during the
design phase, once it is possible to create custom devices at a significantly lower cost than
existing technologies. The possibility of designing custom-made sensors with accurate taxel
placement may reduce the need of major geometric calibration procedures, reducing the setup
time and costs of the sensor. The expected repeatability of the inkjet printing techniques is
also likely to reduce the extend of the calibration of the response of each tactile element.
Finally, as mentioned in Section 4, the inkjet printing technology allows to place sensors far
away from the processing unit in artificial skins for robot, introducing the possibility to print
conductive wires on stratchable materials at very low-cost (9). In Figure 2.8 a comparison
between inkjet printed wiring and conventional wiring is presented. The performances of the

most relevant works are summarized in Table 2.2.
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Figure 2.8 Comparison between a) inkjet printed wiring (9) and b) conventional wiring (263)

Table 2.1 Substrates and their physical properties presented in this thesis.

Thickness Transparency Density Young Modulus

Substrate Ref.#

[um] [%] lg/cm’] [GPa]
PAPER 25-250 - 0.6-1.0 0.5-3.5 (41; 64; 142; 258)
POLYMIDE  12-125 - 1.4 2.5 (22; 138)
PET 16-100 90 1.38 2.8 (10; 12; 148; 187; 191)
PEN 12-250 87 1.4 3.0 (70; 118; 189; 225)

PDMS 5-1500 92 0.965 0.57-3.7 (9; 44; 98; 145; 184; 200; 217; 235; 246)
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Table 2.2 Performances of the most relevant works presented in this thesis.

Principle Sensitivity Detection Range Repeatability Ref.#
Piezoresistive 0.48 kPa~! 15 kPa High ( 1000 cycles) (145)
- 151 kPa Good (138)

Cacapitive 4 MPa! 50 kPa High (2000 cycles) (164)
Piezoelectric 3.9+ 0.5 pC/N - Good (172)
Others - 1000 kPa High (4500 cycles)  (70)
42 x 10’Hz/% - Good (200)

2.4 Inkjet Printed Tactile Sensors Applications

In the previous sections we have described the general features of inkjet printed tactile sensors
principles. From this standpoint, it possible to asses the most appropriate design solutions
for different application areas. Tactile sensors have been used in different domains, including
bioengineering (especially for areas such as rehabilitation, soft robotics, wearable electronics,
surgical robotics) and industrial environments. In this section we will focus on the reported
usage of inkjet printed tactile sensors in these sectors, that are finally shown in Figure 2.9.
The inkjet printing technology has an immediate advantage for large area applications (as for
bioengineering and industrial domains).

A future development for this technology can be investigated for applications regarding
the realization of miniaturized sensors. The latter is still an open problem for this type of

technology, and it will be discussed in the next section.

2.4.1 Tactile sensing for rehabilitation

Rehabilitation is one of the main fields of application for tactile sensing. In particular,
robot-assisted rehabilitation has been widely used for repetitive and interactive treatments,
such as upper limbs orientation and recovery (183). Among the various technologies, smart
tactile gloves have been largely used, especially in stroke rehabilitation (183). Inkjet printing
is an emerging technique for the patterning of sensors and conducting traces onto gloves
or textiles (92; 106; 108; 206; 240). Tactile sensors can also be printed onto the glove to
measure the pressure exerted by the fingers. Ervasti et al. (64), propose a stretchable inkjet
printed piezoresistive tactile sensor with high sensitivity to bending for finger joints flexion

measurements.
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2.4.2 Tactile sensing for soft robotics

Soft robotics is a subfield of robotics that concerns the design, control, and fabrication of
robots composed of compliant materials, instead of rigid links. The applications of soft
robots is gaining a growing relevance, as they are flexible and adaptable to operate in complex
environments. Tactile sensors are one of the most important components for soft robotics
for their role in the perception of the physical interaction with the environment (265). Inkjet
printing technology emerged in this domain for its potential to manufacture highly integrated
and custumized sensors, as well as for the possibility of designing small devices. The
development of tactile sensors for soft robots evolves with the investigation and development

of inkjet printed electronics solutions for deformable and stretchable materials (64; 82; 150).

2.4.3 Tactile sensing for wearable devices

Wearabe devices sensorized with tactile sensors have been proposed in the literature (252).
Nowadays, several monitoring devices face drawbacks such as rigid equipment, low accuracy
and high expenses. Inkjet printing technology leads to tactile sensors with a high level of
wearability in terms of bendability and flexibility, enhancing their interfaces with the contact
objects. Therefore, printed tactile sensors are capable of conformably covering arbitrary
curved surfaces over their stiff counterparts without incurring into damage (252). By making
electronic devices flexible, it is possible to significantly enhance their healthcare applications
in the emerging Internet of Things (IoT) (16). Furthermore, wearable electronic skin (e-skin)
devices with skin-like properties can adhere conformally to the skin and interface with
the human body to mimic the human somatosensory system and enable convenient and
non-invasive tracking of physical and biochemical signals (64; 92; 132; 149; 249; 253). The
most promising tactile sensing applications are gait detection and analysis (156) and motion
monitoring (235). Furthermore, as remarked in (204), printed tactile sensors can play a major
role in applications as expression recognition, diagnosing conditions like Parkinson’s, sign
language translation and body gesture . As mentioned in the previous sections, Albrecht et
al. (9) proved the development of inkjet printed stretchable wires, used to connect sensors
with the remote processing unit, integrated in smart clothes, or, more in general, for artificial
skin also for robots. This innovative manufacturing solution is usefull for tactile sensors in

sportswear, compression underwear, and in robotic applications (9).
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2.4.4 Tactile sensing for surgical robotics

Surgery is a developing area where tactile sensing is of central importance. Minimally
invasive surgery (MIS) is now routinely used as the preferred choice for many operations
(131). Although the benefits of MIS technology have been proven, the limitations of two-
dimensional visualization, lack of haptic feedback and long learning times are their limiting
factors (227). In this context, tactile sensing is used to study the interactions between the
confined tissue environments and the instruments based on contact information and haptic
feedbacks (86; 114; 163; 186; 191; 221). Force sensing capability in an instrument helps
to improve the instrument-body interaction and it can reduce damages in order to ensure
effective manipulation. So, for surgical and medical devices, sensors need to be compact,
low power consuming and less bulky with simple associated electronics (62). The inkjet
printing technology could brings improvements in the development of these devices leading
to soft and flexible sensors which can also ensure better compatibility with human tissue.
The first example is given by Ponraj et al. (191), who describes the design, fabrication, and
application of a soft inkjet printed piezoresistive tactile sensor used for safe human—tissue
interactions. The sensor can be integrated with surgical devices providing forces feedback.
A key contribution of the paper is to prove inkjet printing as a cheap solution for the

sensorization of surigcal equipments.

2.4.5 Tactile sensing for industrial applications

Within the industry 4.0 paradigm, advanced robotic technologies are a key element to enable
the safe human-robot interaction. Robots and manipulators are expected to safely adapt their
behavior with respect to obstacles and humans (208). Human operators become a funda-
mental part of robot’s operating environment, since they represent external unpredictable
agents to comply with. So, new technologies are required to implement and promote safe
and proficient human-robot interaction. Recently, 3D and inkjet printing for tactile sensing
have been used in this context (12; 65; 184). The capability to develop inkjet printed sensors
on large area, opens the possibility of fully sensing robots that perceive their surroundings in

much greater detail, ensuring safer interactions between humans and robots.
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Figure 2.9 Diagram of inkjet printed tactile sensors relevant applications: rehabilitation (92),
soft robotics (150), wearable devices (249), surgical robotics (191), human-robot interface
(184).

2.5 Open Problems

This chapter aims to provide an overview of how inkjet printing can boost the development
of tactile sensors on a large scale of production, leading to high technology readiness level
(TRL) cost effective devices ready for the market. As discussed in Chapter 1, the fundamental
requirements for the design of large area tactile sensors are conformability, distribution and
placement, spatial calibration and routing of wires. The difficulties to obtain these conditions
have been addressed with the inkjet printing technology. Although inkjet printing can be
considered one of the most promising technologies in tactile sensors scenario, some open
questions have not been addressed in the literature with this technology yet . In particular,
open problems for the development of complex tactile sensors are referred to the vias
fabrication. Also, a relevant problem is referred to the robust bonding of chips on the sensor

substrate, also related to the flexibility requirements of the skin. Moreover, the ageing of the
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materials used, in particular of the inks, which might limit the operational and/or shelf life of
the devices. Finally, a major challenge would be the possibility of a direct printing of sensors
on the target surfaces by exploiting the state of the art of robotic technologies. The problem
of vias fabrication is critical, especially in multilayered tactile devices, in which functional
devices from different layers need to be connected together by vertical interconnects (195).
The other challenge is to obtain the integration of the chip with the substrate, guaranteeing the
mechanical stability of the system, reliability and robustness, avoiding noise in the acquired
signals. Even if, sometimes, sensors built with traditional technologies have the electronics
mounted on the device, the problem regards the bonding on inkjet printed tactile sensors,
whose robustness can be lower than those of a traditional devices. Some relevant upgrades
have been proposed in (107). Furthermore, one of the major problems that affects the tactile
sensors’ functioning is the aging of the materials, which change their sensitivity over time.
The challenge is the study of new materials that are not affected by aging and that they can be
printed by inkjet printing. Finally, the direct inkjet printing of sensors on the target surface
is still a challenge, and it may requires other forms of additive manufacturing (MID). The
possibility of direct printing allows to understand how exactly the sensor is positioned on the
robot body, avoiding spatial calibration procedures. Inspired by the idea of the 6-axis additive
manufacturing (35; 239), the inkjet printing technology could find a future application in the
production of miniaturized devices, allowing the creation of patterns for transducers even on
small and non-planar surfaces. Table 2.3 systematizes in detail all the aforementioned open

problems.
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Table 2.3 Open problems description.

Open Problems

Description

Vertical vias

fabrication

Bonding of
chips on the
sensor substrate

Ageing of
materials

Direct printing
of sensors on
the target
surface

The fabrication of vias is a critical problem, especially in multilayered
tactile devices, in which functional devices from different layers need
to be connected together by vertical interconnects.

Since tactile sensors are devices subjected to significant mechanical
stresses due to contacts, the problem of bonding and of sensor
integration with the electronics is a problem from the durability
and robustness point of view.

This problem regards in particular the inkjet printed tactile sensors,

whose robustness can be lower than those of a traditional devices.

The ageing of the material used is a problem that has to be considered,

as it leads to a decrease in sensor lifetime and sensitivity.

The direct inkjet printing of sensors on the target surface is still a
challenge, and it may requires other forms of additive manufacturing.
The possibility of direct printing allows to understand how exactly the
sensor is positioned on the robot body, avoiding spatial calibration

procedures.



Chapter 3

Mathematical model and experimental
characterization of vertically stacked

capacitive tactile sensors

Robots have gathered a lot of attention in the last two decades, and they have been playing a
bigger part in the industrial scene and in everyday life. Using the human as a model, advanced
technology and great progresses in mimicking sensory capabilities have been demonstrated
(78; 234). Tactile information, such as the magnitude and direction of a contact force, temper-
ature, humidity, and texture, can be obtained by robots equipped with tactile sensors, which is
crucial for secure grasps, path planning and obstacle avoidance in unstructured environments
(91). Additionally, reliable touch sensors are required for both object manipulation activities
and safe human—machine interaction (69). Capacitive sensing is one of the most common
principles used in robotic tactile sensing. The capacitance of a parallel plate capacitor is
expressed as C = %, where A is the overlapping area of the two electrodes, & is the
permittivity of vacuum, &, is the relative permittivity of the dielectric layer, and d is the
distance between the electrodes (thickness). Researchers are interested in capacitive sensors
because of their great sensitivity, resolution, costs and read out electronics.

For a good response, capacitive sensors require a wide dynamic range, defined as the ratio
between the maximum and the minimum value that the sensor can detect. The dynamic range
can be increased by maximizing the sensor capacitance (C) and it is strictly correlated to the
sensitivity (S) of the transducer, expressed as the ratio between the variation in capacitance
for a given variation of contact pressure. The capacitance C can be increased by decreasing
the sensor thickness and/or by increasing the sensor area. Unfortunately, both the approaches

bring to some drawbacks. In particular, the decreasing of the sensor thickness is limited by
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the technology used to manufacture the sensor. Furthermore, the increasing of the sensor area
can lead to space problems on small surfaces. There are works in literature which proposed
methods to enhance the dynamic range of capacitive tactile sensors (76; 105; 169; 247; 262).
An interesting approach is the exploitation of the vertical direction. Results from the works
of (31; 36; 38; 90; 122) show that this design for capacitive sensors reduces the projective
area taken on the xy-plane for enhanced spatial resolution and sensitivity and it can be used
for extreme miniaturizations. Hao et al (94) developed and characterized a capacitive tactile
sensor that simultaneously supports high detection sensitivity and high spatial resolution
with a hollow dielectric structure, by vertically stacking two capacitors. Taking advantages of
these approaches, the aim of this work is to maximize the dynamic range of capacitive tactile
sensors and their sensitivity by exploiting the vertical direction and creating stacks of more
than two capacitors. If the previous mentioned works propose a specific solution, the goal of
this thesis is to develop a model that allows to choose the design parameters and to evaluate
different stacking options to reach the desired sensitivity. This work provides the following
contributions: 1) the development of a mathematical model for tactile capacitive sensors, in
order to find a configuration to increase their sensitivity with respect to the common single
capacitors; 2) the validation of the mathematical model with finite element simulations, by
studying the sensors responses; 3) a straightforward method for manufacturing and character-
izing vertically stacked capacitive tactile sensors. The chapter is organised as follows.

Section 3.1 presents a mathematical model for capacitive sensors. The aim is to demonstrate
that the sensitivity of a single capacity is lower with respect to a stack of capacitors. The
model allows to give the guidelines for the design of new layouts in order to increase the
perfomances of these kind of sensors. Section 3.2 presents finite element simulations for
validating the proposed mathematical model and for studying the mechanical behaviour of
the dielectric material, also introducing non-linear simulations to compare the results with
the experiments. Section 3.3 presents the manufacturing and the characterization procedures

used to built the capacitors.

3.1 Mathematical Model of a Capacitive Tactile Sensor

As discussed above, in order to increase the dynamic range and the sensitivity of the response,
the idea discussed here is of building stack of capacitances in parallel. The sensitivity
of capacitance measurement is dependent of thick values of the capacitance. For a given

thickness the first goal is to evaluate how thick the layers composing the stack must be to
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optimize sensor response, respecting design and manufacturing constraints. The second
purpose of the demonstration is to indicate how many capacitors have to be stacked in order

to maximize the resulting sensitivity.

3.1.1 Capacitive sensors principle

As it appears from Fig. 3.1, the variation of the pressure applied on the sensor due to the

force F uniformly distributed on the transducer area A can be written as:

F
AP = — 1 (3.1
where the pressure variation AP = P — P is supposed to be uniform on the whole sensor
area. P is the applied pressure and Py is any possible equilibrium pressure (e.g, pre-loading
pressure, or atmospheric pressure in the case of pressure compensated sensors etc.). We
start to share how an applied pressure is uniformly distributed on the sensor surface, and
we can compare the deformation of the dielectric material of the capacitive sensor with the

deformation of the equivalent spring, using the following formula:

F=k-At,At <0 (3.2)

Where £ is the elastic constant of the equivalent spring representing the linearized effect
of the applied force in terms of the sensor deformation. Ar =t — g is the displacement, 7 is
the resulting thickness of the dielectric due to the pressure applied on the transducer and ¢ is

the initial thickness
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Figure 3.1 Schematic diagram of the working principle of a capacitive tactile sensor.

Using the standard stiffness engineering model (81; 125), we have that:

k= (3.3)
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where E is the Young’s Modulus of the material.
By substituting the value of F computed from equation 1 in to equation 2 and using the

definition of k of the equation 3 we obtain the following equality:

E-A
—A-AP=— At (3.4)
fo
Which can also rewritten as:
At AP
= __= 3.5
0 z (3.5)

assuming a linear stress-strain relationship for the material used to build the sensor. Let us
now consider the nominal value of the sensor capacitance in the absence of contact pressure.

The value is Cy and it is expressed as:

A
Co=", (3.6)

Y = €&, where € and &, are the vacuum electric permeability and the dielectric constant
of the material used, respectively. Once a pressure is applied on the sensor, the resulting
capacitance become:

A
to+ At

C—y 3.7)

under the assumption that the transducer area does not change under the effect of a

contact pressure. The difference between C and CO can than be written as:

A A
AC=C—Cy= —y= =
0 yl‘()—l—At ’yt()
1 1 —At
¥ <t0+At t0> ¥ [to(to—f—At)] (3.8)

YA | —At At
to |10+ At to+ At

By using the equation 5, we can write the equation 8 as follow:

to4 _g, AP _ . AP

AC =y (3.9

E — AP
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3.1.2 Introduction to the stacked capacitances: the 2 layers stack

From now on we analyze the dielectric thickness requirement, to achieve the first objective

mentioned above, and let’s consider a capacitive sensor configured as parallel capacitances

(stack), composed of two layers of dielectric material, as in Fig. 3.2.

111l

1"/
Figure 3.2 Schematic diagram of a capacitive sensor configured as parallel capacitances.

The thickness variation of the electrodes is always negligible compared to the dielectric
deformation.

For capacitive sensors, in general the dielectric greatly affects the responce of the device
(153). In this paper we only take into account the effect of the dielectric in terms of its
deformation. From the equation 9, can define the total variation of the stack as the sum of the

variation of the two capacitors.

AP AP
AC = Clo —l—CzO

E—AP "®E—AP (3.10)
sy AP g AP '
ST AP T YE—AP

where Cy = C, + C;, is now the total initial capacity of the stack. Suppose we want to
design a stacked sensor with these characteristics such that the total thickness of the sensor
(design parameter) is defined as equal to #,;. In this case, the thicknesses of the two capacities

t1 and t, become the design parameters. With these considerations, we can write Cy as :

1 1 Hh+n ttot
Co = A[—+—] = YA —yA— (3.11)
4 o b 4 tity 4 t (tor — 1)
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So, for a given capacitor thickness, the goal is to decide how much #; and t, should be.

o,y 3.12)
lror ot
By defining:
b2, (3.13)
Tror frot

we can write the equation 11 using equations 12 and 13:

Co=7A (3.14)

x(1—x)

The sensitivity S is defined as the ratio between the variation of capacitance AC and the

variation of the exerted pressure AP (i.e., the stress):

_AC
AP
The sensitivity is proportional to AC and by equation 10 to Cp. Therefore, for a given AP,

S (3.15)

Cp must be maximized.
Fig. 3.3 shows the trend of Cy with respect to the layer thickness, expressed with the variable

x (minimum possible thickness for the dielectric).

Co ¢

COmax - - -

0 t t >
Xmin 0.5 1 x

Figure 3.3 Plot showing the initial capacity Cyy with respect to the layer thickness.

The formulation of the computation of the maximum of Cy must be constrained since the

minimum value of x is indeed a physical constraint which might depend on the technology
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used for the manufacturing of the sensor and on the characteristics of the material involved
in the design.
From this result we can say that the decreasing of the layer thicknesses improves the output

and so the sensitivity of the capacitive sensor.

3.1.3 Introduction to the stacked capacitances: capacitance from 3 to

N layers

In order to generalize to the case of a N layer stack (N-stack), let us consider as an example
the case of a 3-stack. Using the same notation of Section 3.1.2 we define as x1, x and x3
the normalized thicknesses of the three layers #1, ; and 73 with respect to the total expected

sensor thickness #,;. Then the following optimized problem must be solved:

maxC;+Cy 4+ Cs

s.t.
(3.16)

X1+x+x3=1

In order to find a maximum of the above cost function, consider a feasible choice for x1,
xp and x3 and assume (without loose of generality) x; fixed. Then following the rationale

used in Section 3.1.2 it is straight forward to verify that:

Xp = min
(3.17)
x3 = (1 =X1) = Xmin
maximises C> + C;. Since C, cannot be increased further, x, can be fixed and the above

rationale can be repeated for x; and x3 so that it can be:

X2 = Xmin
X1 = Xmin (3.18)
x3 =1 —2xpin
We can represent these layers as in the Figure 3.4.
Eventually loads to a feasible solution maximize the capacitance of the 3-stack. It is also
quite easy to check that for a given transducer thickness #;,,, the capacitance of a 3-stack is
greater than a 2-stack one. The dimension above suggests that for a given thickness #;,;, the

layers should have the following distribution:
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Figure 3.4 Thicknesses of the layers forming the capacitive sensor.

X1 = Xmin
XN—1 = Xmin (3.19)
XN = 1— (N— l)xmin

The formal proof is in Appendix.

3.2 Finite Element Simulations

In this section we use finite element simulations to validate the mathematical model presented
in the previous section and to explain the mechanical behaviour of the dielectric material,
also modeling the non-linear effect featuring the real system. On one hand, the linear
simulated model is useful to validate the models discussed in Section 3.1; on the other hand,
the non-linear simulated model is important to compare the finite element results with the
experimental ones presented in Section 3.3. First, we define the sensors model, which is
essential to simulate the sensor response. Then, we compute the sensors finite element
responses with their corresponding sensitivity and we compare the results between a single
capacitor and stacks of capacitors to demonstrate that a stack performs better than a single

capacity.

3.2.1 FEM Sensor model

Practical guidelines for the implementations of capacitive tactile sensors have been presented
in (155). The geometry and the material properties used for the simulated models have

followed those guidelines and are related to existing tactile sensors implementation (154).
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The simulated transducer is a single circular taxel with a diameter d = 4 mm. Tests on
Section 3.2.2, which are used to validate the mathematical demonstration, include models
with the same thickness #yp = 1 mm. Tests on Section 3.2.3, which are used to study the
mechanical behaviour of the dielectric material, include models with different thicknesses,
which increase every time we add a capacitity in parallel to the stack. In this case, each
capacity has a thickness t = 100 um. The choice of the dielectric and conductive layer
materials is consistent with the materials used for the experimental tests described in the
following Section. In particular, the dielectric is made of Polydimethylsiloxane (PDMS)
and Silver ink is used for the conductive capacitor plates and electrodes. The mechanical
characteristics of the conductive layers are assumed negligible and not modelled in the FEM
simulations. For the non-linear mechanical analysis we used a neo-Hookean constitutive
model for the PDMS. Table 3.1 summarizes the most relevant material properties of the
dielectric material used, which are:

* The Young’s modulus, defined as E = %, where o and € are the material’s stress and
strain respectively (220), is used to compute the elastomer strain under an exerted

pressure.

* The Poisson’s ratio (V) is a measure of the Poisson effect originating from the elastomer

expansion along the direction normal to pressure application.

* The dielectric permittivity (€,), which impacts on capacitance variations (155) and so

on the sensor sensitivity.

3.2.2 Simulations results: validation of the methematical model

COMSOL Multiphysics has been used to implement the models and performance simulations,
and simulation results have been further analyzed with Matlab. For the simulations two
classes of contacts have been selected, following (155; 158). The first class is referred to as
gentle touch and is characterized by contact pressures in the 0—10 KPa range, whereas the
second class, manipulation-like touch, refers to pressures in the 10—100 KPa range.

Looking at the consideration of the Section 3.1, we want to validate through FEM 1) the
optimal layer distribution and ii) the maximization of the performances by increasing the
number of layers. For sake of simplicity, in all models the sensitivity has been calculated
as the angular coefficient of the linear fitted curve, which can cover all the ranges, with a

maximum pressure of 100 kPa, from gentle touch to manipulation-like touch.
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Table 3.1 Most relevant dielectric material properties.

Young’s Modulus 200 [kPa]
(E)

Poisson Ratio 0.49
)

Dielectric Permittivity 275
(&)

Shear modulus for 42 [kPa]

neo-Hookean model

(w)

Optimal layer distribution

Let us now consider two models, which represent a stack with the same total thickness 7y =
Imm composed of 4 layers. In the first case the layers have the same thickness, in the second
case the layers are distributed according to the analysis of the previous section, assuming a
minimum thickness of 100 um. Figure 3.5 and Figure 3.6 show the two stack configurations
in the case of uniform pressure applied on the top layer of 100 kPa. Figure 3.7 shows the
finite element response of the first configuration, while Figure 3.8 shows the finite element
response of the second configuration. For the validation, the models have been considered
linear. By comparing the two finite element results, the second case has a 7 % increase in
sensitivity with respect to the first case. This further validate the first part of the mathematical
demonstration, on which we propose the optimal layer distribution to increase the sensor

response.
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Figure 3.5 Simulation for a 4 stack capacitor with #;,; = Imm and t; = #; =13 =14 =250 um.
The Figure refers to the case of a uniform pressure of 100 kPa.
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Figure 3.6 Simulation for the 4 stack capacitor with t;,;, = Imm and #; =, =3 = 100 um
and 74 = 700 um. The Figure refers to the case of a uniform pressure of 100 kPa.
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Figure 3.7 Computed change of capancitance AC for a change of applied pressure AP for
the case of Figure 3.5. The fitted curve is reported for the calculation of the sensitivity.
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Figure 3.8 Computed change of capancitance AC for a change of applied pressure AP for
the case of Figure 3.6. The fitted curve is reported for the calculation of the sensitivity.

Maximization of the performances by increasing the number of layers

Let us now consider other two models, which represent a stack composed of 4 layers and

a stack composed of 6 layers, with the same total thickness #yp = lmm and both with the
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optimized layer configuration. For the 4 stack capacitor, we consider the best configuration
of the previous section, and so we refer to Figure 3.6 for the model and to Figure 3.8 for
the response. Figure 3.9 shows the 6 layer stack and Figure 3.10 shows the finite element
response of the 6 stack model. Also in this case, for the validation we consider linear models.
By comparing the two finite element results, the 6 layer stack has a greater sensitivity with
respect to the 4 layer stack. This comparison tell us that by increasing the number of layers

in optimal configuration by 50 %, a sensitivity variation of 130 % is produced.

P(11)=100 kPa Total Displacement (um)

I?O

1 60

150

1 a0

130

Lo ,

Figure 3.9 Simulation for the 6 layer stack with #;,,; = Immand t| =t =13 =t4 = t5 = 100
um and tg = 500 um. The Figure refers to the case of a uniform pressure of 100 kPa.

In order to show the effectiveness of the optimal configuration, we also compared the
case of 4 layers of equal thickness (see Figure 3.5) with the case of 6 layers of equal thickness
(see Figure 3.11). The results of these two non-optimal configurations are shown in Figure
3.7 and Figure 3.12. In this case, a sensitivity variation of 120 % is produced.

Through all these tests and comparisons, we have validated the entire mathematical
demonstration, and we can affirm that, for improving the performance of capacitive sensors,
the aim is to manufacture sensors composed of several stacks of capacitances; moreover,

each layers have to be designed according to the optimal distribution explained above.
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Figure 3.10 Computed change of capancitance AC for a change of applied pressure AP for
the case of Figure 3.9. The fitted curve is reported for the calculation of the sensitivity.
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Figure 3.11 Simulation for the 6 layer stack witht;,, = 1 mmand ty =tr =3 =14 =t5 =t =
100 um. The Figure refers to the case of a uniform pressure of 100 kPa.
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Figure 3.12 Computed change of capancitance AC for a change of applied pressure AP for
the case of Figure 3.11. The fitted curve is reported for the calculation of the sensitivity.

3.2.3 Simulations results: a study on the mechanical behaviour of the

dielectric material

In the previous paragraphs, the analysis aims to demonstrate that more optimized stacked
capacitors have good performances. We now focus on the most technologically tractable case,
in which layers have all equal thicknesses. So, we work with non-optimal configurations
from the layout point of view. In this case, all the elements necessary to make the results
comparable with the experimental analysis have been introduced into the FEM. In particular,
in addition to the PDMS as a dielectric, kapton was also added in the simulations, as in
the experiments the sensors present both materials to form the dielectric. For the models,
a single capacitor, a 2 stack capacitor and a 3 stack capacitor have been considered. The
first simulation test refers to the analysis of the response of a 1 stack and 2 stack, and the
second simulation test refers to the analysis of the response of a 2 stack and 3 stack, in order
to understand how the dielectric is compliant under the action of a uniform pressure applied
on the surface area. Figures 3.13, 3.14, 3.15 show the mechanical responses of 1 stack, 2
stack and 3 stack, respectively, in terms of dielectric total displacement under the maximum
pressure applied. The initial values of the single capacity (C, ), of the 2 stack (Cy,) and of
the 3 stacks (Cp,) are 3.65 pF, 7.29 pF and 10.9 pF, respectively.
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Figure 3.13 Behaviour of the 1 stack capacitor in terms of dielectric total displacement under
a range of pressures applied.
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Figure 3.14 Behaviour of the 2 stack capacitor in terms of dielectric total displacement under
a range of pressures applied.
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Figure 3.15 Behaviour of the 3 stack capacitor in terms of dielectric total displacement under
a range of pressures applied.

Figure 4.13 shows the ideal sensors output and their corresponding sensitivity in the linear
case. More detailed information are given in Figures 3.17, 3.18 and 3.19 which show the
ideal sensors output and their corresponding sensitivity in the non-linear case. This is a more
real representation of the sensors response, and for this reason we will consider these values
as a reference to compare them with the experimental results. Results from the neo-Hookean
model show that the sensitivity has an increase of the 90 % passing from a single capacitor (S
= 8.9 fF/kPa) to 2 stack (S = 16.9 fF/kPa), and an increase of 48 % passing from a 2 stack to
a 3 stack (S = 25 fF/kPa). The sensitivity has an increase of 180 % if we pass from a single
capacitor to a 3 stack capacitor. Also in this case, the sensitivity will increase every time we

add a capacity in parallel to the stack.
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Figure 3.16 Finite element response with the corresponding sensitivity in the case of a) 1

stack, b) 2 stack capacitor and c) 3 stack capacitor, assuming a linear model for the dielectric
material.
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Figure 3.17 Finite element response with the corresponding sensitivity in the case of 1 stack

capacitor, using neo-Hookean non-linear elastic constitutive model for the dielectric material.
The fitted curve is reported for the calculation of the sensitivity.



3.2 Finite Element Simulations 55

2 ’(10-12. ; . . . ; ; . :

141

1.2 /

§=16.9 fF/kPA ,

,

AC[F]

06

04 r 1

02

0 10 20 30 40 50 60 70 80 90 100
AP [kPa]
Figure 3.18 Finite element response with the corresponding sensitivity in the case of the 2

stack capacitor, using neo-Hookean non-linear elastic constitutive model for the dielectric
material. The fitted curve is reported for the calculation of the sensitivity.
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Figure 3.19 Finite element response with the corresponding sensitivity in the case of the 3

stack capacitor, using neo-Hookean non-linear elastic constitutive model for the dielectric
material. The fitted curve is reported for the calculation of the sensitivity.
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3.2.4 Simulations on the sensors response by increasing the number of

capacitors in parallel

The realization of a greater number of layers involves process difficulties and greater en-
cumbrances. In this thesis, the simulations and the experimental tests have been conducted
up to three layers of dielectric. For larger layers, we conducted simulations that give us
information on what to expect by increasing the number of parallel capacitors (all the sensors
features remain the same of Section 3.2.3). Figure 3.20 shows the non-linear response of a
5 stack and a 10 stack capacitors. The predictions tell us that by continuing to increase the
number of stacks, there are improvements on the variation of the sensor capacity, which is

therefore more sensitive.
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Figure 3.20 Prediction on the sensor response in the case of a) 5 stack capacitor; b) 10 stack
capacitor. The fitted curve is reported for the calculation of the sensitivity.
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3.3 Experimental Manufacturing and Characterization

In this section we first show the manufacturing procedures used to make a single capacitor
and stacks of capacitors (all with a diameter of 4 mm, as for the simulation models). Then,
we present the characterization procedure used to compute the parameters required to validate
the finite element simulations of Section 3.2.3. The manufacturing process is based on the use
of two techniques: inkjet printing and spin coating. The peculiarity of this approach is that it
can be potentially used to obtain stacks of several capacitors in parallel and the procedure
can be customized to optimize the sensors covering on different surfaces. In this work, three
kinds of sensors have been manufactured and their performances have been analyzed. The
characteristics of a 1 stack capacitor, the output of a 2 stack capacitor and the output of a 3
stack capacitor have been computed and the results have been compared with those obtained

from the simulations.

3.3.1 Tactile sensor composed of a single capacity
Dielectric Preparation

Sylgard 184 (Dow Corning) is used as the dielectric material. The PDMS base and the
curing agent is mixed in a 10:1 ratio (base to catalyst) in all experiments and steered for
2 min. Then, the PDMS is placed in vacuum desiccators for degassing (10—13 minutes).
Than, a thin layer of PDMS has been deposited on the capacitor substrate by spin coating.
As discussed in (166), a thickness of 25 um guarantees an excellent electrical insulation
between the conductive layers. The PDMS thickness mainly depends on spin speed and
duration (129; 133). In this work, this thickness has been obtained by depositing in sequence
2 layers of PDM, each obtained through a spin coating with a speed of 2000 rpm and a
duration of 5 min. With these parameters, each layer has a thickness of ~ 12 um and so the
total dielectric thickness is ~ 24 um.

The dielectric preparation is the same also for the case of the stacked capacitors described

later.

Device Fabrication

The capacitor substrate consists of a suitably cleaned kapton sheet (75 pm thick). Two layers
of Silver Nanoparticle ink (Ag NP ink, SunTronic® EMD5730) have been inkjet printed
directly on the substrate with the commercial inkjet printer Dimatix DMP-2850 Fujifilm.
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The printed substrate is briefly placed on an hot plate to evaporate the solvent, until the silver
color of the ink emerge. After that, the curing is terminated in an oven at 150 °C for 30 min.
Subsequently, the PDMS is spin coated (as discussed in the above paragraph "Dielectric
Preparation") on top of the conductive layer and oven cured at 120 °C for 25 min allowing the
solvent to evaporate and cross-link the PDMS. At the same time, another identical conductive
pattern is inkjet printed on a second kapton substrate and, after the curing phase, is placed on
top of the dielectric material, placed on the first substrate, to form a single capacity. Figure
3.21 shows the sensor fabrication process and Figure 3.22 shows the vertical section of the

structure.
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Figure 3.21 Schematic illustration of the sensor fabrication process.
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Figure 3.22 Vertical section of the structure.
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3.3.2 Tactile sensor composed of a stack of capacitances
Device Fabrication

Starting from the manufacturing of the single capacity, stacks of N capacitors can be built by
following the schematic illustration of the sensor fabrication process in Figure 3.23. This
method allows to stack one capacity on top of the other, forming a stack of capacitors in
parallel. Each capacitor is manufactured with the aforementioned fabrication process (see
section 2.3.1). As from the Figure 4, in order to obtain a set of capacitors in parallel, all the
odd layers must be electrically connected together as well as all the even armatures. To the
same, the printed pattern of each armature is formed by a circle and an extruded electrode
which will be used to interconnect the remaining layers. From the final tranducer, the sensor
is composed of 2N right electrodes and 2N — 1 left electrodes. All the right electrodes are
electrically connected with each other with a conductive resin (MG Chemicals 842UR) and
the same thing for the left electrodes. For a good electrical connection between the armatures,
the layers are stacked one on the other and each of them is rotate of few grades with respect
to the lower, in order to avoid short circuits. This layout allows the electrical connection
vertically. The use of conductive glues has been chosen to solve a problem regarding the vias
fabrication in tactile sensors, in which functional devices from different layers need to be
connected by vertical interconnects (14; 196). Through other common fabrication methods,
some works addressed the problem by manually creating vertical feedthrough (creating holes
and metallizing them), during or even after the device fabrication (30; 80). This process
is normally conducted in rigid double layer devices. More difficulties arise in the case of
multi-layered sensors (more than two layers). The drilling must be done with a perfect cut to
ensure that the subsequent metallization contacts all the conductive layers involved. In this
way, the vias making for multi-layered sensors is supposed to be easier also because the via
itself is not drilled but built like a conductive pillar. Figure 3.24 shows the vertical section of

the 3 stack capacitor.
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Figure 3.23 Schematic illustration of the sensor fabrication process for 3 dielectric layers.
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Figure 3.24 Vertical section of the structure for 3 dielectric layers.

3.3.3 Characterization: pressure-capacitance measurements

To evaluate the pressure range and the sensitivity of the manufactured capacitive sensors, the

electrodes of the sensor were connected to the alligator clips of an LCR meter (GW Instek

LCR-6100). We used a mechanical hand-made test-rig, shown in Figure 3.25, consisting of a

vertical steel rod with a plastic cylindrical tip sustained by a linear bearing embedded in the

supporting frame. The pressure applied on the capacitor is changed by adjusting the load by

applying different weights on the upper supporting structure. For each experiment, the rod

is placed on top of the capacitor and loads are placed until a predetermined pressure (force
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divided by the rod surface area) is reached by stacking loads in sequence. Pressures ranging
from 10 kPa to 100 kPa were tested, using 14 loads with the same weight. Each load was
maintained for 10 s (recording 30 measurements) and then the next load was applied. All the
measurements were repeated at least four times. While different loads were being applied,
the capacitance of the sensor was measured using the LCR meter with a bias voltage of 1 V
at a 1 kH frequency. In this way we extracted the capacitance change AC of the sensor and
its sensitivity S.

The manufactured 3 stacked sensor is shown in Figure 3.26.

Loads stacked on the upper
supporting structure

LCR Meter

Sensor

» Steel Rod

Figure 3.25 Experimental setup for measuring the change in capacitance in response to
applied pressure.
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Figure 3.26 Manufactured 3 stacked capacitive sensor.

3.3.4 Results

In this section we studied the pressure response of the 1 stack capacitor, 2 stack capacitor
and 3 stack capacitor, measuring their corresponding AC while the sensors were pressed.
Figures 3.27 a, 3.28 a and 3.29 a plot the means and standard deviations, while Figures 3.27
b, 3.28 b and 3.29 b show the change in capacitance with respect to the applied pressure for
each sensor type. The total AC on the total AP is higher by increasing the number of stacks.
Passing from 1 stack to 2 stack capacitor, we have a sensitivity increase of 300 %. Passing
from 2 stack to 3 stack capacitor, the increase is of 50 %. These results are confirmed looking
at Section 3.2.3.
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Chapter 4
Electronics design

Tactile sensors are based on capacitance sensing: a variation on the dielectric’s thickness
affects the distance between the electrodes, inducing a variation on the capacity. Capacitance
to digital converters (CDC) measure sensor’s capacity variation and convert it into digital
bits. The basic working principle and a possible example are shown in Figure 4.1 and Figure
4.2. Therefore, CDC is the optimal solution to develop an electronic skin to collect data from
the environment, transform and process them for the robot to behave in an autonomous way
(e.g, work safely in collaborative tasks with humans). During the years, indeed, CDC was
deployed in combination with a microcontroller unit to transmit and elaborate converted
data. A recent study demonstrates that the old architecture can be replaced with a new one
by employing only a microcontroller unit with capacitance to digital conversion capability.
This has benefits on the costs, occupied area and technological implementation, making the
robot skin more flexible and efficient (101). The microcontroller used for this thesis is the
programmable Cypress PSoC4100S Plus, and tested on its evaluation board. The goal is
to create an event-based algorithm with such device and test it in order to corroborate new
architecture’s benefits and design a possible integration with the inkjet printed sensors.

Section 4.1 provides the hardware and software requirements for the electronics design.
Section 4.2 explains how the output capacitances are measured and converted, while Section
4.3 explains the logic behind the developed algorithm. Section 4.4 describes the tests done
with the Cypress sensors and Section 4.5 shows the first obtained integration between the
electronics and the inkjet printed tactile sensors, and the design of an optimized architecture

which can confer much robustness and flexibility to the new improved skin.
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Figure 4.2 Example of how CDC work in a single ended grounded sensor.

4.1 Requirements

4.1.1 Hardware components: Cypress Electronics

The micro controller PSoC4100S Plus is a device of the type 32-bit ARM Cortex M0 with a

clock rate of 48 MHz. The micro controller also has a part of the architecture in which find

functional blocks that allow data to be processed in parallel. This allows data acquisition

at the same time as transmission data from the previous reading cycle. For integration

into a system that contains multiple components, it is possible to use the various standard

communication protocols such as, for example, SPI, I2C and CAN. The standard protocol

used in this application was UART with a maximum transmission speed of 57600 baud

rate. The PSoC4100S is designed for applications that include capacitive sensors. For this

reason it offers a wide range of programmable parameters dynamically for data acquisition

optimization. Among the most important parameters must surely be mentioned:

* the number of conversion bits, a value that can vary from 7 to 16.

* gain, which allows an ideal calibration.
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Moreover, it is possible to apply a digital filtering to the captured data of integrated
hardware blocks, not used for this project. To eliminate as much noise as possible, the
PSoC4100S has a shield that surrounds both the lists and the sensor. The shield and sensors
are excited with a square wave at 250 HZ. This feature wasn’t tested in this thesis. To ensure
an acquisition with minimal noise, the microcontroller makes small calibration corrections
automatically. Figure 4.3 shows the PSoC4100S Plus evaluation board used for the project.

Figure 4.3 PSoC4100S Plus evaluation board.

4.1.2 Software Tools
PSoC Creator

The program PSoC Creator 4.2 has been used for programming the microcontroller Cypress
PSoC4100S Plus. This IDE (Integrated Design Environment) is the best development envi-
ronment for the microcontroller used both with regard to software development, compilation
and debugging that for logical design hardware in which it is integrated. Starting from a
logical scheme, the IDE automatically includes libraries provided by Cypress, specially
designed for processors, in the firmware project. PSoC Creator also allows to debug in real
time, connecting the hardware part. The microcontroller and consequently the PsoC Creator
were chosen based on the good performance they have provided in previously developed
systems in the laboratory. Figure 4.4 shows the PSoC programming interface, while Figure

4.5 shows the blocks used for programming.
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Figure 4.4 PSoC Creator 4.2 programming interface.
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Figure 4.5 PSoC Creator 4.2 components interface.

Tera Term

Tera Term (alternatively TeraTerm) is an open-source, free, software implemented, terminal
emulator (communications) program. It emulates different types of computer terminals, from
DEC VT100 to DEC VT382. It supports telnet, SSH 1 and 2 and serial port connections.
The tool is used to interface with the microcontroller and read the data collected from it, and

a view of the interface is shown in Figure 4.6.

Eagle

EAGLE is and electronic design automation (EDA) software that lets printed circuit board

(PCB) designers seamlessly connect schematic diagrams, component placement, PCB rout-
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Figure 4.6 Example of the Tera Term interface.

ing, and comprehensive library content. This software tool has been used to design an
optimized real integration between the electronics and the manufactured sensors, which could

confer much robustness and flexibility to the new improved skin.
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Figure 4.7 Example of the EAGLE interface.

4.2 CAPSENSE™ Technology

The reason to select Cypress PSoC4100S Plus as the main electronic component for ca-

pacitance to digital conversion, data transmission and manipulation lies on its CapSense
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module. CapSense is a touch-sensing technology that works by measuring the capacitance of
each I/O pin on the CapSense controller that is designated as a sensor. Capacitance can be
measured between two points using either self-capacitance or mutual capacitance. In this
case self-capacitance is preferred because is best suited for single-touch sensors. Moreover
for either measurements exists the respective sensing method: CapSense Sigma Delta (CSD)
for self-capacitance and CapSense Crosspoint (CSX) for the mutual one. Coherently with
the precedent choice, CSD is the touch sensing method to look into. Figure 4.8 shows a
simplified block diagram of the CSD method.

PSoC
GPIO Pin| | Capacitance-to- Ist
Current
Sensor 1 Converter
CSI
=~ GPIO Pin Capacitance-to- [ Touch
Sensor 2 4 Current Analog Current-To-  [Raw Count I SG ue
c Converter Multiplexer Digital Converter Irmware |—Sigs
52 _ (S Delta Processing
i . igma Delta)
~
. .
GPIO Pin Capacitance-to- I
Sensor N ] Current | N
Cs Converter
N - = |

Figure 4.8 Simplified diagram of CAPSENSE™ sigma delta method

In CSD, each GPIO has a switched-capacitance circuit that converts the sensor capacitance
into an equivalent current. An analog multiplexer then selects one of the currents and feeds it
into the current to digital converter. The current to digital converter is similar to a sigma delta
ADC. The output count of the current to digital converter, known as raw count, is a digital
value that is proportional to the self-capacitance between the electrodes. The relationship

between raw count and sensor capacitance:

rawcount = G.Cy 4.1)

Where G, is the capacitance to digital conversion gain of CSD, and C; is the self-
capacitance of the electrode. When a finger touches the sensor, the C increases from C),
to Cp + Cy, and the raw count increases. By comparing the change in raw count to a
predetermined threshold, logic in firmware decides whether the sensor is active (finger is

present). Figure 4.9 depicts a plot of raw count over time.
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Figure 4.9 Raw count versus time

4.3 Firmware

The firmware is done with PSoC Creator 4.2, previously described. The aim is to develop
an algorithm that notifies when a touch event is happening or not. The program works in
two phases: first calibrates the sensor and then acquires data to detect if a touch event has
occurred or not sending the output through UART at an host PC. Figure 4.10 outlines the
logic behind the code.

4.3.1 Calibration Phase

For capacity conversion, the microcontroller works in two steps: first stage is carried out
a conversion capacity - current and in the second phase is carried out an analog current
conversion - digital. For conversion it is possible to set a gain that allows you to influence
directly the dynamics. During the calibration phase this gain is set in such a way the recorded
data exploits the maximum possible dynamics and the effect of noise minimize. At the
beginning of the calibration the gain is set and only later a compensation parameter, which
allows to increase the slope of the conversion function. Figure 4.11 shows graphically the
concept.
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Figure 4.10 Algorithm’s Block Diagram

To find the correct value for the gain, the following formulas have been used:

Icomp 42)

rawcount = G3qCs — (2" — 1) 7
MOD

Gesa= (2" — 1)@ 4.3)
MOD
Where:
Vrer = Comparator reference voltage
Fsw = Sense clock frequency
Iyyop = Modulator IDAC current
N = Resolution of the sigma to delta converter

Icoyp = Compensation IDAC current
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Figure 4.11 Recommended tuning in dual IDAC mode.

The G.44 gain is set via the Iy;op current generated by the modulation IDAC. The other
parameters are set according to the desired resolution and the time of conversion. For the
thesis’ purpose 16 resolution bits are chosen and scan time equal to 1ms for the sensor. More-
over the Iy;op and Icopp are auto calibrated since the CapSense module get autonomously
the best ratio between noise and signal (SNR). Figure 4.12 resumes the hardware parameters

set.

v Widget Hardware Parameters
Sense clock frequency kHz) 3000

Actual sense clock frequency kH 3000

Scan resolution 16 bits
Nodulator IDAC Auto-calibrated
Gain IDAC Auto-calibrated

Figure 4.12 Widget Hardware parameters

Next step in calibration regards setting the thresholds parameters which determine the
conditions to control the state. These values correspond to a percentage of the measured
signal. This is done manually in the code by setting a scan time of 1 ms after initialized the
CapSense module since it needs to get the sensor’s capacitance and set the proper Modulator

and Gain IDAC. Hereafter the pseudocode of the calibration phase:
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i int main () {

2

> Initialization of variables and components

4 /*Scan all widgets before process themx/

s CapSense_ScanAllWidgets () ;

7 for(;;){
8 if (CapSense is not busy){
9 /*Process all widgets*/

10 CapSense_ProcessAllWidgets ()

12 /*Establish a communication with the tuner
13 to take more accurate measurementsx*/
14 CapSense_RunTuner () ;

16 /*Get the capacitance of the sensorx*/

17 cap = CapSense_GetSensorCapacitance();

19 /*START CALIBRATIONx*/

21 if (Sensor is active and flag == true){

2 for(i, i<1000, i++){

23 /*Take raw counts values in 1msx*/

24 diff_count[i] = CapSense_TAXEL_SNSO_DIFF_VALUE;
25 T

26

27 /*Get the max signal to set thresholdsx*/

28 diff_calibrate = GetMax (1000,diff_count);

30 /*Set the finger threshold for

3l the touch event (80% of the signal)x*/

32 finger_th = diff_calibrate * 0.8;

33 CapSense_SetParam(CapSense_TAXEL_FINGER_TH_VALUE, finger_th);

35 /*Set the noise threshold (40% of the signal)x*/

36 noise_th = diff_calibrate * 0.4;

37 CapSense_SetParam(CapSense_TAXEL_NOISE_TH_VALUE, noise_th);

38

39 /*Set the hysteresis (10% of the signal)x/

40 hysterisis = diff_calibrate * 0.1;

41 CapSense_SetParam(CapSense_TAXEL_HYSTERESIS_VALUE ,hysterisis);

4 flag = false;
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43 }
“ /*END CALIBRATION*/

Listing 4.1 Calibration phase

To get the max value of raw count a simple function GetMax(int n,uint32 x[n]) is created.

1 /*function to get the max number in an array*/
> uint32 GetMax (int n,uint32 x[n]){

3 uint32 max=x[0];

4 for(int i=0; i<=n-1; i=i+1) {

5 if ( x[il>max ) {

6 max=x[i];

8 }

9 return max;

Listing 4.2 GetMax() function

4.3.2 Control and Transmission Phase

Once thresholds are set, a simple finite state machine algorithm determines if a touch occurs
or not. A touch event is detected when measured capacitance is bigger than the finger

thresholds + hysteresis. Here the related bunch of code:

/*get the real time signalx*/
2 diff = CapSense_TAXEL_SNSO_DIFF_VALUE;

4 /*Get the touch event (0 No, 1 Yes)x*x/
if (diff<=(finger_th+hysterisis)){

6 state = 0;

7 }

.

9 elseq

10 state = 1;

11 }

Listing 4.3 Control phase
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Finally information about the state and the measured capacitance are sent to an host PC
through UART at 57600 baud rate by using Software Transmit UART module giving the
possibility to monitor the situation, process and elaborate the data.

Here the piece of code:

/*convert uint in string to put in UART=*/
sprintf (state_uart, "J%lu", state);

sprintf (cap_uart, "%lu", cap);

/*sending state and capacitance with CSV formatx*/
SW_Tx_UART_PutString(state_uart);
SW_Tx_UART_PutString(",");
SW_Tx_UART_PutString(cap_uart);

Listing 4.4 Transmission phase

4.4 Tests on Cypress sensors

As interface to see the output data the software Tera Term is used. Figure 4.13 shows the out-
put data from the board’s sensors. This confirms that the algorithm works in the proper way
by knowing when a touch event is made or not with also measuring the correct capacitance
with an accuracy of 15%. In addition to demonstrate that the microcontroller has efficient
performances tests on noise and dynamics are done, mainly on board’s sensor. The noise
measured in the absence of pressure on the sensors is practically non-existent. This was also
found in cases where the recommended minimum distances were violated. This is due to the
fact that the shielding surrounding the sensors can eliminate all undesirable effects. Tests
are done with different bit resolution and different size buttons when pressure is constantly
applied. In particular it is considered three rectangular pads with various area (1 mm?, 1.5
mm? and 3 mm?). The sample are chosen rectangular because of the board fabrication. It is
noticed that within a range of 9-13 bit resolution, the noise grows from 3 to 7 bit, producing
an SNR which goes from 40 to 103, higher than the sufficient one for a good transmission
which is 5. On the other hand if bit resolution arise the noise is negligible with respect to the
signal response, but is around 40 bit. However the size of the pads doesn’t affect much noise,
on the three sample the difference is only of 1 bit between the smallest and the bigger one.
Table 4.1 sums up all the considerations. Also Figures 4.14 and 4.15 show the dynamics of a

calibrated sensor and the measure of the noise and signal under pressure, respectively.
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Figure 4.13 Output data: state and capacitance expressed in {F from board’s sensors.

Table 4.1 Results of the tests.

Button size and bit reso- | Noise Signal SNR
lution

1 mm? and 9 bit 3 counts 56 counts 18.71
1.5 mm? and 9 bit 3 counts 57 counts | 19.05
3 mm? and 9 bit 4 counts 79 counts 19.76
1 mm? and 10 bit 3 counts 121 counts | 40.37
1.5 mm? and 10 bit 3 counts 122 counts | 41.06
3 mm? and 10 bit 4 counts 164 counts | 41.16
1 mm? and 13 bit 7counts 723 counts | 103.28
1.5 mm? and 13 bit 7 counts 724 counts | 103.42
3 mm? and 13 bit 8 counts 827 counts | 103.37
1 mm? and 15 bit 42 counts 5229 counts | 124.51
1.5 mm? and 15 bit 42 counts 5230 counts | 124.53
3 mm? and 15 bit 43 counts 5354 counts | 124.51
1 mm? and 16 bit 48 counts 6022 counts | 125.46
1.5 mm? and 16 bit 48 counts 6023 counts | 125.48
3 mm? and 16 bit 49 counts 6148 counts | 125.47
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Figure 4.15 Example of test to measure noise, signal and SNR of an external sensor to see if
the program has worked properly.

Therefore, the new architecture that provides the employment of the single microcon-
troller for both CDC and transmission is a robust, flexible and efficient solution to realize a

new improved robot skin.
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4.5 First integration and prototype design

The final step is to design a real robot skin integrating the tested electronics and the manufac-
tured sensors. The first approach was to connect the inkjet printed sensor to the microcon-
troller by attaching two wires at the dedicated pins, one for the GND and the other in P4[7],
the GPIO corresponding to CapSense controller. The setup is depicted in Figure 4.16.

Figure 4.16 First integration of the sensor linked with the microcontroller in a testing phase.

This first implementation is geometrical bulky and not suitable for covering robot’s part
surfaces which could be also curved. Nevertheless, this raw embedded solution gives further
validations about PSoC4100S Plus’ capability, measuring the correct capacitance with low
noise (see Figure 4.17).

Thus, next stage includes the design of a possible real deployment on a robot. As object
of study, a Baxter’s arm is taken into account and it is shown in Figure 4.18.

After measuring the surface area of the robot’s arm, it is decided to consider the realiza-
tion of 2 flexible PCBs’ blueprint with 24 inkjet printed capacitive sensor in combination
with 2 PSoC 4100S Plus microcontrollers. Two microcontrollers have been chosen instead
of one to increase the number of sensors covering the surface. Figure 4.19 shows the logical
idea of a possible real implementation where capacitance are converted into digital bits by
the PSoC and then sent to the host.
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Figure 4.17 Output of TeraTerm with the measured capacitance; for this test an algorithm
that measures only the capacity has been used.

Since 2 flexible PCB needs to be connected, board-to-board connectors and ZIF connec-
tion are applied. Moreover a reference capacitance Cy;op for the conversion is required. To
design the circuit schematic (shown in figure 4.20) and the prototype (shown in Figure 4.21),
the EAGLE software tool has been used.

As it can be seen by Figure 4.21, the shape of PCBs is strongly constrained by the shape
of the 3D body’s sample. Vias are the interconnection method between the PCBs and the
tactile sensors. A kapton sheet with the inkjet printed taxels is attached on the PCBs. In
correspondence of the vias, holes are created to electrically link by means of conductive
adhesive the sensors with the microcontroller. Due to the failed supply of components, it was
not possible to physically realize the boards and to test the entire prototype on the real robot.
However the goal of the thesis is achieved by design a possible embedded solution for the

new robot skin which is flexible and low cost.
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Figure 4.18 Figure on the left represents Baxter’s arm with old electronic skin; on the right
the same arm without electronic skin. The red part is the aim of the prototype.

PSoC4

Host / PC —

PSoC4

Figure 4.19 Block diagram of the process.
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Figure 4.20 Schematic of the electronic circuit.

Figure 4.21 Design of the PCBs.



Chapter 5
Conclusions

This thesis proposes the design of capacitive tactile sensors which can be installed on robot
bodies, with the aim of maximizing their dynamic range and sensitivity, also founding a
manufacturing solution that allows to optimize the sensor placement especially on curved
surfaces, with the embedded electronics.

The first contribution of this work aims to discuss the inkjet printing technique as a fabri-
cation method for the development of large-area tactile sensors. The work firstly focuses
on the manufacturing techniques and various system-level sensor design aspects related to
the inkjet manufacturing processes. The goal is to assess how printed electronics simplify
the fabrication process of tactile sensors with respect to conventional fabrication methods
and how these contribute to overcome the difficulties arising in the development of tactile
sensors for real robot applications. To this aim, a comparative analysis among different
inkjet printing technologies and processes is performed, including a quantitative analysis
of the design parameters, such as the costs, processing times, sensor layout, and general
system-level constraints. The goal is to provide a complete map of the state of the art of
inkjet printing, focusing on the most effective topics for the implementation of large-area
tactile sensors and a view of the most relevant open problems that should be addressed to
improve the effectiveness of these processes.

The second contribution provides a method to maximise the dynamic range and the sensi-
tivity of capacitive tactile sensors by exploiting the vertical direction and creating stacks of
capacitors. Firstly, by introducing our mathematical model for capacitive tactile sensors, the
solution is motivated by a simplified model leading to an optimal configuration of the layers
composing the stack, in order to maximise the sensor response. Then, the characteristics of
the simplified model have been validated with finite element simulations and finally the effec-

tiveness of stacked capacitors in a sub-optimal configuration has been tested by using inkjet
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printing and spin coating as fabrication techniques. The procedure for building capacitors has
been proposed although it is certainly not effective for a scale production. The experimental
solution presented in this work has to be intended only as a reference to other solutions, and
the production and realization must be evaluated and tested starting from the works presented
in the literature. The technical problems for implementing stacked capacitors in an efficient
way are well known and refer to the need to develop conductive circuits on multiple layers,
using printed electronics solutions.

Finally, the new electronic architecture composed of a single microcontroller (PSoC4100S
Plus) brings a low-cost solution and allows to increase the number of sensor from which
gather data and process them, meaning that a large contact area of the robot can be covered
by the sensors and its electronic components. Also the microcontroller provides robust
and low-noise operations. The final result is the design of an embedded system that com-
bines the manufactured part with electronics creating an optimal blueprint for a future real

implementation.
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Appendix A

Generalization of the mathematical model

in the case of an N-layer stack

As shown in Section 2.1, if we consider the case N =2, where N is a design specification
related to the number of layers of the stack, the optimal thickness allocation is ti,, A — tyin,
where A is the total transducer thickness intended also as a design specification as shown in
Figure A.1 and t,,;, is a technological constraint representing the minimum possible layer

thickness.

A N layers

Figure A.1 Generalization for N layers.

N -t < Ais the feasibility constraint ensuring the possibility of implementing an N-stack

capacitor and of course the interesting case is when N -t < Aoreven A>> N -¢.

Let assume A is given and, by induction, let assume that for a N — 1 layers stack, the

maximum capacitance is obtained using the configuration explained in Equation 20.
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X1 = min
XN—2 = tmin (A.1)
XN—1 = A— (N—Z) 'tmin

J (N=2)-t

Figure A.2 Case for N-1 layers stack.

In the case of N layers we can observe that the distribution of Equation 20 maximises the
capacitance for a vertical space budget Ay_» = (N — 2) - t;in. Therefore, for the allocation of
the remaining two layers there is a space budget equal to A — (N — 2) - tp.

This corresponds to the problem of maximizing the capacitance of a 2 layers stack for an
available space A = A — (N —2) - tyyin Which leads to the following allocation:

XN—1 = Imin (A2)
Xy =A— (N_Z) *tmin + tmin



