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ii 3D Printed Flexible Fingertip Strain Sensor

Abstract

Tactile sensing helps humans in determining properties of objects that we touch, like tex-
ture. Recent techniques allow a combination of conductive and nonconductive thermoplastic
polyurethane (TPU) to be 3D-printed. This enables the possibility to 3D-print flexible tactile
sensors that can be used on the fingertips of humans or robots. This is advantageous, because
flexible sensors can better adapt to the shape of a fingertip than the more traditional metallic
sensors. This report describes the modelling, designing and characterization of a 3D-printed
flexible fingertip strain sensor. This sensor can measure static and dynamic normal forces act-
ing on a fingertip. A study on the material properties of TPU was conducted prior to construct-
ing a model. This study yielded results on the Young’s modulus and resistivity of the conduc-
tive TPU that deviate significantly from the specifications given in the datasheet provided by
the manufacturer. The results following from this study were used in the construction of a first
mathematical model of the sensor. Based on the model, a novel foldable sensor design was
introduced. The design comprises a force sensitive resistor (FSR) that can be strapped around
afinger and fastened with a rod and a belt. 12 versions of the design with different dimensions
were 3D-printed. Measurements on these sensors show resistances in the order of megaohms.
The measurements indicate that the sensors with smaller heights and larger lengths and widths
yield more sensitive responses for smaller forces. Hysteresis was found to have a significant im-
pact on the resistance measurements. The model accurately predicted whether a sensor made
contact in 10 out of 12 sensors, but only in some cases did the model predict a resistance/force
relation that looked similar in shape to the measurements. The model gives qualitative insight
in the sensor’s physical operation, but requires significant optimizations to make more accu-
rate predictions and give a better understanding of the sensor. Other difficulties that are yet to
be overcome in this field of research are printing limitations on sensors with small sizes, finding
an optimal transduction principle and improving on the design of 3D-printed tactile sensors.
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1 Introduction

1.1 Tactile sensing

Human sensory perception consists of an extensive combination and integration of different
sensors that establish the way in which we perceive the world around us. A part of this percep-
tion consists of tactile sensing. Tactile sensing helps humans in determining properties of the
objects that we touch, like texture and temperature. This enables us to appropriately adapt the
way we handle these objects. For example, with the help of tactile sensory input, we adjust the
force we apply to an object or the distance we keep from an object.

Strain sensors made for human fingertips allow us to analyse the forces acting on our hands
and fingers. Given the flexibility of the human skin, it would be preferable to have tactile force
sensors that are flexible as well. This way a sensor can dynamically follow the shape of the
fingertip that it is attached to. In case of robotics, fingertip force sensors could be useful in
case some robotic gripper would have to handle objects of varying dimensions or objects that
are fragile, for example. Force sensor feedback could then allow a robot to apply a suitable
amount of force to an object. Having flexible force sensors thus is advantageous, because they
can adapt to the shape of a fingertip and they could be more robust than non-flexible sensors
(3;7;9; 24; 26; 28).

1.2 3D-Printing a Flexible Sensor

A significant amount of research has already been conducted on (partly) flexible force sensors
for usage on fingertips of humans and robots. A variety of fabrication processes and transduc-
tion techniques have been introduced in these researches. An example is a research by Drimus
et al. (9), in which the design and realization of a fingertip force sensor that measures both the
location and magnitude of an applied force is introduced. In this case, the sensor is not fully
flexible as it holds metal components. In a paper by Hammond et al. (11), a flexible force sen-
sor that can measure forces on the distal, middle and proximal phalanges (i.e. the top, middle
and bottom finger segments, respectively) based on the deformation of liquid-metal channels
is described. The sensor is created by means of moulding and assembling different parts.
Biischer et al. (3) discusses the designing and making of a tactile force sensing glove made
from fabrics. In Chorley et al. (4) the design of an optical finger-inspired sensor is described.
This is a large sensor meant for robotics and forces up to 0.05N. Vatani et al. (28) describes
a multi-layer piezoresistive tactile force sensor that was fabricated using hybrid 3D printing
with soft moulding, conformal direct-print and photocuring processes. The sensor is meant to
detect the position of applied forces. Most of the already conducted research on flexible force
sensors is on sensors that are not fully flexible, require different fabrication processes and/or
include an (extensive) assembly. Additive manufacturing (3D-printing) has the potential to
simplify and speed up the fabrication process of such tactile force sensors.

Multi-material additive manufacturing of thermoplastic polyurethane (TPU) allows for the
creation of flexible structures that consist of a combination of conductive and nonconductive
segments. This enables the possibility to fabricate fully flexible strain sensors. Additive man-
ufacturing of TPU is generally done in a process called fused deposition modelling. In this
process the TPU becomes fluidic under the application of heat. In its fluidic form the TPU
is added layer-upon-layer via an extruder that follows a certain pattern to form a specified
structure. Hereafter, the structure solidifies when cooled (1). Figure 1.1 shows a graphical
representation of the process of fused deposition modelling where (1) represents the printer
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2 3D Printed Flexible Fingertip Strain Sensor

extruder, (2) is the layer-by-layer structure being printed and (3) is a heated bed to keep the
layers from cooling down too rapidly as this could adversely affect the layer-to-layer adhesion.

Figure 1.1: Graphical representation of fused deposit modeling (19)

1.3 Research Goals

Specific material properties of thermoplastic polyurethane need to be determined by means
of researching and testing. This should help in determining what types of sensors can be 3D-
printed and used to measure forces. The sensor is to be placed on a fingertip, so it should be as
small as possible. As the potential benefit of 3D-printing a tactile sensor is mainly apparent in
the speed and simplicity of production, the sensor should be producible with a single print after
which no further assembly should be required. It should be analysed how such a strain sensor
could achieve normal (1-DOF) and, if time permits, shear force measurements (3-DOF). Of the
most effective or promising type of sensor a design will be made, modelled and 3D-printed.
Sensor performance will be characterized by a combination of electro- and mechanical tests.
The just mentioned research goals and subgoals are summarized in a list below:

* Find and analyse TPU material properties that will have an influence on sensor perfor-
mance and use this information in the design.

* Design and make a strain sensor that can measure the normal force acting on a fingertip.

The design should be novel and based on the most suitable transduction principle.

The sensor should be as small as possible.

Producing the sensor should be possible in a single 3D print.

Besides connecting wires, the sensor should require no further assembly.
* Characterize sensor performance.

 If time permits, it should be researched if and how shear forces could be measured as
well.

1.4 Thesis Outline

This report consists of 6 chapters. Chapter 1 presents a general introduction to the report.
In chapter 2, different possible transduction principles for fingertip force sensors are analysed.
The material properties of TPU that are significant in designing the sensor are analysed in chap-
ter 3. Chapter 4 elaborates on the modelling and designing of the sensor. Characterization of
the sensor is discussed in chapter 5. Finally, chapter 6 comprises the conclusion on the research
and recommendations for further research on this topic.
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2 Types of Sensors

2.1 Introduction

A goal of this research is to design and make a fingertip force sensor. There are multiple
transduction principles with which this goal could be achieved. Given that the sensor will be
3D-printed from flexible TPU and placed on fingertips of humans or robots, some transduction
techniques are likely to perform better than others. There is limited time available to conduct
this research, so it is preferable to utilize a transduction technique that is easy to conduct
measurements on. Furthermore, one of the suboals is that the sensor should eventually have a
novel design. In the remainder of this chapter an analysis of the transduction principle most
suitable for 3D-printed flexible fingertip force sensors is presented.

2.2 Overview

Reviews on the most commonly used transduction principles have been conducted in Dahiya
etal. (7); Dahiya and Valle (8); R.M. Crowder (23); Tiwana et al. (26); Wei and Xu (30). A summa-
rized general overview of these reviews is given in table 2.1.

Table 2.1: List of advantages and disadvantages of common transduction principles used in force sen-

o
Transduction principle | Advantages Disadvantages
Capacitive * Excellent sensitivity * Hysteresis
* Good spatial resolution * Noise susceptible
e Large dynamic range * Stray capacitance
¢ Complex electronics
Piezoelectric * High sensitivity * Temperature sensitive
¢ Large dynamic range * No static sensing
* High frequency response | ¢ High stiffness
* Special materials/fabrication required
Resistive * High sensitivity * Hysteresis
(Piezoresistive * Sensing range e Temperature and humidity sensitive
strain gauge, FSR) ¢ Low noise ¢ Non-linearity
 Simple electronics ¢ High power consumption
* Low cost ¢ Intensive manufacturing process

Other common transduction principles like optical and magnetic type of force sensors have
been omitted from this overview. This is because they are not feasible and/or would take too
much time given the limited available time for this research and given the limitations on sensor
complexity imposed by 3D-printing.
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4 3D Printed Flexible Fingertip Strain Sensor

2.3 Discussion

Table 2.1 shows that all four transduction principles have a high sensitivity. Capacitive type
of sensors suffer from hysteresis, noise, stray capacitance and require complex electronics for
measurements. These all contribute to making the measurements more difficult. Moreover,
the presence of a human fingertip will probably affect the capacitance differently than the
presence of a robotic fingertip. Piezoelectric type of sensors do not suffer from hysteresis like
capacitive types do, but they are temperature sensitive and do not measure static forces. Also,
they have a high stiffness and that would be nonideal on human fingertips, which have a some-
what flexible nature. Resistive type sensors are also temperature sensitive and like capacitive
types, they too suffer from hysteresis. Additionally, they are non-linear, consume more power
and require an intensive manufacturing process. However, they do have low noise and simple
electronics to compensate for the measurement difficulties. Based on table 2.1 no clear winner
emerges. All transduction principles have some serious advantages and disadvantages to go
for them.

Now these were general advantages and disadvantages of sensors using these transduction
principles. It was not taken into account that 3D-printed flexible TPU will be used to make a
sensor. TPU is not a piezoelectric material by itself and as piezoelectric flexible 3D-printable
material is not readily available, this type of sensor is not a feasible option. A capacitive sensor,
strain gauge or FSR could be 3D-printed with the available TPU. As capacitive sensors gener-
ally require complex measurement electronics and resistive type of sensors do not, a resistive
type of sensor will be focused on in this research. A strain gauge would ideally experience
large deflections for better performance. However, one of the goals is to make the sensor as
small as possible. Creating a 3D-printed strain gauge to measure the normal force acting on
a fingertip would likely require a structure with a height that, when put on, would noticeably
extend the length of a fingertip. A sensor that significantly extends the length of a fingertip is
not preferable. The force sensitive resistor (FSR) is considered to be a sensor that experiences a
change in resistance due to a change in contact area induced by an external force. (12) provides
the theory of operation of a commercial FSR. An FSR could be realized by placing two plates on
top of each other with some space in between. It is expected that it is easier to make the height
of these plates and the gap in between smaller than it is to make a good performing strain
gauge with a small height. Therefore, an FSR will be designed in this research. Hysteresis,
temperature and humidity sensitivity, non-linearity and high power consumption will be a
challenge to deal with. Another disadvantages listed for resistive sensors was the intensive
manufacturing process that is traditionally required to produce a resistive sensor. One of the
subgoals of this research is to make a sensor out of a single print that does not require an
assembly, which would be the opposite of having an intensive manufacturing process. This
makes the FSR a good option to work on during this research.

2.4 Conclusion

This chapter gave a summarized overview of advantages and disadvantages of three common
transduction principles behind force sensors. From this overview it did not become clear which
transduction principle would perform best. They all have some serious disadvantages and ad-
vantages to go for. When considering that the sensor will have to be 3D-printed, some trans-
duction principles seem more feasible than others. TPU is not piezoelectric itself and a capac-
itive or resistive sensor can be made with the available TPU, so keeping in mind the limited
available time for this research, piezoelectric transduction was deemed unfeasible. Resistive
transduction was chosen over capacitive transduction, because of the expected electronic com-
plexity of measuring a capacitive sensor. An FSR will be focused on in this research rather than
a strain gauge, because it is expected that an FSR can be made smaller.
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3 Material Properties of NinjaFlex and PI-ETPU

3.1 Introduction

The sensor will be constructed from conductive and nonconductive elastic thermoplastic
polyurethane (TPU). The conductive and nonconductive TPU that are available and will be
used are PI-ETPU 95-250 Carbon Black and NinjaFlex (Lava colour), respectively. In order to
be able to accurately model and design a sensor, it is necessary to know the material specific
properties that will influence sensor behaviour. The sensor will be flexible and thus elastic
properties like the Young’s modulus and Poisson’s ratio are of interest. Also, as the sensor’s
electrical resistance will be measured as a function of contact area, its resistivity and surface
resistance should be known. Properties like the Young’s modulus and volume resistivity are
given by the TPU manufacturers in the datasheets of the TPU filament (18; 20). However, these
may not be accurate; the properties depend on various factors, like printing configuration,
testing conditions and environmental conditions. It is because of such dependencies that
the mentioned properties will be redetermined by means of research and electromechanical
measurements.

This chapter is divided into two sections. Section 3.2 is devoted to the Young’s modulus
and the Poisson’s ratio of NinjaFlex and PI-ETPU and section 3.3 is on the resistivity of PI-
ETPU. In section 3.2 first some theory on the Young’s modulus and Poisson’s ratio is given, after
which the methods used during the measurements are discussed. This is followed by a section
on modelling and a section on designing. These follow after the method section, because the
model and design are dependent on the measurement method. At the end of this section,
the measurements are shown. The section on resistivity starts off with a brief explanation on
the theory and methods that will be used. Then the designs of the structures used for doing
resistance measurements with are discussed. This is followed by the measurement results. At
the end of this chapter, a discussion on the Young’s modulus measurements and resistivity
measurements is given. The chapter is completed with a general conclusion.

3.2 Young’s Modulus and Poisson’s Ratio
3.2.1 Theory

The Young’s modulus or tensile modulus is a measure of stiffness of an elastic material.
It is used to describe the elastic properties of objects when they are stretched or com-
pressed (The Engineering ToolBox). The Young’s modulus for both NinjaFlex and PI-ETPU
as given by their manufacturers is 12 MPa (18; 20). 3D-printed structures are generally
anisotropic, which is the case when the properties of a material vary along different directions
(NDT Resource Center). This can intuitively be seen in figure 1.1, where the layer-by-layer
build-up of a structure make it anisotropic. This means that the Young’s modulus of a structure
can vary depending on the conditions under which it is used and the setting in effect during
printing.

Equation 3.1 shows a mathematical description of the Young’s modulus (E) according to
Hooke’s law, where o and ¢ stand for stress and strain, respectively.

E=

g
— (3.1)
£
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6 3D Printed Flexible Fingertip Strain Sensor

Thus, to be able to determine the Young’s modulus, the present stress and strain should be
known. Stress equals a force, F, divided by the area this force is being applied to, A. This area is
determined by its width, w, times its height, k. Strain is a measure of relative deformation and
is given by the change in length, AL, divided by the original length, L. Equations 3.2 and 3.3
for stress and strain are given below (15).

F F 3.2)
o=—=—— .
A w-h
AL 3.3)
£=— .
Loy
From equations 3.1, 3.2 and 3.3, equation 3.4 is derived.
p=_tto (3.4)
Cw-h-AL ‘

A graphical representation of the dimensions and force present in equation 3.4 is given in figure
3.1.

Figure 3.1: Beam stretching parameters needed for determining the Young’s modulus

In figure 3.1, the length of the beam, L, equals its original length plus its elongation due to force
F,i.e. L= Lo+ AL. Due to the Poisson effect, the width and height of a material could change
(decrease) when the material is elongated. This would result in a change in area, which would
affect the stress and the Young’s modulus. The change in width and length that accompany an
elongation can be estimated if the Poisson’s ratio, which has a specific value per material, is
known. These changes are described by equations 3.5 and 3.6 below, where Aw and A#h are the
changes in width and height and wg and hy are the original width and height, respectively (15).
The Poisson’s ratio is represented by v.

AL

Aw=-v-wy-e€=-v-wy-— (3.5)
Lo
AL

Ah=-v-hy-e=-v-hy-— (3.6)
Ly

The width and height at any moment are described by w = wy + Aw and h = hy + Ah, respec-
tively. Filling this in in equation 3.4, together with equations 3.5 and 3.6, yields equation 3.7.
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CHAPTER 3. MATERIAL PROPERTIES OF NINJAFLEX AND PI-ETPU 7

b F-Ly
 (wo+Aw)- (hg+Ah)-AL

F-Ly

(LUO—U'wO'%—OL)'(ho—U'ho'%—f)-AL

= 5 3.7)

3.2.2 Method

Because the Young’s modulus can vary depending on the conditions and printing settings dur-
ing printing, multiple structures with different specifications were printed to be tested and
evaluated with respect to how the Young’s modulus varies among these structures. A straight-
forward way to determine the Young’s modulus of TPU consists of using a measurement setup
with which the variables in equation 3.7 can be measured directly. Except from the changes
in width and height, such a setup was constructed in practise. In this setup a beam of TPU is
clamped on both of its sides. One clamped side is attached to a fixed rigid structure and the
other is attached to a freely moving load cell, which’s purpose is to measure the force acting on
the TPU. The load cell is attached via a sliding structure to a voice coil which is used to apply
a force. Furthermore, a displacement sensor is attached to the sliding structure. This sensor
measures the change in length of the TPU beam. Some details on the voice coil, load cell and
displacement sensor are listed below.

e Load cell
The load cell being used is a calibrated Tedea-Huntleigh model 1022. Four-terminal sens-
ing is applied to measure the voltage over the load cell, V,,;. The force, F, acting on the
load cell is calculated with equation 3.8.

—_ Vout : Emax .

(3.8)
Vex * RO

Herein, Ejy, 4y is the rated capacity of the load cell, which is 3 kg in this case. V,, represents
the recommended excitation voltage, which is 10 V (29). RO is the rated output of the
load cell and equals 1.8342 mV/V according to the load test data sheet that is provided
with the load cell. This datasheet was specifically established by the manufacturer for
this particular unit. Finally, g represents Earth’s gravitational acceleration of =~ 9.81 m/s?
(National Institute of Standards and Technology) and is included to convert the unit of
force from kilogram to newton.
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8 3D Printed Flexible Fingertip Strain Sensor

* Voice coil

The voice coil in use is an MB Electronics PM50. According to its datasheet, this voice coil
has a rated peak output force of 25 pounds or approximately 11.3 kilograms for natural
convection cooling and a peak to peak displacement of 0.5 inch or 12.7 millimetre (14).
A fixed current ranging from 0 to 4 amperes is delivered to the voice coil. There is no
linear relation between the current flowing through the voice coil (input) and the force or
displacement outputted by the voice coil. Instead, the resulting displacement and force
are established by an equilibrium being reached in the entire measurement setup. This
equilibrium mainly depends on the structure being tested. For example, imagine two
structures of the same material and with the same width and height, but with different
lengths being tested. If for both structures the same current is delivered to the voice
coil, then this will result in two different forces and displacements, due to two different
equilibriums being reached.

* Displacement sensor
A digital displacement sensor reads the distance between the sliding structure and the
fixed rigid structure with a resolution of 100 nm.

The current to the voice coil is delivered in steps of 0.1 ampere between 0 and 4 amperes. For
each step, 50 force/displacement data points are collected with an added delay of 450 millisec-
onds between each of them. Also, each collected data point takes up about 50 milliseconds
of processing time. Thus, each step takes about 50 x (0.450 + 0.050) = 25 seconds. In total,
there are 41 steps, resulting in a total measurement duration of about 25 x 41 = 1025 seconds
or approximately 17 minutes. The 450 milliseconds added delay serves two purposes. Firstly, it
gives the measurement setup and structure being tested time to reach an equilibrium position.
Secondly, the displacement sensor is unable to pass through data continuously without delay.
When data from the displacement sensor is collected too quickly, its output value clips. The
delay prevents this unwanted clipping behaviour.

As mentioned, the measurement setup does not measure the changes in width and height
of a structure under testing. Thus, the Poisson’s ratio is not measured. A Poisson’s ratio of 0.5
is estimated for polyurethane (PU) in Tsukinovsky, D. et al. (27) and in Qi and Boyce (22) it
is stated that for TPU ”it is reasonable to assume the Poisson’s ratio ranges from 0.48 to 0.5”.
In Elleuch et al. (10) a Poisson’s ratio of 0.45 is assumed for TPU. Based on this information,
an approximate average Poisson’s ratio of 0.48 was assumed for both PI-ETPU and NinjaFlex
throughout this research.

3.2.3 Beam Model

Beams with a length of 5 cm, height of 5 mm and varying width (thickness) were modelled in
Matlab. This length and height had been chosen, because physical beams with these dimen-
sions can be comfortably placed in the measurement setup. The measurement setup allows for
easy clamping of beams with various thicknesses in the range of 0 to approximately 5 mm, so
this dimension was chosen as a variable. The model is based on equation 3.7. Now only the
force and the elongation are unknown, so either the force or the elongation needs to be driven
in the model. A quick check with the measurement setup showed that the voice coil will out-
put a displacement of about 2 mm for structures that will be tested. Therefore, in the model,
the displacement (AL) was assumed to be driven and ranging from 0 to 2 mm, resulting in an
according force (F). This is shown in figure 3.2.
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CHAPTER 3. MATERIAL PROPERTIES OF NINJAFLEX AND PI-ETPU 9

Pulling force vs beam elongation
12 ‘ ‘ ‘ ‘ :

width = 0.5mm
width = Imm

10 width = 2mm B
width = 3mm
width = 4mm
width = 5mm

Force F [N]
(<)

0 02 04 06 08 1 1.2 14 16 18 2
Elongation AL [mm]

Figure 3.2: Modeled force vs elongation of beams with various thicknesses and with length = 5 cm and
width =5 mm

In the previous section it was mentioned that the voice coil should be able to deliver 11.3
kg (= 110.8 N) of force. Figure 3.2 indicates that the voice coil should be capable to deliver
the modeled forces associated with the displacements. Additionally, figure B.1 shows a stress
versus strain plot for various thicknesses. A single linear slope is visible, because the stress and
strain are equal for all beams. This is because the Young’s modulus is modelled as being the
same for all.

3.2.4 Beam Design

A simple design was made for structures of NinjaFlex and PI-ETPU to be tested in the measure-
ment setup. A cross-sectional view of this design is shown in figure 3.3.

8 50 8

Figure 3.3: Cross-sectional view and dimensions [mm] of the structure to be tested in the measurement
setup

The design consists of a 50 mm beam, with clamping pads on either side. The pads have a
slightly larger height than the beam (6 mm vs 5 mm), so that in practise it can be easily seen
if a length of 50 mm of material is being clamped without having to use a ruler. The thickness
(width) is not shown in figure 3.3, but is equal throughout the design.

Figure 1.1 gives intuitive insight into what orientations the design could be printed in. There
are two possible printing orientations in which no bridging or overhanging of TPU is required.
The most straightforward method will be referred to as horizontal printing. Consider that the
length of the design in figure 3.3 is oriented along the x-axis in figure 1.1 and the height of
the design is oriented along the y-axis. Then the width is along the z-axis. This is horizontal
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10 3D Printed Flexible Fingertip Strain Sensor

printing. Another possible method is when again the length is along the x-axis, but now the
width is along the y-axis and the height is in the z-direction. This will be referred to as vertical
printing. Other printing orientations are possible, but would require bridging or overhanging
of material. This would be difficult to print accurately with the available material.

So which variations in beam thickness were designed? Thinner beams are easier to be clamped
in the measurement setup, but beams with a thickness of less than 1 mm are difficult to print
vertically due to the printer’s limitation on resolution. In the orientation of vertical printing,
the printer’s resolution is mainly determined by the nozzle width (which is fixed). Also, having
more than 3 variations in beam thickness would result in too many test structures requiring
too much testing time. Therefore, three beams with thicknesses of 1 mm, 2 mm and 3 mm were
chosen to be printed and tested. This means that for both NinjaFlex and PI-ETPU, 3 beams
with a length of 50 mm, height of 5 mm and widths of 1 mm, 2 mm and 3 mm were printed
both horizontally and vertically and tested for their Young’s modulus. In total, there were thus
12 different beams, 6 of NinjaFlex and 6 of PI-ETPU.

3.2.5 Measurements and Data Processing

After printing the test beams, first their actual dimensions were measured to see if they were
printed as specified. These measurements were conducted with a digital calliper. The results
were rounded to 1 digit, because flexibility of the material had a negative effect on the accuracy
of the measurements. The specified and measured dimensions are shown in table 3.1.

Table 3.1: Specified and actual (measured) dimensions of beams used for determining the Young’s mod-
ulus of NinjaFlex and PI-ETPU

Material Specified dimensions | Measured dimensions
& Ixwxh Ixwxh
Print method [mm] [mm)]

NinjaFlex, 50x1x5 49.2 x 1.0 x 5.1
Horizontal 50 x 2 x5 49.5 x 1.9 x 5.1
50 x3 x5 49.6 x 3.0 x 5.1
NinjaFlex, 50x1x5 49.2 x 1.0 x 4.9
Vertical 50 x2 x5 49.4 x 1.9 %x 4.9
50 x3 x5 49.1 x 2.9 x 4.9
PI-ETPU, 50x1x5 49.7 x 1.1 x 5.4
Horizontal 50x2 x5 49.7 x 2.1 x 5.3
50 x 3 x5 49.7 x 3.1 x 5.3
PI-ETPU, 50x1x5 50.2 x 1.5 x 5.1
Vertical 50 x2 x5 49.5x 2.0 x 5.0
50 x 3 x5 49.5 x 3.1 x 5.0

All beams were then tested as described in section 3.2.2. First, no-load data was obtained by
performing a 50 second measurement without anything attached to the measurement setup.
This resulted in an average displacement offset of = -1.2 mm and an average voltage offset of =
0.8 mV as shown in figure B.2. The average displacement and voltage of the no-load measure-
ment were subtracted from all NinjaFlex and PI-ETPU measurements to remove measurement
offsets induced by the measurement setup itself. The measurements for all NinjaFlex structures
were conducted twice. For PI-ETPU only the 3 mm thick horizontally and vertically printed
structures were tested twice. Figures B.3 and B.4 show these measurements in displacement vs
time and force vs time. The data in these figures is not raw, because equation 3.8 was used to
calculate the force and the no-load data was used to remove offsets.
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From the sets of data shown in figures B.3 and B.4, the Young’s modulus was determined by
performing the following steps:

¢ Calculate stress o.

— Use Poisson’s ratio (v = 0.48) and the dimensions in table 3.1 for Ly, wy and hy to-
gether with the displacement measurements to determine the change in area for
both NinjaFlex and PI-ETPU.

— Use the resulting area to calculate the stress with equation 3.2.

* Calculate strain € by using equation 3.3, length L from table 3.1 and the change in length
from the deflection measurements.

* Excluding data.

- Infigure B.3a two clipping values can be seen; one for w = 1 mm, horizontal print at
t =~ 0 s and one for w = 1 mm, vertical print at ¢ = 550 s. These are the clipped values
of the displacement sensor as was mentioned in section 3.2.2. The clipped values
do not actually hold true and are omitted by excluding both the first measurement
of the 1 mm horizontal print and the first measurement of the 1 mm vertical print
entirely. In all further results, of the first measurement the data of the 2 mm and
3 mm horizontal and vertical prints were used and of the second measurement the
data of the 1 mm horizontal print and 1 mm vertical prints were used. Thus, also the
data of the second measurement of 2 mm and 3 mm horizontal and vertical prints
were excluded.

- In figures B.3 and B.4 it can be seen that for most measurements, at the instant the
jump to the second measurement step is taken (at ¢ = 25 s), no significant changes
with respect to the previous step are present. In those cases, the beam is not yet
properly pulled by the voice coil. Therefore, this data (data points in the first two
steps) was expected not to be very useful and was excluded. Something similar
happens at the end of the measurement, where the voice coil reaches its limit. Also
here, the final two steps were excluded.

- Infigures B.3 and B.4 it can also be seen that each step experiences some relaxation
time. This movement towards an equilibrium for each step is especially visible in
the force measurements. The path to reaching this equilibrium depends on a com-
bination of factors influenced by both the measurement setup and the beam that is
being tested. The eventual equilibrium point being reached is predominantly deter-
mined by the beam being tested and not by the measurement setup, so this point is
of most interest. Therefore, only the 10 data points before the last data point (out of
50 points in total) were used. The first 40 data points for each step are excluded. The
last data point was excluded, because it already measured the transition to the next
step. An average is taken over the remaining 10 data points to yield an approximate
value.
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« Plot the stress versus the strain and their 4" order polynomials in figure B.5. The poly-

nomial fits have been extended to approximate what the stress vs strain curves would
look like. From these graphs it can be seen that the curves, if extended, would not orig-
inate from the graphs origin. This is due to the fact that the structures were put in the
measurement setup manually. This caused each structure to be clamped under a differ-
ent tension. The voice coil should have been pushed forward or backward slightly for
each measurement to start at a force of 0 N. This has unfortunately not been done. To
compensate for these deviations, the polynomial fits were used to check at what mag-
nitude of strain no stress (¢ = 0) should be present. The value for strain accompanying
each zero-stress intersection was manually read and then subtracted from each accord-
ing measurement. Now, if extended, the curves would approximately originate from the
origin of the graph. This can be seen in figure 3.6 at the end of this section. The polyno-
mial fits are as described in equation 3.9, where n equals the order of the polynomial fit
and p represents the coefficients (MathWorks).

1

px)=pr1x" + pox" L+ puxt + ppax° (3.9

The coefficients that were used in the polynomial fits in figure B.5 are given in tables A.2
(NinjaFlex) and A.1 (PI-ETPU).

Finally, the measured Young’s modulus of NinjaFlex and PI-ETPU was determined by di-
viding the stress by the strain and plotting it against the strain. This yielded the absolute
Young’s modulus, i.e. the Young’s modulus at each value for strain with respect to the
origin. Additionally, the change in stress divided by the change in strain is used to deter-
mine a relative Young’s modulus as shown in equation 3.10. In this equation n represents
a data index and n — 1 corresponds to the previous data point.

oln]-o[n-1]
Ereiln] = —————— (3.10)
e[n]—en-1]
The resulting absolute and relative Young’s modulus of NinjaFlex and PI-ETPU are shown
in figures 3.4 and 3.5, respectively.
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NinjaFlex: absolute Young's modulus vs Strain

NinjaFlex: relative Young's modulus vs Strain
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Figure 3.4: NinjaFlex absolute and relative Young’s modulus measurement
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Figure 3.5: PI-ETPU absolute and relative Young’s modulus measurement
To give a quick indication of the Young’s modulus, for each plot the average Young’s modulus
was determined. The average Young’s moduli are as follows:
* Average absolute Young’s modulus of NinjaFlex = 17.0 MPa.
* Average relative Young’s modulus of NinjaFlex = 15.4 MPa.
* Average absolute Young’s modulus of PI-ETPU = 49.1 MPa.

* Average relative Young’s modulus of PI-ETPU = 40.7 MPa.
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By using the measured average absolute Young’s moduli in the model, a comparison stress ver-
sus strain plot was made between the model and the measurements. This is shown in figure
3.6. Note that these plots also show the effect of removing the strain offsets.

NinjaFlex: stress vs strain offset compensated PI-ETPU: stress vs strain offset compensated
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(a) NinjaFlex modeled and measured stress versus (b) PI-ETPU modeled and measured stress versus
strain strain

Figure 3.6: Measured stress versus strain and modeled stress versus strain derived from the measured
average absolute Young’s moduli of NinjaFlex and PI-ETPU

3.3 Resistivity and Surface Resistance
3.3.1 Theory and Method

The electrical resistivity is a material specific property and can be used to estimate the electrical
resistance of a certain object. It relates the resistance of an object to its length, width and height
as described in equation 3.11.

R= L (3.11)
P '

The resistivity of NinjaFlex is assumed to be infinite. The volume resistivity of PI-ETPU 95-
250 Carbon Black is <300 Qcm, according to the material info provided by the manufacturer
(20). However, as was discussed in section 3.2.1, printed PI-ETPU is anisotropic. This means
that the electrical resistance could differ within a structure itself and it could also differ per
printed structure. To check the resistivity provided by the manufacturer, a measurement was
conducted to redetermine the resistivity of PI-ETPU.

In section 2.3 it was specified that the FSR sensor being designed experiences a change in resis-
tance due to a change in contact area. Therefore, measurements were conducted to determine
the surface resistance between two sheets of PI-ETPU. Four-terminal sensing was applied in all
electrical resistance measurements. This method was used to eliminate the contact resistance
between the probes of an ohmmeter and the material it measures. The method is named four-
terminal sensing, because two terminals are used to deliver a known fixed current to a material
and two terminals are used to consequently measure the voltage across a section of the mate-
rial where the input current flows through. A schematical drawing of four-terminal sensing is
given in figure 3.7.
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Figure 3.7: Electrical circuit schematic of four-terminal sensing

As input current Iy is known, the resistance between 2 and 3 can be determined from the
voltage measurement simply via Ohm’s law.

3.3.2 Design

Figure 3.8 shows the top view of the structure that was designed to measure the resistivity of
PI-ETPU.

L]

j I

Figure 3.8: Top view and dimensions [mm] of resistivity testing structure

The resistance over several intervals was measured. Input current /1y and output current /oyt
are known and equal. The contacts pads shown at the top of the design were included to have
electric copper wires molten into them to form the contacts to the voltmeter. V, and V_ show
an example of where the voltage could be measured. The contact pads all have the same fixed
distance of 5 mm between them. This allows the resistance to be measured at multiple dis-
tances across the PI-ETPU structure. The resistance was measured over all possible distances
between the contact pads.

Also structures to test the surface resistance of PI-ETPU with were designed. Multiple plates
of different sizes were used to measure the resistance as a function of contact area. Figure
3.9 shows a schematic drawing of how the surface resistance is measured with four-terminal
sensing. Two individual plates of PI-ETPU with a different area (length x width) are placed on
top of each other. The area of the smallest plate equals the contact area between the two plates.
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\' \'

+ -

ouT

Figure 3.9: Schematic top view of two PI-ETPU plates placed on top of each other for measuring their
surface resistance

In all plates used, the length equals the width, i.e. L; = w; and L, = w». The bottom structure
will be the largest one. Table 3.2 shows the specified dimensions of the designed structures.
All structures have a contact pad for electrical connection to the current source and ohmmeter
attached to them. In all structures, this contact pad has the same dimensions. Its length equals
10 mm and its width equals 2 mm.

3.3.3 Measurements and Data Processing

First of all the dimensions of the structure in figure 3.8 were checked. The specified length of
145 mm was measured to be 144 mm. The path width, where the current flows through, was
specified as 10 mm and measured as 10.25 mm. The height of the structure was specified as 2
mm and measured to be 1.95 mm.

Resistance measurements of the structure were manually conducted with a multimeter that
has the option to do four-terminal sensing. It was assumed that the distance over which has
been measured was the distance between the centres of the contact pads as specified, i.e.
10 mm between the centre of each neighbouring contact pad. There are 12 contact pads in
total, so the largest distance to be measured over was 11 x 10 mm = 11 cm. The results of the
resistance measurement, including an approximation, are shown in figure 3.10a. The approx-
imation is given in equation C.1 and is a linear function without offset. The multiplication
factor in this function was determined by dividing the average measuring distance by the
average measured resistance. It must be noted that during any single measurement, as time
passed, the resistance shown on the multimeter kept decreasing. Trying a different multimeter
also showed a decrease over time. The decrease in resistance over time did gradually decline.
The measurements shown in 3.10a were taken after waiting for approximately 5 to 10 minutes,
when the resistance settled more or less.

The resistivity was determined with equation 3.11, where L equals the specified distances
between the centres of the contact pads, w and & equal the above mentioned measured width
and height, respectively, and R equals the measured resistance as shown in figure 3.10a. The
resistivity resulting from both the resistance data points and the approximation is plotted
against the measurement distances in figure 3.10b.
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PI-ETPU: resistance vs distance
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Figure 3.10: PI-ETPU measured resistance and resistivity over increasing distances on the structure
shown in figure 3.8

Before conducting the surface resistance measurements, again the dimensions of the testing
structures were checked. Table 3.2 shows the dimensions of the plates as specified and mea-
sured.

Table 3.2: Specified and actual (measured) dimensions of the testing plates used for determining the
surface resistance of PI-ETPU

Plate # | Specified dimensions | Specified area | Measured dimensions | Measured area
lxwxh A Ixwxh A
[mm] [mm?] [mm] [mm?]
0 (Base) 40 x 40 x 0.4 1600 40.1 x 40.2 x 0.6 1612.02
1 35x35x%x0.4 1225 35.2x35.2x0.6 1239.04
2 30 x30x0.4 900 30.4 x 30.3 x 0.6 921.12
3 25x25%x0.4 625 254 x 254 x 0.6 645.16
4 20 x 20 x 0.4 400 20.5 x 20.5 x 0.6 420.25
5 15 x15x 0.4 225 15.5x 154 x 0.5 238.70
6 10 x 10 x 0.4 100 10.6 x 10.5 x 0.6 111.30

Plate 0 was used as the bottom plate during all measurements. This means that L, and w; (fig-
ure 3.9) are always 40.1 and 40.2 mm, respectively. Thus, L; and w; depend on which of the six
remaining contact plates is placed on top of the base plate. All resistance measurements were
conducted manually with a multimeter. During the measurements a fixed (nonconductive)
weight of approximately 0.5 kg was pushing down on the plates to ensure proper contact be-
tween them. Figure 3.11 shows the results of the resistance versus contact area measurements.
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Figure 3.11: PI-ETPU contact area resistance measurements where the top sides of the plates are in
contact with each other and where the bottom sides of the plates are in contact with each other

The bottom and top sides of the 3D-printed PI-ETPU plates differ in texture. The bottom layer,
which was printed directly on the heated bed of the 3D-printer, is significantly more smooth
than the top layer, which is more rough. To see if this makes a difference in measuring surface
resistance, measurements were taken where both the top sides of the plates are in contact
(figure 3.11a) and where both the bottom sides are in contact (figure 3.11c). During the mea-
surements, there were troubles measuring the surface resistance with the 400 mm? plate. In
most measurement attempts, no resistance could be measured at all (infinite resistance). This
only was the case with the 400 mm? area plate, no such issues were recorded while measuring
the other contact plates. It could be the case that the measurements that did succeed with this
plate are not accurate. Therefore, figures 3.11b and 3.11d were made in which the resistance
measurement corresponding to the 400 mm? plate is excluded. The first order polynomial fits
shown in figures 3.114a, 3.11b, 3.11c and 3.11d are specified by appendix equations C.2, C.3, C.4
and C.5, respectively.
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3.4 Discussion
3.4.1 Young’s Modulus and Poisson’s Ratio

Figure 3.5 shows the Young’s modulus changing along the magnitude of elongation of the
material. This change is more present in PI-ETPU, which starts at a Young’s modulus of about
60 MPa and declines to about 30 MPa, than it is in NinjaFlex, which starts slightly above 15
MPa and declines to about slightly below 15 MPa. Thus, these measurements were (partly)
conducted above the linear limit of the Young’s modulus. The Young’s moduli provided by the
manufacturers is 12 MPa for both NinjaFlex and PI-ETPU (18; 20). The results shown in figure
3.5 indicate a significant difference between the specified and measured Young’s moduli. If
we look at the relative Young’s modulus, then the average measured Young’s modulus of Nin-
jaFlex is 28% larger compared to the datasheet specification. The average Young’s modulus of
PI-ETPU has been measured to be 239% larger than claimed by the manufacturer. What causes
these differences? In section 3.2.1 it was stated that the Young’s modulus of a structure can
vary depending on under which conditions and printing settings it is printed. The NinjaFlex
datasheet states that the D638 standard tensile test method for plastics was used. Also, a draw-
ing is provided of the testing structure used to determine the Young’s modulus of 12 MPa. The
length and height of this structure (33 mm and 6 mm, respectively) (18; ASTM International)
that were tested are slightly different from those used in this research (50 mm and 5 mm).
Also, the D638 standard test method for the tensile properties of plastics does differ from the
method used in this research. The datasheet of PI-ETPU also indicates that the ASTM D638
method was used to determine the tensile modulus. Furthermore, it states that "The infor-
mation in this data sheet represents typical values for the original standardized sample and
should not be regarded as a fixed specification for all filaments. 3D-printing will affect these
values” (20). This indicates that the measured Young’s modulus may very well be different from
the specified one. The steps applied in this research to determine the Young’s modulus from
the measurement data include the assumption of a (fixed) Poisson’s ratio, the removal and
averaging of certain data and the manual removal of strain offsets based on a polynomial curve
fitting. All of it contributes to the difference in the specified and measured Young’s modulus
of NinjaFlex and PI-ETPU. Especially the removal of strain offsets by looking at a polynomial
curve fittings is highly disputable, because these do not capture the stress-strain relations well.
Perhaps a linear approximation below the linear limit of the Young’s modulus would have
sufficed. Though, it must be noted that the difference in the specified and measured Young’s
modulus of PI-ETPU is significant to say the least.

Another interesting note is that the Young’s moduli of the horizontally printed beams are
only slightly larger than those of vertically printed beams. These differences were expected
because of the different layer-on-layer buildups of these beams. However, the measurements
indicate that these differences are not significant.

In figure 3.6 the modelled and measured stress is plotted versus the strain. In figure 3.6a
for NinjaFlex we can see that the modelled curve remains close to the measured values. This
is because the measurements do not display much of a curvature. If the Young’s modulus
of each individual structure was taken, the model would have come close to the individual
measurements. Things are different in the case of PI-ETPU, where the measurements show a
decreasingly steep slope. Deviation from the model starts to significantly increase for strains
greater than 0.02. This is due to the Young’s modulus of PI-ETPU not being constant; it de-
creases for increasing strain.

The Poisson’s ratio of both NinjaFlex and PI-ETPU was assumed to equal 0.48 following some
literature. Ideally, this would have also been measured during this research. It could be that the
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Poisson’s ratio of NinjaFlex and PI-ETPU is different and it could also be that the Poisson’s ratio
is varying depending on the strain. However, looking at equation 3.7 and assuming that the
actual Poisson’s ratio does not significantly differ from 0.48, we can see that for small strains
the Poisson’s ratio does not have a significant influence on the Young’s modulus. This was
also proven by changing the Poisson’s ratio to values tenfolds larger than 0.48, which are not
physically possible, in the MATLAB simulations and not seeing significant changes.

3.4.2 Resistivity and Surface Resistance

The resistance and resistivity versus distance measurements of figure 3.10 resulted from mea-
surements that were conducted of the structure in figure 3.8. The measurements on this
structure rely on the principle that the voltage at a certain horizontal distance parallel to the
flow of current, x, should be the same regardless of the vertical position y perpendicular to the
flow of current. This is based on the assumption that the internal resistance of the structure
is equal throughout the structure, so that the flow of current is equally spread throughout the
structure. However, as mentioned, 3D-printed TPU is not isotropic and so it could be that
the current flow is not equally spread throughout the structure and therefore the resistance
measurements may not be fully accurate. The results of the resistance and resistivity versus
distance measurements as shown in figure 3.10 indicate that the resistance versus distance
relation is nearly linear, which would be as expected. It was assumed that the measuring
distance was exactly between the centre of two contact pads. However, the wires molten into
these contact pads were spread with a certain width, making the distances shorter by a couple
of millimetres than accounted for in figure 3.10. This could explain some of the deviations
(slight offset to the right) of the measuring points from the linear approximation and in result
the non-constant resistivity derived from the resistance data points.

According to the datasheet provided by the manufacturer, the volume resistivity of PI-ETPU
95-250 Carbon Black is <300 Qcm (20). However, the approximation that was derived from the
measurements indicates a resistivity of = 8.3 kQcm, which is 28 times larger. Again, this could
be due to environmental conditions and anisotropy of the material, or as the manufacturer
stated that ”3D-printing will affect these values” (20). Also, the measurement method used in
this research could be inaccurate or the multimeter could have given incorrect measurements,
but as with the Young’s modulus, the measured difference is of such a significant magnitude
that one could wonder if the datasheet is correct. It is interesting to note that another datasheet
of PI-ETPU 95-250 Carbon Black exists in which a volume resistivity of <100 Qcm is indicated
(21), suggesting that the manufacturer already once adjusted this value.

During the surface resistance measurements, plate 0 was used as the bottom plate for all
measurements. Unfortunately, this means that for any plate placed on top of the bottom plate,
the path length towards the contact area is different. A part of the measured resistance will thus
result from this path and it will be different for each measurement. However, looking at the
results of the just discussed resistivity measurements shown in 3.10, the order of magnitude
of the path resistance is expected to be lower to such a degree that it is hardly significant in
the measurement results shown in figure 3.11, which are of a significantly larger magnitude.
The resistance measured for the 400 mm? contact pad was excluded from the data, as this
measurement provided troubles while measuring and the measurement was not in line with
the others. This issue may indicate an underlying problem that could have to do with what was
mentioned before, that the printed material is anisotropic and current flow may not be equally
spread throughout the structure. If then the voltage measuring probes of the four-terminal
measurement are placed at a location or layer where the current flow differs from elsewhere,
a resistance could be read that does not hold as a general value for the structure. This is just
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a suggestion and may not hold true, because the results in figure 3.10 do yield consistent
results. The surface resistance measurements with the 400 mm? contact pad excluded indicate
arelatively large surface resistance in the range of 170 to 270 MQ for contact areas between 100
and 1300 mm?, which is a range of areas larger than the area of a fingertip. Furthermore, the
results show no significant differences between the top-on-top and bottom-on-bottom mea-
surements. The top-on-top measurements seem to have a slightly steeper decline in resistance
for increasing area, but given the manual resistance readouts and inconsistent waiting times
between readouts, this can not be stated with certainty. Also a fixed weight of approximately
0.5 kg was used to press down on the plates. This causes a difference in pressure depending on
the area of the plate. A smaller plate will experience a greater pressure than a larger plate. This
could have influenced the measurements.

As a final note, all resistance measurements were manually conducted four-terminal mea-
surements with a multimeter. Non-manual measurements, where the data would be digitally
logged to a computer, could have given more insightful and more accurate data. This was not
done to save time, because no such setup was readily available.

3.5 Conclusion

This chapter elaborated on the research conducted on the Young’s modulus and Poisson’s ratio
of NinjaFlex and PI-ETPU and the volume resistivity and surface resistance of PI-ETPU. The
Poisson’s ratio was not measured. Instead, it was assumed that the Poisson’s ratio of NinjaFlex
and PI-ETPU equals 0.48. According to their datasheets, the Young’s modulus of both NinjaFlex
and PI-ETPU equals 12 MPa. The measurements conducted during the research yielded a re-
sulting average absolute Young’s modulus of 17.0 MPa and 49.1 MPa and an average relative
Young’s modulus of 15.4 MPa and 40.7 MPa for NinjaFlex and PI-ETPU, respectively. Especially
for PI-ETPU this is a significant difference compared to the datasheet provided by the man-
ufacturer. These differences may be (partly) due to the printing of the material, the method
of measuring and the data processing. Additionally, it was found that the Young’s moduli of
horizontally and vertically printed beams do not significantly differ.

The resistivity of PI-ETPU is <300 QQcm according to its datasheet. In the conducted mea-
surements a resistivity of = 8.3 kQcm was found, which is 28 times larger. Again, this is a
significant difference measured on PI-ETPU compared to the specification provided by the
manufacturer. The surface resistance was measured to be in the range of 170 to 270 MQ for
contact areas between 100 and 1300 mm?. One measurement was excluded, because it caused
difficulties during the measurements and it was not in line with the other measurements. Both
bottom-on-bottom and top-on-top contact measurements were conducted on surface resis-
tance, because these differ in surface texture. However, no significant differences were found
in the surface resistance measurements for the bottom-on-bottom and top-on-top contact
measurements.
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22 3D Printed Flexible Fingertip Strain Sensor

4 Sensor Modelling and Design

4.1 Introduction

With the Young’s moduli of NinjaFlex and PI-ETPU known, modelling and designing of the
actual sensor started off. In chapter 2 the decision was made to design an FSR sensor. An
indication was already given that the sensor could consist of two plates of PI-ETPU above each
other. The contact area between these plates would then increase by applying a force. Conse-
quently, the resistance would decrease following the increasing contact area. As discussed in
section 1.3, one of the subgoals in this research was to design a fingertip strain sensor that is as
small as possible. Also, the sensor should be producible in a single 3D-print without requiring
any further assembly. These goals are to be taken into account when designing the sensor.
This chapter describes the modelling and designing of the 3D-printed flexible fingertip strain
Sensor.

4.2 Model

The model is based on two plates above each other with spacers in between, as shown in figure
4.1.

L, L, L,

Figure 4.1: Graphical representation of the model with labelled dimensions

The two plates (dark grey) above each other are conductive PI-ETPU. The two spacers (light
grey) on either side are nonconductive NinjaFlex. Having a space between the two PI-ETPU
plates means that there is a threshold force at which the plates make their first contact. As-
suming the bottom plate is laying on a flat surface and the top plate is pushed down upon by
an equally spread load, the threshold force will be mainly determined by the height (thickness)
of the spacers (hy) and the height of the top plate (h4). For a fingertip force sensor in general,
it would be preferred to have the threshold force as low as possible so that forces as small as
possible can be measured. This is why the spacers are modelled on two opposite sides and not
all around; to obtain a lower threshold force.

The average absolute Young’s moduli for NinjaFlex (17.0 MPa) and PI-ETPU (49.1 MPa) found
in chapter 3 are implemented in the model. The model considers the sensor to be positioned
on a flat rigid surface. The top plate is assumed to be bending. The spacers are assumed to be
compressible, but not bending. The bottom plate is not accounted for in the model, which is
similar to assuming the bottom plate to be rigid. Depending on how the sensor will be printed,
it can either be simply- or rigidly supported. The sensor would be simply supported if the top
plate is touching, but not attached to the spacers and it would be rigidly supported if the top
plate is physically attached to the spacers.
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In case of a rigidly supported top plate, equation 4.1 can be used to determine the deflec-
tion of the top plate, Dy, at any position, x < %Lg, along the length of the sensor for a uniform
load, W (CodeCogs). In case of a simply supported top plate, equation 4.2 could be used
(CodeCogs).

2

Rigidl ted D)= X (1 xp? @.1)
igidly supported: X) = -X .

gialy supp P 24-E-1-Lg 3

. W-x(Ls—x) 2

S 1 ted: D =— (L L3 - 4.2
imply supporte p(X) 2B 1L (Ls” + x (L3 — x)) (4.2)

In these equations, I represents the second moment of inertia and is described by equation 4.3
(15), where w; and hy4 represent the width and height indicated in figure 4.1, respectively.

1
I=—w;-hy® 4.3
oW (4.3)
For now arigidly supported top plate is assumed. Combining equations 4.1 and 4.3 yields equa-
tion 4.4.
W - x?
Z'E'Lg' wh 'h43

Dp(x) = (L3 — x)* (4.4)
Spacer compression is also accounted for. For this we can rewrite equation 3.4. For ease of
implementation, equation 3.4 is used instead of equation 3.7. If the forces are small enough, the
compression (AL in equation 3.7) will be small enough for it to not make a significant difference
between the two equations. After rewriting equation 3.4 and implementing the dimensions of
figure 4.1, equation 4.5 for the compression of the spacers, Dy, is obtained. A division by 2 is
added, because the load is spread over two spacers.

W-h3

Dy= ———
2'L2'W1'E

(4.5)
We can now calculate the distance between the bottom plate and the top plate, yp, at any po-
sition, x < %Lg, along the length of the model. This can be done by taking the original spacer
height and subtracting it with the deflection of the top plate and the compression of the spac-
ers. The result is shown in equation 4.6.

¥p(x) = hg — (Dp(x) + Ds) (4.6)

Obviously, this distance cannot be negative, so equation 4.6 is rewritten into equation 4.7. Note
that this does not take into account that the plates are now actually touching, which would
change the physical behaviour of the sensor.

hs — Dy(x)—Ds, if Dy(x)+Ds<h
yp(x)z{ TP P ’ 4.7)

0, if Dp(x)+Ds = h3

If we want to know y, (x) at %Lg < x < L3 we can simply mirror the equation, as shown in equa-
tion 4.8.
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1
hs — Dy (x) - D, if  Dy(x)+Ds < hs and  0s<x=_Is
¥p(x) =10, if Dp(x)+Ds=h3 4.8)
1
hg—Dp(Lg—x)—Ds, if Dp(Lg—x)+Ds<h3 and 5L3<XSL3

By assuming some realistic example dimensions given in table 4.1, a plot could be made. Real-
istic means taking into account the size of a fingertip and the resolution of the 3D-printer.

Table 4.1: Dimensions of the model shown in figure 4.1 used for plotting the plate distance shown in
figure 4.2

Ly | La=Ly | L3=Li—-Lx—Ly | wn h3 hy
[mm] [mm)] [mm] [mm] | [mm] | [mm]
5 1 2 2.5 0.4 0.4
5 1 2 2.5 0.4 0.6
5 1 2 2.5 0.4 0.8

Figure 4.2 shows the distance between the top plate and the bottom plate, where the top plate
is represented by the coloured curves and the bottom plate is considered to be at 0 distance.

Plate distance | length L,=3mm

0.4 ‘ ; ;
0.35
0.3
— ——— W=5N, h =0.4mm
g 0.25 ~ 4 R
=2 ——— W=5N,h, =06 mm
> T T W=5N,h, =0.8mm
o 02 il
o — — —W=10N, h, =0.4 mm
c 4
s — — —W=10N, h, =0.6 mm
7] 4 4
2 015
[a) W=10N, h, =0.8 mm
f ]
0.1 // ; ]
/
// II
0.05 - | g
I
0 L I b
15 2 25 3

X [mm]

Figure 4.2: Modeled plate distance for 2 forces and for beams of various heights specified in table 4.1
Now the contact area, A, versus applied load, W, could be predicted. The contact area can
be determined by first finding x for which equation 4.6 equals 0. The outcoming value of x,

Xcontact, Should then be subtracted from half the plate length, %Lg, and the whole should be
multiplied by 2, because of symmetry around the centre. This would thus yield equation 4.9.

1
A=2- (ELS - xconmct) s W 4.9)

Instead of finding Xcontact by solving equation 4.6 for y,(x) = 0, MATLAB was used to find
Xcontact- A logarithmic plot of contact area versus the applied load is given in figure B.7.
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With the resistance versus area approximation found in chapter 3, figure 3.11b, an estimation
of force versus resistance can be made. The top-on-top approximation was taken, because a
sensor printed in practice will have contact plates with the same texture. The resistance ap-
proximation found in chapter 3 is given in equation 4.10, with resistance R [Q2] and area A [m?].

R(A) ~ (-82.9- A+0.27)-10° (4.10)

Finally, the resistance can be determined as a function of applied force or load, W, which is
shown logarithmically in figure 4.3.

Resistance versus applied load

2724
\
2722 1
v \
: \
272 . \\ * \ ]
: N A L,=3mm, h, =0.8mm
L= : \ N . = =
_msp N . \ L,=3mm, h, =0.6mm
(] N N L, =3mm, h =0.4mm
Sorier - BN Mo ] Ls i h4 i
8 ~ \\\ 3 =6 mm, 4—0.8 mm
g 2714 S ~o . — ——L,;=6mm, h, =0.6 mm
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10° 10t 102
Load W [N]

Figure 4.3: Sensor model logarithmic plot of contact area versus applied load for various top plate
lengths and heights

4.3 Design

Many attempts were made to try and print a sensor with physical properties similar to the
model shown in figure 4.1 in a single print, with all structures attached to each other (that is,
the spacers attached to both the bottom and top plate). Unfortunately, all of these attempts
have failed. The dimensions regarding length and width, i.e. L,, Ly, L3, Ly and w,;, were
well printable, but the dimensions regarding height were not. Referring to the terminology of
"horizontal printing’ and 'vertical printing’ introduced in section 3.2.4, various horizontal and
vertical prints were made with various values for hy, h3 and hy. In horizontal printing, there
were no problems printing height &, but the top plate was only possible to bridge between the
two spacers for a large spacer height, h3, in combination with a small bridging length, Ls. This
would result in a sensor that could never be used as a fingertip force sensor, because A) the top
and bottom plate could never touch, because of the small length L3 and the large height /3 and
B) the goal of making a small sensor would not be achieved. In vertical printing, it was also the
heights hy, hs and hy4 that caused trouble. The nozzle width of the extruder imposed a minimal
value on these heights, that was too large. This would also make the sensor too big and too stiff.

To avoid the above-mentioned problems, a new foldable design was developed. Herein,
the top plate is not attached to the spacers. The design is shown in figure 4.4 with labelled
dimensions. Note that from here on the dimension as labelled in this figure will be referred to.
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This design can be printed properly, because
it requires no bridging of TPU and its total
height is kept low. Twelve of these sensors are
printed in different sizes to see what dimen-
sions are achievable and to compare perfor-
mance of sensors with different dimensions.
The printer settings used for all twelve sen-
sors are listed in table A.3. At the basis are
three different area sizes (A, B and C), shown
in figure B.8. These are actual designs that
were sent to the 3D-printer. Table 4.2 gives
an overview of the dimensions of the 12 dif-
ferent sensors. For all 12 sensors, the follow-
ing holds:

e w1 =Li=1Ly

* wy=w;—2.5mm
* hiy=hy=hr=hyp
e [{=1.2mm

e [,=15mm

e wy=12mm

e [p=62mm

* Wp=3.9mm

Figure 4.4: Foldable sensor design

Plate 1 is the bottom PI-ETPU plate on top of

which 2 NinjaFlex spacers are printed. Plate

2 is the top plate and can be folded on top of

plate 1 and the spacers. The width of plate 2 is 2.5 mm smaller than the width of plate 1, so that
the top plate can shift a bit and still be aligned above plate 1 to make contact along its full width.
When folded on top of each other, the rod and belt can be used to secure this folded position
by pushing the rod through the first hole in the belt. Then the belt can be wrapped around the
finger and the rod can be pushed trough the belt one more time, fastening the sensor around
the fingertip.

Table 4.2: Varying sensor dimensions resulting in 12 different sensors

Sensor Ly n hg
[mm] | [mm] | [mm]
Al 10 0.8 0.4
A2 10 0.8 0.2
A3 10 0.6 0.4
A4 10 0.6 0.2
Bl 7.5 0.8 0.4
B2 7.5 0.8 0.2
B3 7.5 0.6 0.4
B4 7.5 0.6 0.2
Cl 5 0.8 0.4
C2 5 0.8 0.2
C3 5 0.6 0.4
C4 5 0.6 0.2
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Plates 1 and 2 are attached to each other by a NinjaFlex beam of which the dimensions were
determined by means of trial and error: length = 2.5 mm, width = 0.8 mm and height = 0.4 mm.
The dimension of the rod (L,, w;, and h,) and the belt (Lj,, wj and hj) were also determined
after trial and error. The sizes of the rod and the holes in the belt are such that the rod must be
twisted before it can be pushed through the holes in the belt. When the rod is pushed through
a hole in the belt, it wants to twist back to its original shape, but the holes in the belt are not big
enough to allow for that. This way, the rod clamps itself in the belt. Furthermore, each plate
has a beam of PI-ETPU sticking out to connect electrical wires to. Four-terminal sensing is
accounted for as indicated in figure 4.4. A picture of the sensor in practice is shown in figure B.9.

4.4 Discussion

The model was constructed with many of assumptions. First, an equally spread load is as-
sumed. It is likely that this will often not be true in practice, where fingertips are used to grab
objects of various shapes and sizes. The bottom plate as indicated in figure 4.1 is assumed to be
on a flat rigid surface. This will not hold true for application on a fingertip, which is a non-flat
compliant surface. It is assumed that the spacers will not bend. Even though their lengths (L,
L,) and width (w) are significantly larger than their height (h;), some bending of the spacers
will still occur. The bottom plate is assumed to be flat and rigid. This will not hold true in prac-
tice, where the bottom plate will experience deflection and compression. Given the design of
figure 4.4, the sensor will not be fully rigidly supported, nor will it be simply supported. The
top plate is not attached to the spacers, but the belt will keep the top plate in place. Because
the belt keeps it in place, the top plate will probably experience more of a rigid supported plate
than a simple support. Equation 4.1 was used to determine the deflection of the top plate. This
equation is based on Euler-Bernoulli beam theory and may not hold true for plate behaviour
and large deflections. Also, equation 4.5 for estimating the compression of the spacers may not
entirely hold true. For large deflections, the Poisson’s ratio will start to have an influence and in
that case an equation that takes into account the Poisson’s ratio is required, like equation 3.7.
When the distance between plates 1 and 2 reaches 0, the model does not take into account that
the plates are actually touching and changing the physical behaviour of the top plate. Equa-
tion 4.7 is overly simplified. A proper model would take into account the changing physical
behaviour at the moment the two plates are in contact. The current model can still be used to
estimate the force at which the first point of contact between the top and bottom plate occurs.
It can also be used to approximately estimate the contact area. The results will be a bit off due
to the just mentioned shortcomings of the model. The results shown in figure 4.3 indicate only
a small change in resistance that happens mainly in a small load interval. For the beams with
L3 = 3 mm a flat line can be seen at loads between 85 N and 100 N. This is because then the
compression of the NinjaFlex spacers is modelled to be 100%, i.e. the spacer height then equals
0. Atlarge loads like these the deflection of the top plate and compression of the spacers do not
hold true.
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Printing the sensor in a shape similar to model template shown in figure 4.1 failed to result in
a structure that could meet the specified goal of making a small sensor. However, with the new
design shown in figure 4.4 the subgoal of making a sensor that does not require an assembly is
not achieved. It needs to be folded and manually strapped onto a fingertip by putting the rod
through the belt. The design does meet other subgoals specified in section 1.3. It is novel, based
on the most suitable transduction principle (FSR), can be made small and is producible in a
single 3D-print. If a printer with smaller nozzle widths that could print NinjaFlex and PI-ETPU
was available, one could attempt to make a single print by 'vertically’ printing it. More ide-
ally would be a printer that could make a bridging structure of PI-ETPU accurately to allow an
FSR sensor to be "horizontally’ printed. Using supporting material could possibly help out here.

The foldable design of the sensor makes that the model deviates even more from the sen-
sor. When folded, the small NinjaFlex beam that attaches plate 1 to plate 2, will exert an
upward (and sideward) force on plate 2. Also, the belt will exert an additional force downward
on plate 2, depending on how tightly the belt is strapped around a finger. This can intuitively
be seen in the picture of figure B.9, where the belt visibly compresses the centre finger.

4.5 Conclusion

In this chapter the FSR sensor model and design were discussed. The model is based on two
PI-ETPU plates on top of each other with NinjaFlex spacers in between. It has a lot of areas
on which it could be improved, like the deflection equation for the top plate in general, the
compression equation of the spacers for large compressions and the physical behaviour of the
sensor from the moment the two plates make contact. Given its limitations, the model can
be used to give an approximate estimation of the contact area or resistance change for small
loads. The design of the FSR sensor considers a foldable sensor. It requires an assembly by
putting a rod through a belt in order to fix the top plate above the spacers and in order to fasten
the sensor around a finger. Therefore, the goal of making a sensor that does not require an
assembly, which was stated in section 1.3, is not met. Otherwise, the other goals of designing a
novel sensor that is based on the most suitable transduction principle (FSR), that can be made
small and that is producible in a single 3D-print, are met.

Eddo Hobert University of Twente



29

5 Sensor Characterization

5.1 Introduction

To determine the performance of the designed sensor, it needs to be characterized. The re-
sistance has been measured as a function of force for all 12 sensors. By comparing the sensor
measurements to the model predictions, the performance of the model can also be assessed.
Information can then be gathered on how to improve the model and thus the understanding of
the sensor operation. In this chapter, first the measurement setup and model adjustments are
explained. Then the measurement results are shown, followed by a discussion and conclusion.

5.2 Method

The measurement setup consists of a SMAC LCA25-050-15F programmable actuator in com-
bination with a Keithley 2410 Source Measure Unit (SMU). The position or force applied by the
actuator can be programmed versus time. Both can also be measured and digitally logged by
the actuator’s controller. The controller measures the distance in counts and the force with a
(converted) resolution of 0.1 N in an interval of approximately 110 milliseconds. The sensor
was clamped in a rigid structure in front of the actuator. The actuator was then force controlled
to gradually push against the sensor. A picture of this setup is shown in appendix figure B.10.
The control scheme is given in table 5.1. The amount of applied force is presented in percent-
ages of the rated force. During the first 340 seconds a gradual slope of 0.5% per second towards
the maximum force (80%) and back to zero force is ordered. In the interval of 345 to 425 sec-
onds a staircase that goes to maximum force and back to zero force with steps of 20% is ordered.

Table 5.1: SMAC actuator control scheme that was used for the sensor measurements

Time [s] | Command

0-170 Force move: to 80% rated force
Slope: 0.5%/sec
170 - 340 | Force move: to 0% rated force
Slope: -0.5%/sec
340 - 345 | Position move: to 0 counts
Velocity: 10000 counts/sec
Acceleration: 50000 counts/sec?
345 -355 | Force move: to 20% rated force
Slope: 20%/sec
355-365 | Force move: to 40% rated force
Slope: 20%/sec
365 -375 | Force move: to 60% rated force
Slope: 20%/sec
375-385 | Force move: to 80% rated force
Slope: 20%/sec
385 -395 | Force move: to 60% rated force
Slope: -20%/sec
395 - 405 | Force move: to 40% rated force
Slope: -20%/sec
405 - 415 | Force move: to 20% rated force
Slope: -20%/sec
415 - 425 | Force move: to 0% rated force
Slope: -20%/sec
425 - 430 | Position move: to 0 counts
Velocity: 10000 counts/sec
Acceleration: 20000 counts/sec
430 - 431 | Motor off

2
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A calibration curve of the force in Newtons versus the force in permille is given in appendix
figure B.11. This calibration data was used to determine the force delivered by the actuator
in Newtons. Before the start of each measurement, a "Thoming’ command was used to reset
the actuator. Also, each measurement was manually started about a second before the control
scheme was activated. While the control scheme was active, the sensor’s resistance was mea-
sured via four-terminal sensing by the SMU in an interval of approximately 230 milliseconds. A
fixed current of 0.1 uA was delivered to the sensor by the SMU. The compliance voltage was set
to 900 V. A script provided by Martijn Schouten made it possible to log the measurement data of
the SMU. In each measurement, this script was manually activated a couple of seconds before
the actuator’s measurement was activated. This means that some zero-force data is present at
the start of each resistance measurement. During measurements it was found that each sensor
already had a resistance present in its original unfolded position. This is because the beam that
connects the bottom and top plate, which was designed to be NinjaFlex, has PI-ETPU mixed
in. While printing this beam, the 3D-printer’s nozzles smeared a considerable amount of PI-
ETPU into the beam. This happened in every single print. The additional resistance does not
have to be a problem. This beam resistance is parallel to the contact resistance. So, ideally it
would be larger than the contact resistance to have a larger sensing range. Figure 5.1 shows a
representation of the electrical circuit of the sensor that is present with the new parallel beam
resistance, R_p. In this circuit, switch S1 is supposed to close when the top and bottom plate
make contact (when the threshold force is reached). The contact area resistance, R_a, changes
as a function of applied load, W [N].

V+ V-
R_p
v+ R a
I_in ?1/'
w —

Figure 5.1: Schematic electrical representation of the sensor measurements

Given the presence of a parallel resistance, the model will have to be updated. When no force
is applied, no contact resistance is present. Therefore, the measured resistance at zero force
should be equal to the parallel resistance. Because some zero-force resistance is measured a
couple of seconds before the actuator begins applying force, the maximum detected resistance
in the first 30 resistance samples is taken to be equal to the parallel resistance, R_p. Then the
model takes the minimum measured total resistance, R_tnin, which is expected to be equal to
the resistance measured at maximum contact area. With the parallel resistance and minimum
measured total resistance known, the minimum contact area resistance, R_amin, can be deter-
mined with equation 5.1. This equation was derived from the parallel resistor equation R_fin
=R_amin /! R_p.

R amin= SR tmin (5.1)

Eddo Hobert University of Twente



CHAPTER 5. SENSOR CHARACTERIZATION 31

Next, the peak force measured in the measurements is taken. At this peak force the contact
area should be at its maximum, Anax (and the resistance at its minimum). Now the model can
make a linear prediction of the contact resistance, R_a, versus contact area, A, with equation
5.2. The contact area is still calculated as described in section 4.2.

Amax

R_a(A) = ‘R_amin (5.2)

With the contact area resistance known, the total resistance, Ry,0d4el, can be predicted with
equation 5.3.

R _p-R_a(A) .
_— ifA>0
Rmodel(A) = R_p +R_a(A) (5.3)
R_p, otherwise

5.3 Measurements

The original displacement, force (converted to Newtons) and resistance measurements of the
12 sensors are shown in appendix figures B.12, B.13 and B.14. Because the measurements were
manually started, each measurement has a different time offset between the displacement/-
force data and the resistance data. This offset has been manually read per measurement by
looking at identifiable changes that should occur at the same instance in time. An attempt was
made to make a MATLAB script that could automatically identify this offset based on changes
in derivatives, but proved not to be reliable (especially with sensors that did not make contact).
Due to a lack of time, only the data of the ramp gradually going up and down has been exam-
ined. The displacement data can be used to see when the actuator first touches the sensor, by
finding the instant at which the actuator reduces speeding towards the sensor. This way, the
data recorded before the sensor was touched and after it was released was excluded. Next, the
force and resistance data were aligned by rounding their time axis to 1 digit and checking at
which points the rounded times were equal. This method was used as a quick fix to save time
and should have ideally been replaced by a more accurate method, like interpolation. Loading
of the sensor is considered up until the final moment the maximum force is reached and all
following measurements are considered to represent unloading. The resulting measurements,
together with the model predictions are shown in figures 5.2 for sensor size A, figure 5.3 for
sensor size B and figure 5.4 for sensor size C. Mind that section 4.3 and table 4.2 describe what
these size labels indicate. The vertical axis in the plots is logarithmic. In each measurement, a
visual inspection was conducted to see if the top and bottom plate of the sensor actually made
contact at any point in time. Table 5.2 indicates per sensor whether contact was made during
the measurement. The table shows that sensors with smaller heights and larger lengths and
widths require less force to make contact.
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Figure 5.3: Resistance versus force measured and modeled for sensors with size label B: L; = 7.5 mm
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Figure 5.4: Resistance versus force measured and modeled for sensors with size label C: L; =5 mm

Table 5.2: Indication whether a sensor made contact during the measurement based on visual inspec-
tion

Sensor \ Contact? ‘

Al Yes
A2 Yes
A3 Yes
A4 Yes
Bl No
B2 Yes
B3 No
B4 Yes
C1 No
c2 No
C3 No
C4 Yes

Additionally, measurements with different source currents were conducted on sensor Al to see
if this would produce a different resistance readout and to see if the data is reproducible. The
compliance voltage is kept at 900 V. The original data is shown in figure B.15 and the resistance
versus force curves are shown in figure 5.5. Sourcing these different currents required voltages
of up to 280V (for 10 pA) at high resistance values.
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Figure 5.5: Resistance versus force measured and modeled for different source currents delivered to
sensor Al: L; = 10 mm, /; = 0.8 mm, hs = 0.4 mm

From the results shown in figures 5.2a, 5.5, B.12a and B.15 some observations were made. For
a source current of 0.1 pA, 0.5 puA, 1 pA, 5 uA and 10 pA, the initial resistances (maximum re-
sistance detected in the in first 30 data points of the unedited resistance measurements) are
551.6 MQ, 50.7 MQ, 56.8 MQ, 32.1 MQ and 26.5 MQ, respectively. Furthermore, the resistance
at peak force for 0.1 pA, 0.5 uA, 1 pA, 5 pA and 10 pA are approximately 0.96 MQ, 0.81 MQ, 0.99
MQ, 0.77 MQ and 0.83 MQ, respectively.

5.4 Discussion

The manual readout and compensation of time offsets is likely to be not fully accurate; it may
deviate a couple of milliseconds and at most one second. This would not have been a problem
if the measurement setup performed all measurements (i.e. distance, force and resistance) on
the same time instances. Furthermore, the method that was used to align force and resistance
data by rounding time data is crude and could have been replaced by a different method, like
interpolation. The exclusion of the first seconds of each measurement was done to enable a
comparison with the deflection. Unfortunately, this comparison has not been made due to a
lack of time. For the comparison between force and resistance, however, these first seconds
with zero force would have been useful and should not have been excluded in the loading part
of the force/resistance measurement plots. Also, because the model does make use of these
first seconds to determine the parallel resistance.
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The measurement results of the sensors with label A in figure 5.2, show promising results
in the sense that, from the moment the threshold force is reached, a gradual change in resis-
tance is measurable in all cases. The model is accurate in that it correctly predicts that all four
sensors make contact. However, the force at which the initial contact is made is predicted to be
larger than it is in practice. Also, the drop in resistance is predicted to be more extreme than it
is in practice in sensors A2, A3 and A4, but the contrary is true in sensor Al. The measurements
on sensor Al are not in line with the measurements on the other A-sensors; its zero-force
resistance is over a hundredfold higher compared to all other sensors (B and C included).
This is because the NinjaFlex beam that connects the bottom and top plate has little PI-ETPU
smeared in it, significantly increasing the parallel resistance.

Of the B-sensors only sensors B2 and B4 had contact between the bottom and top plate,
whereas the model predicted contact in all four sensors. It is interesting to see that even
though sensors B1 and B3 have not made contact, their resistance does change depending
on the load being applied to them. The resistances measured at start and end of sensor Bl
do seem to approach each other. While loading, there are no significant changes in the resis-
tance for sensor B1, but while unloading the resistance linearly decreases. This could be some
strain-gauge effects in the parallel resistance, the beam that connects the bottom and top plate.
Or perhaps the spacers show some resistance, because they too have a little bit of PI-ETPU
smeared in. The shape of the measurement of B3 is different from the shape of B1 and sensor
B3 experiences larger changes in resistance than sensor B1 does. This makes sense, because
the height of the top and bottom plate of sensor B3 are smaller than those of sensor B1, so
sensor B3 will experience larger physical deformations due to the applied forces. The model
seems to hold up best with the measurement of sensor B4. Again, the sensor predicts too large
of a force required for initial contact and when it does predict a contact, its decrease is more
extreme than the measurements show. The measurements on sensor B2 show some interesting
behaviour. A distinct platform (more or less constant high resistance) for forces up to 2 Newton
is present, which has yet only mildly been seen in sensor A3. This may also have been more
visible in other sensors if the first seconds of zero-force data would not have been excluded
from the shown results. The model also shows this platform, which is expected to be present if
no contact is made yet, for all sensors. Looking at loading, between 2 to 12 Newtons a decrease
in resistance occurs. This is where first contact is made. Then another drastic decrease in resis-
tance occurs after 12 Newtons. This behaviour is repeated during unloading, albeit at different
forces. If we look at the unedited data in appendix figure B.13b, we too see this behaviour at
the staircase measurement, so it is not some weird measurement artefact. Somewhere in the
sensor extra contact area appears. A visual inspection of the sensor itself reveals two possible
culprits. Referring to the point of view in figure 4.4, the top spacer of sensor B2 has a lot of PI-
ETPU mixed in on its left side and so does the right side of the belt up to its second hole. When
enough force is applied, it could be possible that additional contact is being made through the
spacer or via the belt. The belt could be conducting the outer end of the bottom plate or the
beginning of the rod, because over there the rod is pushed through the first hole in the belt and
both the rod and belt have PI-ETPU mixed in around their connection with the PI-ETPU plates.

The measurements on sensors C1, C2 and C3 show similar results to B3. No big changes
in resistance are present here, because these sensors do not make contact. The model is ac-
curate on that (not making contact) as well. There are, however, some small force dependent
resistance changes. These could be a combination of strain-gauge and hysteresis effects, or
contact area effects due to PI-ETPU that has been smeared into the spacers. The model is also
accurate in predicting that sensor C4 does make contact, which it does.

In general, nearly all sensors experience a drop in resistance at initial impact, including
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the ones that do not make contact. This can be seen from initial resistance magnitude in
the model, which is equal to the maximum measured resistance in the first 30 data points
of the unedited resistance measurements. This could indicate that each sensor already has
some contact area present somewhere, that increases from the beginning the actuator starts
pushing. It is likely that this contact area is present in the NinjaFlex spacers, because they have
PI-ETPU smeared in. In that case, one would expect this effect to be more clearly visible in the
sensors with just a single layer of NinjaFlex to act as a spacer (0.2 mm) and that may be the
case with sensor B2. It may also contribute to the seemingly more linear response of sensors
A2 and C4, compared to their counterparts with a larger height.

Hysteresis is clearly present in all sensors. In none of the measurements was the lowest
resistance value reached at maximum force, which is what the model did predict for all sensors
that made contact. If we look at the unedited data in appendix figures B.12, B.13 and B.14,
we see that for the sensors that do make contact, the lowest value in resistance is generally
reached at the maximum step (force) in the staircase. So, assuming that the contact area is not
increasing during unloading, the further decrease in resistance must have a different cause. It
is likely that this is due to some strain-gauge-like effects as was discussed. These effects do not
only have to be present in the connecting beam between the top and bottom plate, but can
also be present in the top and bottom plates itself while they are still in contact. Additionally,
surface conduction could also be playing a role here. Perhaps some high-pass filtering could
be applied to compensate for the hysteresis and other drifts. This would, however, eliminte the
possibility to measure static forces.

Something else that is visible in the measurements is the spread of resistance points per
force step. This is (partly) because the resolution of the force measurements was 0.1 N and the
deviation from the mean value was continuously switching between +0.1 N and -0.1N. It must
be noted that these measurements did not exceed 14 Newtons, which is approximately equal
to 1.4 kg. The forces exerted on a fingertip could exceed loads like these. If higher forces would
have been measured, all sensors would eventually have experienced a decrease in resistance
due to an increase in contact area. Which sensor is most useful would then depend on the
application in which it is required. The sensors with smaller spacer and plate heights and
larger plate lengths and widths have a lower threshold force and will be more force sensitive
for smaller forces. Sensors with larger heights and smaller lengths and widths have a higher
threshold force and will probably be more sensitive for larger forces. The height, length and
width of the top and bottom plate determine the stiffness of the sensor. Less material, i.e.
smaller height, length and width, equals less stiffness. The height of the spacers determine
the amount of deflection required to make first contact, a lower height contributes to a lower
threshold force.

For the sensors that did make contact, the model predicted a more extreme resistance de-
crease, because it does not consider the actual touching of the top and bottom plate. If this
would be considered, the model would likely display a curve with a shape more similar to the
measurements. More on this problem was already discussed in chapter 4. Furthermore, the
model does not take into account hysteresis. Also, the model’s initial resistance is higher in all
measurements, as is already explained above.

Another deviation results from the fact that the model assumes a uniform load. From the
picture in appendix figure B.10, it can be seen that the actuator’s tip, which is in contact with
the sensor, is smaller than the sensor that is being tested (which is a sensor of size A in that
picture). Furthermore, the tip is of a solid, non-compressible plastic. It will not apply a uni-
form load the way is considered in the model, i.e. aload that remains uniform under plate
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deflection. Especially so for sensor types B and C, where the tip is larger than the sensors and
could be modelled as a flat plate pushing the sensor.

Another thing to note is the observations made in chapter 3, where it was found that specified
dimensions are not necessarily equal to the dimensions that are actually 3D-printed. It is
highly probable that the specified dimensions, which were used in the model, do not equal the
dimensions present in practice. Yet another reason for deviations are the Young’s moduli that
have been assumed. These are based on the average absolute Young’s moduli found in chapter
3, which may not be sufficiently accurate for the sensor.

The plots with different source currents shown in figure 5.5, look very similar in shape, in-
dicating that the data is reproducible for the same sensor. The magnitudes of the resistance
measurements are not equal, however, for large resistance values. This shows that the source
current, I1y in figure 4.4, does make a difference on the resistance measurements. As was stated
in section 5.3, a source voltage of up to 280 V was required to keep a 10 pA source current at high
resistance. A voltage this high affects the measurements, because the contact plates are very
close to each other, resulting in unreliable measurements for high resistances. The maximum
voltage of 280 V in combination with a current of 10 uA means that a maximum power of 280 x
10-107% = 2.8 mW is being dissipated in the sensor. Even though this power is not high and not
continuously applied to the sensor, resistive sensor generally suffer from thermal effects. So,
the power dissipation may play a role in differences obtained during the measurements. Also in
the decreasing resistance during unloading, because power has then been applied for a longer
time, possibly heating up the sensor. These possible problems induced by high voltage levels
are also why the lowest possible source current, 0.1 pA, was used in the other measurements,
to keep the source voltage as low as possible. Except for sensor Al, where the source voltage
reached 50 V, the source voltage was kept below 2 V in the regular measurements. That a low
source voltage does yield similar resistance measurements for different source currents, can
be seen in the resistances measured at peak force. Herein, where the resistance is relatively low
and the source current does not require a large source voltage, no clear pattern is visible in the
deviations in measured resistance for different source currents.

5.5 Conclusion

In this chapter, characterization of the sensor design was elaborated upon. All twelve sensors
were measured on their resistance-force characteristics. It was found that a smaller height and
larger length and width contribute to a lower threshold force for initial contact between the
bottom and top plate. Some of the sensors with larger height and smaller length and width
did not experience a contact point between the bottom and top plate in the range of forces that
they have been tested in, because they have a higher threshold force. The sensors that did make
contact are more sensitive to small forces than the ones that did not, because their dimensions
make that they are less stiff. It would be interesting to do measurements with larger forces. In
the measurement results, some unexpected resistance changes were observed that are likely
due to PI-ETPU being present at places where only NinjaFlex should be present. Also, hystere-
sis has been found to play a big role in the measurements. Filtering could possibly be applied
to compensate for this. Furthermore, it was found that the source current influences the resis-
tance measurements for high resistances. The source current should be kept as low as possible
to prevent high voltages being required, which could affect the measurements thermally. The
model was found to be accurate in predicting which sensors would experience contact between
the bottom and top plate. However, in all of those cases a too high force was modelled to co-
incide with the first point of contact and a too steep decline in resistance was modelled. The
model is not fully accurate and could do with some improvements. The results discussed in
this chapter can form the basis for these improvements.
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6 Conclusion and Recommendations

6.1 Conclusion

In the research conducted for this bachelor’s thesis, a flexible fingertip strain sensor was de-
signed and characterized. This sensor was 3D-printed from NinjaFlex and PI-ETPU and can
measure the normal force acting on a fingertip. Conclusions drawn from the research on this
sensor are listed belown.

* This research has shown that FSR sensors can be made from 3D-printed structures with
an area down to 25 mm? and a height in the order of millimeters.

e Multi-material 3D-printing on a small scale has shown to be difficult, with materials
being mixed together where they should not be mixed together. Printing TPU in arbi-
trary orientations has been proven problematic as well. Using other printing equipment
and/or supporting material could be beneficial here.

* The datasheet provided by the manufacturer of PI-ETPU 95-250 Carbon Black contains
information on the Young’s modulus and resistivity that has not been reproducible dur-
ing this research.

* A model has been introduced that has given some qualitative understanding of the FSR
operation. It is not sufficiently accurate in follow the resistance-force response of the
sensors and could be improved on the following points:

Modelling the deformations of the bottom plate. At the moment, the bottom plate
is assumed to be flat and rigid.

A better description of the possible loading conditions. The model currently only
assumes homogeneous loading.

The current deflection and compression equations may not hold true for the mag-
nitude of plate deflections and compressions that are present in the sensor.

The assumptions made in general should be more physically realistic.

» Resistance changes are currently generally in the range of 500 kQ to 4 MQ with a couple
of exceptions. Ideally, this would be reduced to values only in the order of kQ’s for less
power consumption and easier electronic readout.

* Hysteresis has shown to have a significant effect on the measurements. Thermal effects
could be present too. Signal filtering may be helpful here.

Two of the goals listed in the introduction have not been reached in this research. Producing
a sensor that does not require an assembly has not been achieved and no research was con-
ducted on how and if shear forces could be measured as well. All other goals that were set for
this reseach have been reached.
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6.2 Recommendations

The work conducted in this research was a first step towards making a 3D-printed flexible fin-
gertip strain sensor. Some recommendations are listed below in case work on this topic is pro-
ceeded.

e The most important recommendation is that the sensor model needs a complete re-
design for it to be useful and create a good understanding of the working principles of
the sensor. The assumption of a uniform load may not hold true, the beam equations
it is based on may not hold true for the designed sensor and the model should account
for the change in physical behaviour of the sensor when the bottom and top plates come
into contact.

* Analysis of the measurements on the Young’s modulus was rushed as it had already taken
alot of time. Instead of simply taking average values, one could have a better look at what
the actual Young’s modulus applicable to the sensor is.

* Measurements were only conducted up to about 13.5 Newtons. It would be interesting
to see how the sensors perform at larger forces.

* Signal filtering could be researched to obtain better results.

» Twelve sensors with different dimensions were made for comparison. It needs to be de-
termined which sensor dimensions yield the best results (also depends on the intended
application). The goal of making the sensor as small as possible should be kept in mind
here.

* Afoldable design was turned to, because printing a small sensor with two stacked plates
failed. This is due to limitations of the printer and difficulties of the material (PI-ETPU)
being printed. One could have alook at printers with a higher resolution, better extrusion
control, smaller nozzles, or other available conductive TPU’s that may be better print-
able. Also, the option of using supporting material could be looked at. This could be
done with the current printing configuration, but then one of the TPU’s would have to be
switched with supporting material during printing. A printer with 3 nozzles would then
be more easy.

* The current design requires an assembly. Other designs may be possible that do not re-
quire an assembly. This could be in combination with the other recommendation of look-
ing for a better way to print the sensor. If work on the current design would be continued,
the option of extending the design to which it holds two sensors could be reviewed. At
the moment, there are two contact leads for electrical wires on the bottom side of the
design. On the top side, however, there is space to print a contact beam that could be the
extension to another FSR sensor. One sensor could then be measuring the fingertip and
the other could be measuring another segment of the finger.

* The design was focussed on the FSR transduction principle. Perhaps a capacitive could
have better results if the issue of requiring complex electronics could be overcome.

* Besides four-terminal sensing with an SMU, no other options of electronic readout have
been examined. One could have a look into finding a configuration with a Wheatstone
bridge, for example. Power consumption and portability will then have to be taken into
account.
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A Tables

Table A.1: Coefficients of the 4™ order polynomial fits used in figure B.5b for NinjaFlex

Beam Coefficient 1 | Coefficient2 | Coefficient3 | Coefficient4 | Coefficient 5
(x108) (x108) (x108) (x106) (x103)

NinjaFlex 1mm, -96.71 21.6 -1.75 21.70 69.62

Horizontal

NinjaFlex 1mm, -393.53 64.4 -3.64 22.46 45.09

Vertical

NinjaFlex 2mm, -770.06 69.47 -2.6 21.47 31.25

Horizontal

NinjaFlex 2mm, -169.20 15.52 -0.86 15.82 6.68

Vertical

NinjaFlex 3mm, -469.88 44.33 -1.86 19.42 0.46

Horizontal

NinjaFlex 3mm, -523.92 47.73 -1.95 15.33 95.25

Vertical

Table A.2: Coefficients of the 4 order polynomial fits used in figure B.5d for PI-ETPU

Beam Coefficient 1 | Coefficient2 | Coefficient3 | Coefficient4 | Coefficient 5
(x109) (x10%) (x10%) (x106) (x103)

PI-ETPU 1mm, -406.84 36.69 -14 59.16 128.82

Horizontal

PI-ETPU 1mm, -516.73 41.21 -1.41 57.31 38.47

Vertical

PI-ETPU 2mm, -658.74 51.06 -1.69 62.70 112.77

Horizontal

PI-ETPU 2mm, -544 .41 49.08 -1.89 70.64 -94.47

Vertical

PI-ETPU 3mm, -1406.64 83.51 -2.09 62.47 207.94

Horizontal

PI-ETPU 3mm, -166.85 22.96 -1.29 67.39 -192.56

Vertical

Table A.3: 3D-printer settings used during printing of the sensors. Printer: Flashforge Creator Pro 2016
with Flexion Extruder. Software: Simplify3D.

Setting NinjaFlex PI-ETPU
Extrusion multiplier | 0.7 1.25
Extrusion width 0.55 0.7
Primary layer height | 0.2 mm 0.2 mm
First layer height 200% 200%
Use skrit/brim No Yes
15 mm distance
Use ooze shield Yes No
12.5 mm distance
Infill 100% rectalinear 100% rectalinear
Temperature 220°C 230°C
Bed temperature 50°C 50°C
Cooling fan Start at 2" layer | Start at 2" layer
35% power 35% power
Print speed 2000 mm/min 2000 mm/min
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B Graphs
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NinjaFlex M1: displacement vs time

NinjaFlex M2: displacement vs time
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PI-ETPU M1: displacement vs time

PI-ETPU M2: displacement vs time
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Figure B.4: PI-ETPU Young'’s modulus measurements: displacement and force over time for 6 different

beams
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NinjaFlex: stress vs strain NinjaFlex: 4" order polynomial fit stress vs strain
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Figure B.5: NinjaFlex and PI-ETPU intermediate stress vs strain and their
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Figure B.6: NinjaFlex and PI-ETPU final stress vs strain for 6 different beams
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B.2 Sensor Modelling and Design
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Figure B.7: Sensor model logarithmic plot of contact area versus applied load for various top plate
lengths and heights

(a) Size A (b) Size B (c) Size C

Figure B.8: Three different area sizes of the sensor design

Figure B.9: Sensor placement on fingers. From left to right: size A, size B, size C.
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B.3 Sensor Characterization

Figure B.10: Sensor measurement setup with SMAC actuator applying force to the sensor
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Figure B.11: SMAC actuator force calibration curve. This figure was provided by Martijn Schouten.
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Figure B.12: Original displacement [counts], force [N] and resistance [M(Q] measurement data of sensor

size A
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Figure B.13: Original displacement [counts], force [N] and resistance [M(Q] measurement data of sensor

size B
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Figure B.14: Original displacement [counts], force [N] and resistance [M(Q] measurement data of sensor

size C
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Figure B.15: Original displacement [counts], force [N] and resistance [M(Q] measurement data for dif-

ferent source currents delivered to sensor Al
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C Equations

5

R(d) = 4£d~ 10° (C.1)
R4(A) ~—6.61A-10'0+2.48-108 (C.2)
Rp(A) =~ —-8.29A-10'°+2.72-10% (C.3)
R.(A) ~ —5.74A-10'° +2.48-108 (C.49)
Ry(A) = -7.27A-10'°+2.70-108 (C.5)
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