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Summary

The field of 3D printing has seen recent advancements in fabricating sensors for a large number
of applications- biosensors, strain, pH, tactile, temperature sensors, to name a few. 3D printed
sensors give the advantage of on-demand manufacturing, high modularity, batch production,
among others. Additionally, structures with sensors embedded in them can be manufactured
with this method.

In this assignment, flexible fully 3D printed interaction force sensors are designed and fabri-
cated for the Pisa/IIT SoftHand 2. Implementing force sensors on the robotic hand gives im-
portant tactile information while performing basic in-hand manipulation tasks, such as object
grasping. The sensors are iteratively designed, and the final design is fabricated with PLA, TPU
and e-TPU. The sensor is designed such that it mounts over the SoftHand fingers and consists
of two strain gauges on opposite sides.

Next, the behavior of the material is experimentally studied in order to characterize the sensors.
The material is strained cyclically and the change in resistance is recorded. It is shown that
these materials are intrinsically nonlinear and a relation between strain-resistance change is
obtained.

The sensor is then characterized using a finite element model and a measurement setup that
applied shear and normal force up to 10 N. The sensor can detect normal force and can distin-
guish between the direction of shear force. However, the normal force and shear force compo-
nents could not be separated.

Finally, a setup is developed for using the sensor on the SoftHand. Experiments are performed
to demonstrate the applicability of the sensor. It is shown that the sensor can detect grasping
and slip of objects from the SoftHand. We conclude with showcasing the possibility of using
the sensors in an open-loop control of the SoftHand.
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1 Introduction

1.1 Context

Additive manufacturing (AM) encompasses a range of technologies that allows physical com-
ponents to be made, from virtual 3D models by building the component layer-upon-layer until
the part is complete [1]. In the traditional subtractive manufacturing processes, one starts with
a block of material and removes all the unwanted material by using various machines such as
a lathe, mill or CNC. until one is left with the desired part. On the contrary, in additive manu-
facturing one starts with nothing and builds the part by adding a layer on top of another, until
the part is built.

e
s \'
Computer Toolpath file : : .
.STLAil 3D printer Printed object
Aldsd Design. = = (G-code) e : !

Figure 1.1: 3D printing process, retrieved from [2]

On a consumer level, additive manufacturing is also referred to as 3D printing. It has become
increasingly popular over the past few decades. This can be attributed to the recent develop-
ments in the range of materials which can be printed, newer technologies and optimization of
the existing ones [3]. As a result there are more possibilities in terms of customisation, com-
plex shapes and most importantly decentralized manufacturing. Apart from the widely used
filaments such as Polylactic Acid (PLA), Acrylonitrile Butadiene Styrene (ABS) it is now possi-
ble to print electrically conductive materials [4], thus allowing the development of objects with
sensory characteristics [5]. The possibility of embedding sensors into 3D printed structures,
their functionality is increased. This also removes the additional step of sensor assembly, thus
reducing costs [6].

However, this way of 3D printing embedded sensors using Fused Deposition Modelling (FDM)
has certain limitations such as poor extrusion and inconsistencies [7]. Apart from the printing
inaccuracies, the electrically conductive materials inherently exhibit nonlinearities like hys-
teresis, creep [8]. Another limitation is the poor repeatability of the printing process, which
depends on a number of parameters including variation of the filament diameter, hardware
limitations of the printer. However, integrating sensors into structures gives and understand-
ing of the state of the structure in terms of loading, deformation and so on.

1.2 Motivation

A key technology that is missing in the emerging field of 3D printed electronics is the provision
of multi-directional tactile sensing that can be easily integrated into a robot using simple fab-
rication techniques. Conventional strain sensors, such as strain gauges, are typically designed
to respond to strain in a single direction [9]. Having additional information about the normal
as well as shear force would help in most practical applications such as grasping objects or
turning knobs.

Robotics and Mechatronics Ajinkya Doshi



2 3D printed sensors for Soft robotic fingers

The specific application that will be discussed within this assignment is the use of these finger
sensors to control a grasping task using the Pisa/IIT SoftHand 2. It is an anthropomorphic
robotic hand, with two DoAs, and 19 DoFs [10]. The control of the hand is based on two inputs
for the two motors, however it lacks information about touch or grasp. To tackle this, force
sensors have been developed by Battaglia et. al., [11]; but the application of 3D printed sensors
is unique in our work.

1.3 Problem Statement

3D printed sensors, despite their potential, exhibit highly non-linear behavior including creep,
drift and hysteresis [12]. These non-linear components make the task of acquiring useful sig-
nals quite difficult. The linear behavior and thus usability of such sensors also depends on the
range of strain which the material undergoes when loaded [13]. The aim of this thesis is to re-
alise a 3D printed fingertip sensor for the control of the SoftHand 2 such that useful signals can
be acquired within the operating force range.

1.3.1 Objectives

The problem statement can be summarized as the following research questions:

e How can a 3D printed interaction force sensor capable of distinguishing between shear
force and normal force be developed?

* How can the electrical properties of conductive 3D printing materials be characterized
experimentally?

* Can the behavior of these 3D printed sensors be modeled using Finite Element Method
(FEM)?

* Which control strategies can be used to fully exploit these sensors?

1.4 Report Structure

There are a number of non-trivial challenges to face for a successful completion of such a
project. Starting from the sensor development, setting up a proper measurement setup, the
development of a model capable of characterizing the material’s nonlinear behavior and lastly,
investigating different control techniques. Consequently, this document is constructed to treat
each topic separately, taking the outcome of the previous work as the requirement/input of the
next. Chapter 2 gives the background information relevant to this work. The literature present
on the work done in the field is also discussed. Chapter 3 gives an overview of the sensor de-
signs and fabrication process. The chapter concludes with a comparison of the designs and
selection of the final design. The materials used in fabricating the sensors are nonlinear and
their behavior needs to be understood using some experiments. This is done in Chapter 4,
which describes these experiments and the characterization of the material. Further, Chap-
ter 5 contains the characterization of the sensor in terms of change in resistances, hysteresis
for normal and shear forces. An overview of the control architecture for using the sensors on
the SoftHand is described in Chapter 6. The overall work is discussed in Chapter 7. Finally, a
conclusion is drawn in Chapter 8 and some recommendations towards future work are given.
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2 Background

The literature for this assignment mainly focuses around two topics: 3D printed sensors and
the SoftHand 2, for which they are designed. In this chapter, the 3D printing process, and
commonly used materials in the process are discussed. Next, the developments in fingertip
sensors is studied. In the end, the PISA/IIT SoftHand 2 is also introduced. The design of the
hand and existing sensors for the hand are discussed. The aim of this study is to understand
how 3D printing can be used to aid sensing in the SoftHand.

2.1 3D printing

Additive Manufacturing (AM) has grown significantly over the past 30 years and is used in a
wide number of application areas. Figure 2.1 shows how the use of AM is spread over different
areas [14].

Polymer patterns Education research,

and molds, 7.70% 9.90% Other,
4.40%

Cosmetic models,
10.70%

End-use parts,
28.40%

Jigs & fixtures;

6.10% Functional Prototypes,

o
Metal tooling, 27.90%

4.70%
Figure 2.1: Application areas of Additive Manufacturing, courtesy of Wohler Associates [14]

To make the process profitable, AM must bring added value to a product. Mainly this is in the
form of reducing life cycle costs of the product. Some advantages of AM include:

 Parts with greater complexity

Self assembling parts

High customization with lower costs

Topology optimized parts
* On-demand manufacturing

* Distributed fabrication/ Decentralized manufacturing

2.1.1 Process

The field of Additive manufacturing is constantly evolving, with rapid advancements [15]. Fig-
ure 2.2 shows the classification of AM processes based on American Society for Testing and
Materials (ASTM) standards [16]. Detailed description of each of these processes can be found
in the work of Ngo et. al. [17]. Within the scope of this project, the Fused Deposition Modelling
(FDM) process is used and hence the discussion is limited to FDM.
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4 3D printed sensors for Soft robotic fingers

Material
Extrusion

Direct
Energy
Deposition

Binder
Jetting

AM

Processes
Vat

Photopolym
erisation

Sheet
Lamination

Material Powder Bed
Jetting Fusion

Figure 2.2: Classification of AM processes based on ISO/ASTM 52900:2015 [16]

The working principle of FDM is based on material extrusion. First a layer of polymer, in the
form of filament, is extruded on a build plate. Then the extruder moves up by a few hundred
microns, defined as per the user setting, to extrude the next layer. Depending on the design
of the printer, the build plate moves down instead of the extruder moving up. It is important
to note that this layer by layer building process leads to anisotropic material properties [18].
Additionally, in FDM the layers are also made line by line (traxels) adding anisotropy in plane
(X-Y) as well.

Figure 2.3: Working principle of FDM

Fig. 2.3 shows an illustration of the FDM process. Some printers also have multiple extruders
to allow the possibility to print multiple materials.

2.1.2 Materials

Each AM process can print a variety of materials. Most commonly used materials include poly-
mers, metals and alloys, ceramics, nylon and wood based polymers among others. With further

Ajinkya Doshi University of Twente



CHAPTER 2. BACKGROUND 5

advances in material research, it is possible to print with many more materials, thus this is not
an extensive list. Therefore, within the scope of this project, materials which are most com-
monly used in FDM are discussed.

Acrylonitrile Butadiene Styrene (ABS)

ABS is one of the first materials to be used with industrial 3D printers. Apart from its use in
3D printing, it is used to manufacture LEGO building blocks. ABS is known for its relatively
better mechanical properties as compared to PLA, most importantly toughness and impact re-
sistance [19]. Due to its higher glass transition temperature, ABS can withstand higher temper-
atures before deforming. The downsides of printing with ABS are its heavy warping and most
importantly the fumes. A heated bed or chamber is also required while printing ABS [20].

Polyethelene Terepthalate Glycol (PETG)

PETG is the glycol modified variant of Polyethelene Terepthalate (PET), which is mostly used
to manufacture plastic bottles. The distinguishing characteristic of this material is its trans-
parency. Parts printed with PETG have a glossy and smooth surface finish. However, one draw-
back of PETG is the chance of having “hairy” prints, known as stringing defect. Apart from that,
PETG is a food-safe 3D-printing material with great thermal characteristics. This allows the
material to cool efficiently with very little warping [21].

Thermoplastic Polyurethrane (TPU)

TPU is a thermoplastic elastomer made of block copolymers consisting of alternating hard and
soft segments. As the name of the class- elastomer suggests, this material is known for its elas-
ticity. The degree of elasticity of TPU varies depending on the chemical formulation used by
the manufacturer. The downside of this filament is the difficulty in printing it. As the filament
is more flexible, it tends to buckle when pushed to the hot end [22].

Electrically Conductive Thermoplastic Polyurethrane (e-TPU)

Electrically Conductive TPU from Palmiga Innovation is a variant of TPU which is doped with
carbon particles, resulting in an electrically conductive filament. There are variants from dif-
ferent manufacturers as well example EEL TPU (Ninjatek, USA [23]).

Polylactic Acid (PLA)

One of the most widely used materials in FDM, PLA is a biodegradable thermoplastic material.
It is a derivative of cornstarch, although in some cases sugarcane and tapioca are also used
[24]. Tt is popularly used in FDM because of its low cost, ease of printing and good shelf life. In
most cases a heated bed is not required to print PLA. These days PLA comes with a variety of
additives like metal, wood, graphite and so on. However, due to its poor performance at high
temperatures, brittleness and poor durability it is not preferred for engineering parts [19].

Conductive PLA

Conductive PLA is a composite of PLA mixed with conductive carbon black. Since it has similar
printing temperatures as PLA, it can be printed in the same cycle. In this work, ProtoPasta
(ProtoPlant, WA, USA) is used. It was observed while printing PLA and e-TPU that the adhesion
between the two is not sufficient to build a successful print.

Table 2.1 lists the mechanical properties of most used 3D printing materials [25].
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6 3D printed sensors for Soft robotic fingers

PLA | ABS | TPU | PETG
Density [kg/m?] 1250 | 1050 | 1000 | 1250
Young’s Modulus [MPa] 2900 | 1940 | 70 1675
Poisson’s Ratio [-] 035 | 0.4 0.48 | 0.37
Ultimate Tensile Strength [MPa] | 57 44 8 46

Table 2.1: Bulk properties of commonly used 3D printing materials [25]

2.2 Related work

Conventional processes to manufacture sensors take advantage of the developments in micro-
machinery and fabricate sensors which can be used in a large spectrum of applications.
The range of applications spreads over manufacturing, aerospace, medicine, biomedical and
robotics. With recent developments in 3D printing technology, there has been increased inter-
est shown in its use for manufacturing sensors. The freedom of design offered by this technol-
ogy helps in manufacturing complex and customized sensors. Secondly, as the process can be
paused and resumed as required, there is a possibility to embed components fabricated using
conventional methods. So, the sensor can either be embedded in a printed body or an entire
sensor can be printed intrinsically. While these 3D printed sensors offer their advantages, they
also come with some drawbacks like non-linearity, temperature effects, hysteresis, to name a
few. Based on the area of application, sensors are fabricated using various 3D printing tech-
niques [5], [26].

A successful implementation of 3D printed strain sensors is demonstrated by Maurizi et al.
[27]. The sensors were fabricated using FDM printing of PLA filament. The research focuses on
dynamic measurements of strain using the piezoresistivity of conductive PLA filament.

There are certain limitations while using 3D printed sensors. Zhang et al. [28] show that
conductive 3D printed structures are known to show variation in resistance as temperature
changes. These are mainly because of internal heating due to damping or to Ohmic losses [27].
However, it was observed in their work that these effects were almost negligible when the ex-
periments were performed at room temperature. Apart from the temperature dependence, 3D
printed sensors are also known to be nonlinear. Kosmas et al. [12] describe these nonlinearities
and also suggest a novel technique to compensate them to a certain extent.

2.2.1 Fingertip sensors

For both robotic hands/grippers and rehabilitation application in humans, there is a need for
accurately measuring the contact forces while grasping or manipulating an object. Especially
with the presence of unknown objects in the operating environment, the real-time information
of these forces and torques is essential to perform dexterous tasks. A detailed review of the state
of tactile sensing in robotics is described in the work of Dahiya et. al. [29]. It can be seen that
most of the fingertip sensors work on the principle of piezoresistive or capacitive sensing. The
main advantage of these compared to other transduction principles such as optical sensors or
magnetic sensors is that they are less bulky and have similar sensitive range. For the application
of in-hand manipulation, sensors should measure normal shear forces up to 10 N with optimal
dynamic range of 1000:1 [30].

Yin et al. [31] propose a bioinspired and flexible, resistive microfluidic shear force sensor. In-
spired by human fingertips, when subjected to shear force, one side of this sensor experiences
tension while the other experiences compression. To measure these compression and tension,
liquid metal strain gauges embedded in PDMS are placed on each side. Apart from being able
to read shear forces along both directions with a precision of 0.08 N, the advantage of this sen-
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sor is that it is compatible with a range of artificial fingertip geometries. The main drawback
here is that the possibility of sensing the normal force is not discussed.

In a more recent work of Wolterink et al. [32], a 3D printed flexible force sensor for use on fin-
gertips is 3D printed using 3 materials- TPU, e-TPU and PLA. The sensing principle is based
on mechanical deformation of the fingertip. This deformation is that of the soft tissue of the
finger with respect to the stiff nail and finger bone. As the sensors are placed on either side of
the finger, shear force induces strains in opposite sense along the two sensors. Whereas, an ap-
plication of normal forces induces similar compression in both the sensors. The advantage of
this sensor is that it measures both the normal force and the shear force on a fingertip. An ad-
ditional aspect taken care of by this sensor is facilitating the touch sensation of the underlying
finger.

In the work of Battaglia et al. [11], wearable tactile devices for grasping have been developed
which can be used on the SoftHand. However, these sensors are not fabricated using 3D print-
ing; but the ATI nano 17 (ATI, USA), a six axis Force-Torque sensor is used for measuring the
interaction forces. The sensor can be adapted for various robotic hands and used in prosthetic
applications with minimal modifications.

2.3 Pisa/IIT SoftHand

Research on dexterous robotic hands has seen several design methods and approaches. Two
main approaches are discussed here. First approach attempts a close replication of the features
of human hands. This includes using advanced sensors and actuators to build robotic hands
with many Degrees of Freedom (DoFs). The DLR hand-arm system [33] is a perfect example of
this approach. It is a fully actuated 12 (DoF) hand.

(a) DLR Hand 2 (b) gbRobotics SoftHand 2
Figure 2.4: Comparison of DLR Hand [34] and SoftHand [10]

The other design approach tries to maximize the anthropomorphic design of the hand while
limiting the number of sensors, actuators. Quite often this is achieved by underactuation. Un-
deractuated robots have lower number of actuators compared to the number of degrees of free-
dom they possess; thus all the degrees of freedom cannot be actuated individually. In simple
terms, such systems will have joints (one or more) which are not directly controllable. The def-
initions of fully actuated and underactuated systems is nicely described by Tedrake et al. [35].
The Pisa/IIT SoftHand is an anthropomorphic robotic hand, with two Degrees of Actuation
(DoAs), and 19 DoFs [10]. It is capable of doing a large range of grasping tasks using these two
actuator [36]. However, some complex tasks which need the fine tuning of each finger are not
possible. The novel idea of the SoftHand 2 is using a tendon-driven mechanism which uses the
friction effects from a disturbance as a design tool. This design is briefly discussed in the next
section, and elaborated further while explaining the control architecture in Chapter 6.
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Design

The main idea behind the SoftHand 2 is that of postural synergies. The concept of postural
synergies was introduced by Santello et al. [37], where they conducted experiments on a variety
of human grips, including “precision” and “power” grips. Static hand posture was measured by
recording the angular positions of 15 joint angles of the fingers. It was observed that not all
the joint angles moved independently of each other. To understand the dependence of these
joint angles on each other, Principal Component Analysis (PCA) was performed. This showed
that the first two components accounted for more than 80% of the variance, thus showing the
possibility of reducing the degrees of freedom from 15 to 2. This also shows that in order to
achieve most hand postures, only two synergies, either singly or together, are required.

[5* DoA

21"‘ DoA

Figure 2.5: Degrees of actuation of SoftHand 2 [10]

Thus the SoftHand 2 is inspired by this concept of posture control using the synergies derived
by PCA. The two DoAs are as shown in Fig. 2.5. The Pisa/IIT SoftHand 2 includes two MAXON
DC-X 22 s 24 V motors, mounted on the back [10]. It also includes two 86:1 gearboxes which
are characterized by a continuous power output of 15 W. The hand also includes two encoders
for each motor, a necessity arising from the design choice to have the absolute measurements
of the motor angles.

The SoftHand 2 does not have any additional sensor to measure tactile forces. Having haptic
information while grasping objects is paramount for performing basic manipulation tasks like
grasping, object rotation, etc. Thus the use sensors for this purpose is quite beneficial.

2.4 Conclusion

The successful use of 3D printing for developing sensors has been seen in the past literature.
Having 3D printed sensors would be useful because of their advantages like rapid prototyping,
extremely high modularity and possibility of integration of the sensor in functional structures.
The 3D printing process and commonly used materials with their properties are discussed in
this chapter. Additionally, the developments on fingertip sensors and sensors for the Pisa/IIT
SoftHand 2 are presented. Finally, the chapter concludes with the basic design study of the
SoftHand. 3D printing provides the necessary design freedom needed for designing sensors in
this specific application. The size, shape, form and materials of the sensors can be chosen to
best suit the SoftHand. In the next chapter, the development of the sensor is explained in detail.
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3 Sensor Development

3.1 Introduction

The chapter aims to discuss the design constraints for the sensor, iterative design process and
the fabrication method. The designs of all iterations are illustrated and explained in detail. The
FDM process is explained and the equipment along with the software is described. Further-
more, the optimal printing parameters for successfully printing the sensors are discussed.

3.2 Design and implementation

The objective is to fabricate a sensor which satisfies the defined design constrains and can give
readings with good signal to noise ratio when force is applied in the shear as well as the normal
direction. As mentioned earlier, the range of forces on the sensors for tasks related to in-hand
manipulation is up to 10N [30]. For our application, the bandwidth is limited by the motor
controller of the SoftHand- it should still be operational. It is ideal if the sensor can operate at
a bandwidth of 5 Hz, as for simple in-hand manipulation tasks, this is sufficient.

3.2.1 Design Constraints

A number of constraints should be met by the sensor in order for it to be functional. These are
listed as follows:

* Shape and Size: The sensor should be as small as possible to minimize impediment.
Thus, the size and shape of the sensor should be such that it does not hit the other fingers
when the SoftHand is in its open position. It should leave the finger motion unhindered
as much as possible. Simple dimensional measurements of the SoftHand requires the
sensor to fit within a 3 x 3 x 3cm®.

* Mounting: The sensor should be easy to mount on the SoftHand, preferably without
causing any damage to the SoftHand. It should be possible to unmount and remount
the sensor as and when required, without the need of specialised tools.

* Weight: The sensor should be light, in order to avoid the effort needed to move it. The
SoftHand has a maximum payload capacity of 1.7 kg ([38]) in the pinch configuration. A
limit of 20 g is set, given that 3D printed parts are lightweight.

3.2.2 Conceptual Overview

Before understanding the designs in detail, the concept of the sensor is explained in this sub-
section. The simplest solution to measure the force on the SoftHand is to place a sensor be-
tween the finger and the object. Figure 3.1 shows a sensor S placed on the finger of length L,
which is represented by A. The force is shown as F. Alternative are considered apart from this
concept: the sensor could be placed inside the finger or at the base of the finger, as discussed
by Battaglia et al. [11]. But this concept is superior compared to the other alternatives because
itis non-invasive and the sensor can be mounted and un-mounted with ease.

3.2.3 Designl

A basic design for the sensor with two resistive strain gauges is shown in Figure 3.2. The sensor
fits over the fingertip of the SoftHand. The strain gauges are located one on each of the vertical
beams. This design can be thought of as two cantilever beams clamped at one end and con-
nected by a rigid body at the other end. The bending deformation along the cantilever beams
results in the strain along the strain gauge. There is a gap between the sensor and the finger to
allow deflection of the two vertical beams. This design is printed in PLA and ProtoPasta as they
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10 3D printed sensors for Soft robotic fingers

Figure 3.1: Conceptual overview of the sensor. S represents the sensor, A represents the SoftHand finger
oflength L. Aload F is applied on the sensor.

have shown good results in the past [39]. In Figure 3.2 the material in white is PLA and that in
black is ProtoPasta conductive filament. The part in dark-orange is the representation of the
SoftHand finger. There are two main disadvantages in this design. Firstly, mounting the sensor
over the finger is not trivial. For this purpose, two bolts are used. This requires tampering with
the SoftHand, which is not ideal. The other disadvantage is that since this design is printed
in stiff materials, the deformation along the normal direction is negligible. This follows from
the fact that the vertical beams are non-compliant along the vertical direction. Also, the defor-
mation for both the strain gauges when subjected to shear force in a particular direction is the
same. Thus, it is not possible to differentiate between the sense of direction of shear force. The
results for this design are described later in Chapter 5.

/= B

\//

INormaI force

(@) (b)

Figure 3.2: Design 1: white part is printed in PLA, black in ProtoPasta and the orange part is a represen-
tation of a SoftHand finger

3.2.4 Design2

In the previous design, the vertical beams acted as constraints in the normal direction [40]. To
solve this, they are replaced with two angular beams thus resulting in a hexagonal structure
as shown in Figure 3.3. Similar to the previous design, the strain gauges are placed along the
sides of the sensor. To overcome the issue of mounting, an inner structure is designed which
press-fits over the SoftHand finger. The outer hexagonal structure deflects as force is applied
on the sensor. The inner structure fixes onto the SoftHand and the outer hexagonal structure
can move freely. This design was printed in stiff materials- PLA and ProtoPasta, similar to the
previous design. This sensor was tested for normal force loading and the results are described
later.
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T Normal Force

(a) CAD Design (b) Fabricated sensor

Figure 3.3: Design 2: white/blue part is printed in PLA, black in ProtoPasta.

3.2.5 Design3

One major flaw in the previous two designs is that they exhibit very small deformations. The
reason being that they are fabricated in stiff materials. To tackle this, softer materials are
used instead of PLA and ProtoPasta. For the electrodes, electrically conductive filament eTPU
(Palmiga Innovations, Sweden) [41] is used. The outer structure of the design, shown in orange
color in fig. 3.4 is flexible TPU. The design has a stiff part made of PLA at the top. Just like the
previous design, this sensor can be press-fit over a SoftHand finger. The supporting structure
is needed so that the sensor does not bend as soon as loaded.

However, while experimenting with this sensor, out-of-plane bending of the side beams is ob-
served. This gives undesirable readings, as the forces applied on the bottom of the sensor are
transmitted further to the vertical structure.

T Normal Force

(a) CAD design (b) Fabricated sensor

Figure 3.4: Design 3: orange part is printed in TPU, black in e-TPU and the white/dark green part in PLA

3.2.6 Design4

An important shortcoming of the previous design was that the vertical beams were bending.
To further improve the sensor design, the sensor casing is made out of PLA. Since it is stiffer
as compared to TPU (as seen in table 2.1), it ensures that the sensor can handle normal forces
without bending. This is observed from empirical finding. Having a stiffer structure made of
PLA also gave a better fit over the SoftHand. The sensing structure (seen in orange in fig. 3.5)
is kept away from the finger of the SoftHand. The electrodes are placed only along the bottom
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part of the sensor, as opposed to extending them till the top. The results of characterization of
this sensor are described in Chapter 5.

1 Normal Force

(a) CAD design

(b) Fabricated sensor (c) Front view of fabricated sensor

Figure 3.5: Design 4: white/dark green part is printed in PLA, orange in TPU and the black part e-TPU

3.2.7 Summary

All the four iteratively improved designs are summarised in Table 3.1.

Design

Materials

Summary

PLA, ProtoPasta

Rigid structure. Non-compliant in the normal di-
rection. In the shear direction, both gauges give
similar deformation.

PLA, ProtoPasta

A hexagonal structure instead of rectangular box
allowing for deformation in the normal direction.

PLA, TPU, e-TPU

First iteration with soft materials. More compliant
than previous two designs. Forces on the beams
lead to out-of-plane bending.

PLA, TPU, e-TPU

Structural part made in PLA and sensing part
made out of e-TPU, is kept away from SoftHand
finger.

Table 3.1: Summary of the four designs

In the following section, the fabrication process for the sensors is explained. It can be seen
from the results in Chapter 5 that this sensor design 4 gives the best readings. Henceforth, only
design 4 is illustrated, as the fabrication process for all designs is the same.

3.3 Fabrication

3.3.1 Process Overview

The fabrication process includes the following steps to print the sensor:

* Pre-processing: To begin with, the sensor is designed in a Computer-Aided Design (CAD)
software. In this case, SolidWorks [42] was used for design. The solid model is then ex-
ported as a Stereolithography (STL) file. This STL file contains information only about the
surface of the solid. Before sending this STL file to the printer, it needs to be sliced into
a machine readable G-code. The G-code contains information about the parts to move,
the movement speed and direction, and what temperatures to set [43]. For this purpose,
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dedicated slicing software Simplify3D [44] is used. Multiple printing parameters, some
of which include layer height, infill, movement & printing speeds, determine the quality
of a print. The importance of these parameters is discussed in section 3.3.4.

* Printing: This step starts with loading the filaments which are used for printing in the
printer. As the designs use multiple materials, each of them with different stiffness, they
need to be loaded in the correct extruders. This is described in detail in the following
subsection. Then the G-code is uploaded to the printer and the print is started. Usually
some adhesives like painter’s tape or adhesive spray are used to facilitate print bed-first
layer bonding. As discussed earlier, the FDM printer prints the part traxel by traxel until
the print is finished and then moves to the next layer till the print is completed.

* Post-processing: Once printed, the part is removed from the print-bed. To avoid dam-
aging the part while doing so, alcohol can be used to ease the part off the bed [45]. It
removes the adhesives used for the print bed-first layer adhesion. The support material
also needs to be cleaned off the printed part. However, for this design no support mate-
rial is needed.

3.3.2 Pre-Processing

The sensor needs to fit on the finger of the SoftHand; thus needs tight dimensional tolerances.
Dimensional accuracy is important in this case. The dimensions of parts fabricated by FDM
printing are known to deviate from the desired dimensions by about 0.5 % [46], [47]. This is
due to printing inaccuracies arising from different causes like inherent technical limitations of
the 3D printer, conversion from solid file to STL, post-processing, variation in filament diam-
eter etc. [48]. Keeping this in mind, proper tolerances are added to the desired dimensions of
the sensor. The final drawing of the sensor, including the dimensions (in mm) is shown in Fig-
ure 3.6. It can be seen that the sensor fits very well inside the design constraint size of 3 x 3 x 3

cm.
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Figure 3.6: Final drawing of Design 4 left shows the front view and right side side view with dimensions
(in mm)

As described earlier, the STL file generated in Solidworks is sliced using Simplify3D. The sliced
model is shown in Figure 3.7. The sensor is fabricated usign 3 materials: yellow shows TPU,
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green shows PLA and orange shows e-TPU. The square blocks printed behind the sensor are
called prime-pillars. Before printing each layer of the sensor, the nozzle is first primed to have
better prints, resulting in the building of prime pillars. Prime pillars are particularly useful
when printing with multiple extruders. As one extruder is done printing, the other may not be
ready to print right after. Thus, printing this trial surface makes the extruder ready to print on
the part thus increasing the probability of a successful print.

Figure 3.7: Sliced model in Simplify3D: green part shows PLA, yellow shows TPU and orange shows
e-TPU. The cubical blocks behind the sensor are prime pillars.

3.3.3 Diabase H-seried 3D printer:

The Diabase H-series multimaterial 3D printer [49] shown in fig. 3.8 supports printing of 5
different materials within the same part. The switching between different filaments is done by
a turret. The printer has its own extruder called the flexion extruder [50] which is suitable for
printing a variety of materials including ultra flexible materials. The extruder uses a cam-dial
instead of a conventional spring for compression control. In the scope of this work, 3 out of the
5 nozzles are used.

Figure 3.8: Diabase H-series multimaterial 3D printer [49]
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3.3.4 Printing process parameters

3D printing process parameters, like infill, layer thickness, printing speed, printing tempera-
ture and so on, affect both the mechanical and electrical properties of the sensor [51]. The
important parameters and their effects on the printed part are discussed here:

e Infill: As the STL file is a surface body and printing a hollow object is impractical as it
would fail under stress, the inside is filled with infill. There are two main parameters for
the infill- the infill pattern and infill density. The infill density is a number between 0
to 100 % which determines the amount of material inside the part, as percentage [52].
Commonly used infill patterns are rectilinear, triangular, grid and honeycomb [53]. In
the case of e-TPU, it is important to have 100% infill to ensure proper conductivity.

* Temperature: Two important parameters which determine the quality of a print are the
nozzle temperature and print-bed temperature. A temperature higher than the printing
temperature suggested for the material causes leakage of the material out of the nozzle at
undesirable locations. This defect is called oozing. Apart from that, the temperature also
affects the mechanical strength of the part [54]. Setting the print bed temperature is im-
portant to get proper adhesion between the bed and the part. Adhesion between the first
layer and the printing bed is crucial, since it provides the foundation to the subsequent
layers [55].

e Extrusion multiplier: The amount (volume) of plastic extruded in the unit of distance
traveled by the printhead, is determined by the extrusion multiplier. The default value is
1. Setting a value above 1 results in more dense prints. A too high value results in mate-
rial overflow, resulting in inconsistent prints with lower dimensional inaccuracy. Lower
values result in parts with less material than desired which gives poor layer adhesion and
hence lower tensile strength [53].

* Retraction distance: When the nozzle moves from one point to another, sometimes it
oozes out the heated filament where it is not supposed to. This results in formation of
strings or blobs and in some cases even print failures. In order to avoid this, the material
is pulled back inside the nozzle while not printing. While printing with multiple mate-
rials, it is important to retract the filament during tool change. Simplify3D enables an
option called “Tool change retraction distance” which allows retraction of the filament
while switching between nozzles [56].

e Skirt: In order to prime the nozzle, an outline is drawn around the part before beginning
the print. This is called a skirt. Figure 3.7 shows a skirt with 3 lines for each filament. In
place of skirt, raft and brim can also be used. A brim is a skirt which, instead of being
outside the part, touches it. Rafts are thicker parts which are printed underneath the
part. Apart from priming, it also provides support to the part and avoids warping. The
importance of these is explained in great detail by Horvath et. al. [57].

Apart from the above-mentioned parameters, there are many more which affect the quality of
the print [58]. Experimental studies have been performed to determine the optimal range of
parameters for commonly used materials like PLA, ABS [59], [60]. For electrically conductive
filaments, parameters like orientation of the part, printing temperature affect the conductivity
[61]. Hence it is of utmost importance to get these parameters tuned properly.

Considering this optimal range of parameters for each of the filaments, the printing parameters
used for fabricating the sensor are listed in table 3.2.
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Parameter PLA TPU e-TPU
Layer height 0.2 mm 0.2 mm 0.2 mm
Retraction distance 2mm 17 mm 15 mm
Bed temperature 60° C 60° C 60° C
Nozzle temperature 210° C 225°C 225°C
Extrusion multiplier 0.9 1.2 1.2
Printing speed 2000 mm/min 1800 mm/min 1800 mm/min
Prime pillar width 10 mm 10 mm 10 mm

Table 3.2: Printing process parameters

3.4 Conclusion

After defining the constraints, sensors which are iteratively designed and fabricated. Each itera-
tion improved the design and sufficient deformation is exhibited by the sensors. The structures
were designed such that the sensors can be printed without support materials and minimal
post-processing. The final materials used for the sensor are PLA, TPU and e-TPU. All the de-
sign constraints were met by this design. Different settings for the parameters were tried and
the optimal ones lead to successful prints. The importance of these settings is discussed. The
results of these four sensors are discussed in Chapter 5.
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4 Material Characterization

4.1 Introduction

Before using the sensors, more insight on the materials- the force-resistance relationship, is
studied. The material is characterised for the behavior of the resistance when subjected to
loading. In this chapter, the gauge factor of the material is determined. The experimental
setup used for gathering the data is discussed in terms of equipment and readout methods.
An overview of the components used, the experiments performed and their protocols are de-
scribed. The chapter concludes with discussion of the results obtained from these tests.

4.2 Gauge factor estimation

The working principle of an electrical strain gauge is that the resistance of a conductor changes
when it experiences strain.

A L AL

Figure 4.1: Piece of conducting wire

Considering a conducting wire of length L and area A as shown in Figure 4.1, its resistance is
given by

R=p— 4.1)

where p is the specific resistivity of the material. Considering the resistivity as p = k/(N/V),
where k is a proportionality factor, N/V is the number (N) of mobile electrons per unit volume
(V = AL), and substituting it in equation 4.1, the resistance of the wire is expressed as [27]:

L2
R=k— 4.2)
N
Computing the total differential of the above equation with respect to the two variables L and
N
OR OR

L I?
dR=2k—dL- k—dN
N N2

and diving by Ry, the subscript 0 represents the reference condition at undeformed state:

dR _dL dN
ah _,4db di 4.3)
Ry Ly N

The relative change of number of mobile electrons is generally proportional to stress (and thus

strain) [62], that gives,

dN dL
= o=
Ny Ly

where I1 is a proportionality constant. Substituting this in equation 4.3 gives

dR _ dL

R (2—11)L—0 4.4)
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As can be seen in equation 4.4, the contribution to change in resistance is due to two factors:
dimensional changes (2) and the electron mobility (IT). Correspondingly, two types of strain
gauges are dominant on the market: metal gauges which have negligible stress-induced elec-
tron mobility; and semiconductor gauges, which use the piezoresistive effect where the factor
IT dominates. The sensitivities of metal strain gauges is of the order 2, whereas that of piezore-
sistive ones is around +150 [62]. This factor 2 —II is termed as Gauge factor (GF).

The effects of temperature are not considered in the scope of this project as their contribution
to change in resistance is negligible under ambient conditions [63]. However, for the reader’s
perusal, the mathematical dependence as shown by Doyle et al. [62] is:

—+(a—ﬁ)AT)+yAT (4.5)

where a and § are the coefficients of thermal expansion of the specimen and gauge respec-
tively; and y is the temperature coefficient of resistivity of the gauge.

It is known that the GF of materials like e-TPU is dependent on strain [64]. This dependence
is experimentally determined to help in understanding the material behavior. In the next sec-
tions, the setup for these experiments and the measurement protocols are explained. This is
later followed by the results.

4.3 Setup

To determine the gauge factor of e-TPU, a 5mm x 1 mm x 40 mm strip is 3D printed. This strip
is subjected to known strain while passing a known current through it. The voltage across the
strip is measured using a four point measurement setup. Figure 4.2 shows the four point mea-
surement technique of a material. A constant current source forces a current through the ma-
terial from points 1 and 4. A voltmeter simultaneously measures the voltage drop across points
2 and 3 [65]. The resistance of the strip is then calculated as the ratio of measured voltage drop
to the applied current.

Figure 4.2: Four point measurement setup [66]

The setup used for mounting the strip is shown in Figure 4.3. The strip is clamped between two
blocks printed in PLA (shown as blue in Figure 4.3), using four bolts. It is assumed that using
these bolts fixes the part of the strip which is inside the block; and strain is applied only on
the suspending part, of length 15 mm. Intuitively, longer length could give better results; but in
our case having longer length led to sagging of the suspended part of the strip. Thus the length
was limited such that the strip remained taut at natural length. Both the blocks have copper
strips (shown as brown in Figure 4.3) which are used as the measuring points in the four point
measurement test.
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Conductive
TPU strip

3D printed setup

Figure 4.3: Gauge factor test part. The material in black is the 3D printed strip subjected to strain, part
in orange are the copper strips.

4.4

4.5

Equipment

Sourcemeter: A constant current is applied across this strip using the Keithley 2400
sourcemeter (Tektronix, USA) [67]. It has an accuracy of +2pA for a current range of
10mA.

Oscilloscope: To measure the voltage drop across the printed strip, a digital oscilloscope
in combination with the accompanied software is required. The Handyscope HS5 USB
oscilloscope from TiePie Engineering [68] is used in this case. It is available in both 14-
bit and 16-bit. For this work, a 16-bit scope is used for better resolution. Data can be
sampled at a maximum rate of 500 MSa/s.

Linear Actuator: In order to exert the printed material with known and controlled
amount of strain, a linear-actuator is used. The SMAC actuator (LCA25-050-15F)[69] is
a solenoid based linear actuator with a stroke of 50 mm. With an operating voltage of
24V, it can be used in position control or force controlled mode. The actuator is first cali-
brated with a set voltage of 25.2 V. It is controlled by a dedicated controller (LC-10) which
uses the Embedded Motion Control Library (EMCL)|[8].

Load cell: A load cell (LCMFD-50N, Omega Engineering, USA) is placed in front of the
linear actuator to accurately measure the forces. The output of this load cell is amplified
using a load cell amplifier (IAA100. Futek, USA).

Software: Interfacing all the equipment is done in the MATLAB environment. Scripts are
provided for SMAC control. Apart from these, custom scripts are written to synchronize
the data from SMAC encoders and TiePie scope. The TiePie proprietory software- Multi
Channel Oscilloscope Software [70] is used to collect data and store it as a MATLAB file.

Measurement Protocols

The setup used for conducting the experiments is shown in Figure 4.4. It is known that piezore-
sistive materials show different changes in resistance for different strain rates [18]. So the same
experiment is performed at different strain rates to observe this effect.

The steps followed for conducting the experiment are listed below.

A constant current of 5mA is applied across the two ends of the strip using the Keithley
sourcemeter.
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* AMATLAB script controls the SMAC actuator to apply a strain upto 50 %, at strain rates of
10, 25 and 50¢ / min. Position and force data of the SMAC is also sent to the TiePie scope.
Apart from the SMAGC, the TiePie also records force data from the load cell.

* The voltage data is sampled at 200 kHz and stored using the TiePie scope. This is then
exported as a .mat file.

» This voltage and SMAC data is synchronised using a reconstruction technique developed
by Kosmas et al. [8]

» After recording the data, it is filtered using a second order butterworth filter with a cut-off
frequency of 40 Hz.

* As a four point measurement technique is used, the resistance of the strip is calculated

at each point in the data as:
|4

Rytrip =
P Isource

» The relative change in resistance is plotted against strain. The gauge factor is then calcu-
lated using a best fit of this plot.

TEST STRIP

SCOPE
RS232
.
A PC
CONTROLLER
ACTUATOR
— AC
L| SOURCE —— OUTLET
.| -METER
24V | POWER
SUPPLY

Figure 4.4: Schematic of the measurement setup [69]

4.6 Results and Discussion

Figure 4.5 shows the raw data of voltage as recorded by TiePie (top), position (middle) and force
(bottom) of the SMAC actuator versus time, when the material is strained upto 50 % strain at a
rate of 10 ¢/ min. It can be seen that the position goes from 0 to 7.5 mm (strain of 50 %, as the
length being strained is 15 mm) and then returns back to the original position. This process is
repeated for 10 loops. The force recorded by the load cell is also shown in Figure 4.5. Although
there seems to be an offset of around 2 N, there is no pre-tensioning of the strip. Rather, this is
the bias force applied by the SMAC controller to hold the actuator in position control mode.
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Figure 4.5: Raw data from SMAC and TiePie at strain rate of 10 ¢/ min.

The voltage readings from Figure 4.5 are filtered and divided by 5 mA to get resistance values.
These are seen in Figure 4.6. It is observed that the resistance first drops and then rises when
strained further. While returning to the original position, post 50 % strain, a ‘secondary peak’
(drop of resistance) is observed. The presence of this secondary peak has been observed before
in the work of Christ et. al. [64]. Due to optimum orientation of the conductive particles in the
matrix, the resistance usually decreases at small strains and then increases at higher strains as
the conductive networks are broken. This strongly indicates that conductive TPU has a nonlin-
ear relation between the strain and resistance.

It is also seen that the resistance increases steeply at the end of each loop. A possible explana-
tion for this is the out-of-plane bending of the strip which occurs at the end of each loop. The
linear actuator is used in position-control mode for this experiment. A small slip or play in the
actuator might be the cause of extra compression leading to the bending. This can be observed
in the supplementary video of the experiment provided with the report.
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Strain rate = 10 [e/min]
2200 T

2100 - \ .

2000 - -

=
©
o
o
I
|

Resistance [2]
=
[o0)
o
o
T
|

1700 - -

1600 — -

1500 | | | | | |

Time [s]

Figure 4.6: Resistance vs Time plot at strain rate of 10¢/min

Figure 4.7 shows the relative change of resistance versus strain during the duration of the entire
measurement. Furthermore, at a strain of around 0.25, the relative change of resistance slowly
increases. It clearly shows that the material has a non-linear behavior. However, till around a
strain of 0.15, the material shows linear behavior. The point to note here is that the strain in
this case is solely the normal strain along the direction of printing. Multi-directional strain is
expected to show different results as the resistivity of such 3D printed elements is known to be
anisotropic [71].

01 Strain rate = 10 [¢/min]

0.05

ARR[]
Time [s]

01F

-0.15 20

021

0.25 . . . . . )
-0.1 0 0.1 0.2 0.3 0.4 0.5

Strain []

Figure 4.7: Relative change in resistance vs Strain at strain rate of 10 £/min
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Similar tests are conducted at different strain rates: 25 and 50 £/ min. Figure 4.8 shows the raw
data of voltage (top), position (middle) and force (bottom) versus time, when the material is
strained upto 50 % strain at a rate of 25 ¢/ min.
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Figure 4.8: Raw data from SMAC and TiePie for strain rate 25 £/ min
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Figure 4.9: Resistance vs Time plot for strain rate of 25 £/ min
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Figure 4.10: Relative change in resistance vs Strain at strain rate of 25¢/min

4.6.1 Fit

Figure 4.11 shows the average relative resistance over the loops for strain rates 10 and 25 £/ min
along with a second order polynomial curve fit. Presence of hysteresis is clearly in the figure.
Compensation of such hysteresis loops has been investigated by Kosmas et al. [8], however it is
not taken into account while fitting this curve.
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Figure 4.11: Second order polynomial fit for relative change in resistance vs Strain for strain rates 10 and
25 ¢/ min
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The second order polynomial which best fits the experimental results, with a R? value of 0.981

1S:
AR )
— =2.356¢” ~ 1.408¢ (4.6)

From the equation, an important observation is made that for strains up to (= 60%) the gauge
factor is actually negative. This holds true for strain rates of both 10,25¢/min.

4.7 Conclusion

An experimental setup to determine the gauge factor of printed e-TPU as a function of strain is
described. This includes all the equipment used, along with a brief description of their techni-
cal specifications. The step-wise protocol used to perform the experiment is given. Data from
SMAC actuator and TiePie scope is synchronized and experiments are performed for various
strain rates. An overview of results obtained is presented and discussed. The primary drop
in resistance attributed to the alignment of conductive carbon black particles, is observed. At
higher strain values, the breakdown of the conductive networks leads to rise in resistance. This
shows the dependency of gauge factor on strain and is useful to validate the characterized sen-
sor with Finite Element Method (FEM) model. This is further discussed in the next chapter.
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5 Sensor Characterization and Validation

5.1 Introduction

Before using the sensor, it is important to understand how it behaves when a certain force is
applied on it. This chapter describes the setup and methodology followed to characterize the
sensor in terms of force-resistance relationship. Experiments are performed to determine the
behavior of the sensor, including hysteresis, repeatability and drift. An FEM model is developed
and its solution is compared to actual experimental data.

5.2 Sensor Characterization
5.2.1 Setup

The equipment used for the sensor characterization is the same as for characterizing the ma-
terial (Chapter 4). Using the SMAC linear actuator (LCA25-050-15F), force is applied on the
fingertip in the range of 0 N-10 N. The actuator is controlled using MATLAB (MathWorks Inc.,
USA). With a MATLAB script, the force can be applied e.g. increasing linearly with time or si-
nusoidally. For these measurements, the force applied by the linear actuator is measured by
a load-cell which is placed in line with the actuator shaft (LCMFD-50N, Omega Engineering,
USA). A load-cell amplifier (IAA100, Futek, USA) is used in addition to it. The encoder output
of the linear actuator and the output of the voltage divider setup is measured using the TiePie
oscilloscope. To characterise the sensor, first a normal force is applied on the sensor in the
range of 0N - 10 N sinusoidally. This force is applied for 10 periods to check for repeatability.

The resistance of the sensor is read using a voltage divider setup as shown in Figure 5.1. One
end of the strain gauge is connected to a DC-voltage input, the other end is connected to the
TiePie oscilloscope [68] and a 11.85 k(2 series resistor to the ground. So, the scope records volt-
age drop across the resistor. The electrical interface with the strain gauge is made by melting a
copper wire to the connection pads on the sensor. The input voltage is provided using the sig-
nal generator of the oscilloscope. The sampling frequency is set to 200 kHz. The reason behind
having such a high frequency is to have sufficient bandwidth to measure all encoder pulses
with a 5 ¢ m resolution [8].

Scope

Fixed
gauge resistor ~— Ground

Input
voltage

Figure 5.1: Representation of the voltage divider circuit. Fixed resistor has a value of 11.85kQ

Figure 5.2 shows a schematic of the sensor characterization setup, described earlier. In total
the scope records five parameters- raw data for the voltages across both strain gauges’ volt-
age divider circuits, force from the load cell amplifier, position and force data from the SMAC
encoders. Each TiePie scope can record data from channels, so three scopes were stacked to-
gether for these measurements. The sensor mount is shown in Figure 5.3. The voltage divider
setup, is present within the sensor setup block. The tip of the linear actuator is fixed using a
bolt in the hole normal to the sensor.
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Scope Fs SMAC
P . Controller
N N =
GND
Vin F.. X, Encoder
PSU
N
F
Sensor SMAC P
setup
Load
cell

Figure 5.2: Overview of the sensor characterization setup; F, F;, Fs is the force recorded by the encoder,
load cell and setpoint respectively. V;, is the voltage drop recorded by the scope and x, is the position
data from the encoder.

It can be seen from Figure 5.3 that the setup consists of a flat vertical plate on a rotating plat-
form. This gives the provision of applying forces along a specific direction, which can be con-
trolled by setting the angle of the platform. Pure normal force (corresponding to 0° on the
platform) and pure shear force (+90°) can be applied using this setup. However in our case,
pure shear force cannot be applied because of the geometry of the sensor. This can be seen
from Figure 5.3(b) that at higher angles, the flange of the sensor would hit the mounting plate.

Load cell

(@ (b)

Figure 5.3: Test setup for conducting the experiments: the mounting plate including the base is made
of aluminum and is placed on a rotating platform. (a) Isometric view and (b) Top view. Image on top
shows application of normal force. Image on bottom is when force is applied at an angle 20°
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5.2.2 Measurement Protocol

Initially, all the designs are characterized for a 0.5 Hz sinusoidal normal force with a magnitude
up to 10N. The raw data for voltage recorded by the oscilloscope at a sampling frequency of
200kHz, is down-sampled by a factor of 10 for analysis. Additionally, the data from the load-
cell and strain gauges is filtered using a second order low-pass Butterworth filter with a cut-off
frequency of 40 Hz. This removes all the high-frequency noise from the data.

The results for all the designs are shown in the next section. Additional experiments are per-
formed for the final design. Apart from the normal force and shear force measurements, hys-
teresis tests are also done for the final design.

5.3 Experimental Results and Discussion
5.3.1 Design1

Figure 5.4 shows the change in voltage across each strain gauge for sensor Design 1 (Fig-
ure 3.2(a)). A sinusoidal force with an amplitude of 2N and frequency of 1 Hz is applied on
the sensor, starting at 3 s. An input voltage of 1V is applied using the scope.

Ch1lraw data Ch1 filtered data
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Figure 5.4: Raw and filtered data for sensor design 1. Loading starts at 3 s and ends at 13 s.

It can be seen that the voltage across both the sensors is around 0.58 V when no load is applied.
As the loading starts at 3 s, the signal in this sensor seems to be lost in the noise caused by
the linear actuator. This is primarily because the sensor is fabricated in PLA, which has high
stiffness (Table 2.1). In addition to that, the geometry of the sensor is such that the vertical
beams on the side of the sensor act as a constraint [40], leading to very low deformation hence
low strain. So this sensor design is discarded.

5.3.2 Design2

As discussed in Chapter 3, Design 2 (Figure 3.3(b)) has a hexagonal structure, thus leading to
higher deformation compared to Design 1. To characterize this sensor, a sinusoidal force with
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an amplitude of 2N and frequency of 0.5 Hz is applied in the normal direction. Force cannot
be applied in the negative direction, i.e., the sensor cannot be pulled. So, a bias force of 4N
is present in addition to the sinusoidal force. Additionally, it was observed that force less than
2 N gave worse readings as there was not enough deformation. This was the motivation behind
having a 4 N bias.

Figure 5.5 shows the raw and filtered readings for this experiment. Similar to the previous ex-
periment, an input voltage of 1 Vis applied. The loading starts at 3 s. The noise in this scenario
is also quite high, although once filtered, one can see the drop in voltage when the force is ap-
plied. A second-order low pass Butterworth filter with a cutoff frequency of 40 Hz is used. Once
the final loading cycle ends at around 23 s, the final voltages are a bit higher than initial read-
ings. This shows that some creep is present in this sensor. Additionally, some drift can also be
seen in the sensor.
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Figure 5.5: Raw and filtered data for sensor Design 2

In Figure 5.6, the voltage reading for the individual strain gauges is plotted along with the force
applied by the linear actuator It can be seen from Figure 5.6 that, although the readings show
peaks corresponding to the peaks in force, they are not repeatable. The readings from this
sensor are thus unreliable to use for practical applications. It is understood from these readings
that for the range of forces (0 N-10 N), the deformation is insufficient if sensors are fabricated
from PLA. Hence, for the next design onward, the structure of the sensor is fabricated in TPU.
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Figure 5.6: Change in voltage (blue) and force (orange) for sensor Design 2

5.3.3 Design3

As the previous two designs did not exhibit sufficient strain, the next design with TPU is tested.
Itis expected that the structure fabricated with TPU undergoes larger deformation as compared
to PLA. This can clearly be seen from Figure 5.7, which shows the raw and filtered data when
a similar sinusoidal force is applied. The same second order lowpass Butterworth filter with a
cutoff frequency of 40 Hz is used here. In this case, an input voltage of 5V is applied.
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Figure 5.7: Raw and filtered data for sensor Design 3
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Figure 5.8 shows the change in voltage of each strain gauge along with force applied against
time. It can be seen from this graph that there are two peaks of voltage within a single peak
of force. This ‘double-peak’ effect has been observed earlier in literature [13], [64], [72]. Liu
et al. [73], attribute the ‘main peak’ (first peak in our case) to the increase in strain; and the
so-called ‘shoulder-peak’ to the competition between destruction and re-construction of con-
ductive paths. The presence and dominance of this ‘shoulder-peak’ depends on the doping of
the material [73]. A possible explanation of the resistance drop is the re-alignment of the con-
ductive paths . This is more dominant when the strain is applied at a high rate [18]. In our case,
the force goes from 2 N to 6 N in 2 s, leading to this behaviour.

It can also be seen that the sensor response is highly reversible and repeatable. This is be-
cause the morphology of the conductive network almost remains unchanged during such
cyclic strain experiments, as pointed by Liu et al. [73].
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Figure 5.8: Sensor readings (blue) for a sinusoidal normal force (orange) of amplitude 2 N and frequency
0.5Hz.

To investigate this behavior further, the resistance of both the strain gauges at each point of
time is calculated. This is done using the voltage divider formula given by Eq. 5.2:

— Rﬁx (Vin — Vimeas)

Vmeas

RszRﬁX( Vin —1) (5.2)

meas

R (5.1)

where Ry is the resistance of the sensor, Rgy is the value of fixed resistance, Vi, is the input
voltage and Vipeqq is the voltage measured by the oscilloscope. It can be seen from this equation
that the resistance of the sensor is inversely proportional to the measured voltage.
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Figure 5.9 shows the change in resistance of the first strain gauge for one loop. The sensor read-
ingis clipped between 8 s to 10 s as seen from Figure 5.8. It clearly shows that the resistance first
decreases and then increases when the force is applied. There is only a 4% relative change in
the resistance and still this peak is observed. From Chapter 4, it was expected that the material
shows linear behavior till a relative change of about 10 — 15% (Figure 4.11). However, nonlinear
behavior is observed much earlier in this case. Thus it aligns qualitatively but not quantita-
tively with the experiment conducted on the material in Chapter 4. A possible explanation is
that the sensor does not undergo solely axial strain in this case. The structure of the sensor is
complicated, leading to strains in all 3 directions.
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Figure 5.9: Change of resistance for single loop

It is clear that for practical use of e-TPU in a sensor, it is preferred to have the first ‘main peak’
and eliminate the ‘shoulder peak’. Hence, the improved design, presented as Design 4 in Chap-
ter 3 is considered next.

5.3.4 Design 4

In the next iteration, the sensor was fabricated using a combination of PLA and TPU. Having a
rigid structure ensures that the deformation is only within the sensing part. This in contrast to
Design 3 where the entire structure deformed, resulting in excess strain. In this scenario, the
strain is located primarily on the tip of the sensor, fabricated out of PLA.

It can be clearly seen from Figure 5.10 that the ‘shoulder-peak’ which was observed in Design
3 is eliminated. A voltage change of about 30 mV is observed when a force of 5N is applied.
Similar to the previous design, this sensor is also quite repeatable. However, channel 1 corre-
sponding to the first strain gauge does show some drift.

Figure 5.11 shows the superimposition of measured force over the individual channel readings.
Itis observed that the sensor readings nicely follow the force applied. However, when the cyclic
loading ends, at around 23 s, the voltage readings do not directly go back to their original value,
unlike in Design 2 (Figure 5.6). The main reason behind this is the creep occurring due to
material relaxation.

Ajinkya Doshi University of Twente



CHAPTER 5. SENSOR CHARACTERIZATION AND VALIDATION 33

Another important observation in Figure 5.11 is that although the force setpoint is given as a
sinusoidal signal of amplitude 5N, it is clipped at the peak of the loop. Unlike Figure 5.11, the
force follows a nice sinusoidal path in Figures 5.6 and 5.8. A possible explanation for this could
be that the linear actuator does not perform well when the setpoints are given as its extremeties
(i.e. ON and 10N) as it is rated for a maximum force of 10 N.
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Figure 5.11: Design 4 Voltage and Force vs Time
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It is seen from previous work of Kosmas et. al., [12], Shenoy et. al., [39] and Wolterink et. al.,
[32] that the differential readings between the two channels could tackle some nonlinearities
like drift and eliminate common mode noise to a certain extent. So, further analysis on the
difference and sum of the readings is done.

Figure 5.12(a) shows the sum of the filtered voltage drop data of the two channels and force
plotted against time. It can be seen that some creep is still present as the drop in voltage, at
every peak of the force, decreases with each loop. A value of around 4.77V in the first loop
(occurs at 4 s) later only drops to 4.78V for the last loop (around 22 s). It is shown by Qi et. al.
[74], that this behavior is characteristic of thermoplastic polyurethranes , where the material
is more compliant in the second cycle onward as compared to the first when subject to cyclic
strain. They refer to this as ‘softening effect’.

However, from Figure 5.12(b) it can be inferred that the difference between the two channels
follows same path for all loops. It can thus be established that the softening effect in both the
strain gauges is compensated by taking a differential measurement.
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Figure 5.12: Design 4 (a) Sum of the two channels & force vs Time and (b) Difference of the two channels
& force vs Time

Hysteresis:

The data from the same experiment was used to understand the hysteresis behavior of the
sensor. Figures 5.13(a) and 5.13(b) show the relative change in resistance for sensor 1 and 2
respectively. It can clearly be seen that hysteresis is prevalent in the sensors. While loading the
sensors from 0N to 10 N, the response for both the strain gauges is fairly linear. However, while
decreasing the load from 10N to 0N with the same speed the relative change of resistance is
clearly non-linear. This hysteretic response is quite common in piezo-resistive strain sensors
[75]. Kosmas et. al. [8] propose a novel method to negate this effect.

Shear force tests:

Additional experiments are conducted to understand the behavior when a shear force is ap-
plied in combination with the normal force. For this, the rotating setup shown earlier in Fig-
ure 5.3 is used. Setting the rotary platform to 0° aligns the sensor normal to the plate. Any
angle on either side of this center line gives the possibility to apply an angular force. For this
experiment, forces were applied at 30° and —30°. The normal force components are the same,
however the shear force components were in opposite direction.

Itis expected that the strain gauge in the direction of shear force exhibits more strain compared
to the other. And when the shear force is applied in the opposite direction, the other gauge will
exhibit higher strain, hence change in resistance. This can clearly be seen from Figure 5.14

Ajinkya Doshi University of Twente



CHAPTER 5. SENSOR CHARACTERIZATION AND VALIDATION 35

Hysteresis loop sensor 1 Hysteresis loop sensor 2
0.025 0.02
10 10
0.02 +
| /}f.f) 95 0.015 95
/7/,‘ 7
0.015 / // 9 9
) ,,57 /// 8.5 0.01 8.5
7
= 001 = = &
@ # / 8= @ 8 2
& o 7 .- & 0005 .-
B, 5 5
<1 0.005 ;74’ // " < =
i v 7 7
‘ v i / 0
0 /
. ///4 6.5 6.5
AN P
R < o 6 ~ 6
0005 A 0005
5.5 5.5
-0.01 5 -0.01 5
o] 2 4 6 8 10 0 2 4 6 8 10
Force [N] Force [N]

@ (b)

Figure 5.13: Hysteresis loops of (a) strain gauge 1 and (b) strain gauge 2

which shows the relative change of resistance for both the gauges. In Figure 5.14(a), strain
gauge 2 shows a higher change in resistance, whereas in Figure 5.14(b), strain gauge 1 shows
higher change than strain gauge 2. This shows that the sensor can distinguish between the
two directions of shear force. Additional results showing the individual channel readings and
difference between the two channels are shown in Appendix A (Figures A.3, A.4, A.5, A.6).
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Figure 5.14: Relative change of resistance and force vs time (shear force)

5.4 Drop inresistance value

It is observed in the work of Kosmas et. al. [76], that the resistances of 3D printed conductive
structures drop significantly after the printing process. It is noted that this effect is common
across multiple both EEL and e-TPU. The same effect is also observed in our work. Table 5.1
shows the average resistance values measured at discrete points in time. It can be seen that
the resistance drops by almost 90% within a week. To counter this, Kosmas et. al. [76], suggest
annealing the sensors for a day after printing them. However, in our case annealing the sensors
led to warping of the PLA part. The sensors were then printed over and used as is.
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Day Average resistance (kQ2)

1 78
4 24
7 9

Table 5.1: Average value of resistance with time

5.5 FEM simulation

To estimate the strain induced by the normal and shear forces, a finite element method (FEM)
simulation is performed using Static Structural Analysis in Ansys Workbench (ANSYS Inc.,
USA). The availability of numerous hyper-elastic models and ease of performing nonlinear
static structural simulations was the reason behind using Ansys. With the help of material char-
acterization done in Chapter 4, the results of this model are verified against the experimental
characterization of the sensor.

In the following subsections, the model development process including material properties,
model constraints and analysis settings, is described. A unique strategy used to estimate the
change in resistance from the strain is also explained.

Analysis Settings Contacts
Large Deformations Bonded contacts

! !

Design Model
3D CAD Models
. Results
ANSYS MeChanlcaI — Stresses, Strains,
Static Structural Analysis DeCiptichecas

Forces
Material Model
Stress-strain Data

~—

{ !

Mesh
Boundary condition Body Sizing
Fixed Supports (High-Order adaptive

Tetrahedral Elements)
Figure 5.15: FEM workflow diagram, adapted from the work of Tawk et. al. [77]

5.5.1 Geometry and meshing

The geometry required for running the Ansys model is directly imported from Solidworks as
an IGES-file. This model is meshed using an adaptive mesh with higher order tetrahedral ele-
ments. This is the most used mesh when dealing with hyper-elastic materials [77]. It allows for
the possibility to re-mesh the body automatically if the solution does not converge. However in
our work, re-meshing was not needed. It is quite common for these materials to undergo large
deformations, a very fine mesh is not recommended. Thus, a coarse mesh with adaptive sizing
is selected.
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5.5.2 Material Model

The mechanical properties of the materials used in the sensor- TPU, e-TPU and PLA need to be
input in the Ansys model to run a successful simulation. Data is readily available for PLA. The
properties used for defining PLA are shown in table 5.2.

Material Property Value
Density 1250 kg/m?
Poisson Ratio 0.35
Young’s Modulus 2900 MPa

Table 5.2: PLA material properties

The TPU material was modeled using a five-parameter Mooney-Rivlin hyper-elastic model
which was experimentally fitted on experimental stress-strain data of NinjaFlex TPU by Tawk
et al. [77]. The values of this five-parameter Mooney-Rivlin model are shown in Table 5.3.

Material Constant Value (Unit)
C10 -0.233 (MPa)
Co1 2.562 (MPa)
C20 0.116 (MPa)
Cl1 -0.561 (MPa)
C02 0.900 (MPa)
D1 0.000 (MPa™!)

Table 5.3: Mooney-Rivlin parameters used for modeling TPU [77]

5.5.3 Analysis Settings

While modeling hyper-elastic materials, it is imperative to activate the “Large Deformation” op-
tion in the simulation to account for the large deflections that occur. Additionally, the number
of sub-steps is set to 20 to ensure that the load is applied gradually. This is a crucial parameter to
consider because it prevents the load from being applied in one step, which in some cases may
result in convergence issues while dealing with soft materials that have a low Young’s modulus
[77].

5.5.4 Contacts

Since the sensor has multiple materials, they are treated as separate parts of an assembly. While
simulating these parts, the contact between each of them needs to be defined. The most com-
mon ones in Ansys are: Bonded, No separation and Frictionless. Bonded ensures that there is
no sliding (tangential direction) or separation (normal direction) between the two parts. As this
perfectly resembles the sensor, it is chosen.

5.5.5 Boundary Conditions

The sensor is fixed on the finger of the SoftHand. In the FEM simulation, this can be modeled
as a “fixed support” boundary condition on the inner side of the sensor. A sinusoidal force of
amplitude 5N with a force bias of 5N is applied on the sensor. It is modeled by defining the
magnitude and direction along a component. Figure 5.16 shows the applied force (red) and
fixed support boundary condition (purple).
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Figure 5.16: FEM model showing (A) normal force in red and (B) fixed support in purple

5.6 Numerical Results

In this section, the results obtained in the ANSYS simulation are discussed. The idea is to com-
pare the change in resistance obtained experimentally with the FEM model. Numerical calcu-
lation of change in resistance is explained later in the section.

Figure 5.17 shows the equivalent total strain which the sensor undergoes. This includes the
elastic, plastic and creep strains [78]. It is clearly seen that the strain is localized at the place-
ment of strain gauges. The structural part made of PLA (shown in blue) exhibits minimal strain.
The image is shown at a time instance of 12 s and 50s. At these time instances, the force has a
magnitude of 10 N and 5 N respectively.
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0.076496

0.066034 0.029032
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Figure 5.17: Equivalent total strain of the sensor excited with normal force (a) 10 N and (b) 5N

However this strain cannot be used to calculate the change in resistance. The strain values that
Ansys provides are in the global coordinate system. These values do not correctly represent the
normal strain along the strain gauge, as most of the elements are not oriented in the same di-
rection as that of the global coordinate system. Thus, the local axial strain and hence resistance
change cannot be directly calculated from this strain.

To overcome this problem, a path (highlighted in Figure 5.18) is defined along the strain gauge.
The directional deformations along this path are calculated for each time instance to under-
stand the change in length of each element. The x-axis directional deformation is shown in
Figure 5.18.
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Figure 5.18: Directional deformation of one strain gauge

It is intuitively clear that the results would be symmetrical about the center plane of the sensor
when a normal force is applied. To confirm this, Figure 5.19 shows show that the directional
deformation along the x-axis is symmetrical. Similarly, the deformation in the Y direction is
also symmetrical. It can be found in Appendix A (Figure A.7) for the reader’s perusal. So, for
numerical simplicity only half of the path can be considered. For the next calculations, results
for the x and y directional deformations at each time instance are exported for this half path.

7.3126e-5

X-deformation [m]

-2.e4

-3.6164e-4 t f
0. 4.e-3 8.e-3 1.2e-2 1.6e-2 2.2961e-2

Path length [m]

Figure 5.19: X-axis Directional deformation along the entire strain gauge path for all time instances

To estimate the resistance change from strain, the half path along the strain gauge is defined. It
is assumed that the resistance is symmetrical about the center of the path. The bottom part of
the path does not undergo deformation, so it is excluded from the calculation by assuming it as
a constant resistance. The remainder half path is composed of elements, whose initial and final
lengths are calculated from the coordinates of their neighbouring nodes. Since the coordinates
of all the nodes are known at all time instances, the new length of each element is calculated as
the square-root of the sum of squares of displacements in x and y directions:
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Li;= \/(xi+1,t_xi,t)2+ (Visr,e = Vi, 0)? (5.3)
Eir= ML—Z'O (5.4)
i,0

where L; is the initial length of the i th element calculated from the distance between the
surrounding nodes at the initial position, (x;, y;,) and (xj+1,s, ¥i+1,7) are the coordinates of
the nodes surrounding the i th element at the deformed state, L; ; is the length of the element
attime ¢ and ¢; ; is the strain of the i'h element at time .

Figure 5.20 shows the strain per element as a function of time. This is the visualization of the
results of Equation 5.4. It can be seen that the path exhibits a maximum elongation strain of
0.05 and a compressive strain of 0.03.
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Figure 5.20: Estimated local strain as a function of time over all the elements.

This elemental strain is then multiplied with the estimated nonlinear equation from Chapter 4
to calculate the change in resistance using equation 5.5

1 n
— =— ) €; xGF x Ry; 5.5
R RQ;: 0i ( )

where n is the number of elements.

The change in resistance is summed for all the individual elements and then the relative change
in resistance is calculated. This is presented in the following figure. Figure 5.21 shows the
relative change of resistance- calculated using a constant gauge factor of 3.5, variable gauge
factor calculated from Equation 4.6 compared with experimental readings. It can clearly be
seen that the second order fit for the gauge factor does not match with the experimental data.
It also predicts that the resistance would first reduce and then rise. However, it can be seen
from experimental data that the resistance increases and then decreases. The estimate with
a constant gauge factor of 3.5 fits quite well for the first half; however after 0.8 s the actual
resistance drops at a slower rate compared to the estimated change in resistance.
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Two possible explanations for the error between estimated and experimental change of resis-
tance are analysed. Firstly, only axial strain tests are carried out for material characterization.
Given the complex geometry of the sensor, it might undergoes various types of strain (shear,
bending). Secondly, the model captures data only along a path on the outer surface of the
structure. In contrast to this, the deformation of the actual structure is not only on the surface
but also for the whole body. This might result in strains different than that solved by ANSYS.
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Figure 5.21: Estimated relative resistance change (orange) compared with experimental results (blue).

5.7 Conclusion

The measurement setup used for the characterization of the sensors is described, followed by
the result of individual sensor designs. Sensors fabricated in PLA exhibited low strains hence
low changes in resistance. To tackle this, a design made of TPU was fabricated, which showed
sufficient strain for a reasonable signal. The ‘double-peak’ behavior, which is seen before in
literature, was observed in this design as well. Finally, a hybrid design with a PLA structure
and an e-TPU sensing part was tested. This design showed the best results as the strain was
localised at the sensing part. This shows that it is possible to get fairly linear readings from
such sensors by smart design choices. Although the secondary peak is avoided, the sensor
showed a considerable amount of hysteresis. It also exhibited creep, seen clearly when the
cyclic strain tests end, caused by the relaxation of the flexible material. Softening effect was
observed and described, along with a suggestion of differential measurements to eliminate it.
Further experiments were performed on this sensor to characterize it for a combined shear and
normal force. It was observed that the sensor can distinguish between the direction of shear
force.

An FEM model was developed using material data available from literature. Localised strain
was calculated using initial and final coordinates of each node. Further the change in resistance
was calculated with the help of the gauge factor estimated from material characterization. Al-
though the results using the calculated gauge factor did not match with the experimental re-
sults for resistance change, using a constant gauge factor showed a better match. Two possible
explanations for this behavior were discussed.

In the next chapter, practical application of the sensor on the SoftHand is described. The con-
trol of the SoftHand is described, followed by the use cases of the sensor.
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6 Control

6.1 Introduction

The fabricated sensor has been characterized and validated. In this chapter, the applicability of
the sensor in a practical scenario is checked. Experimental protocol followed to implement the
sensor in a practical scenario is discussed. An important objective of this chapter is to propose
and perform a control task using the SoftHand with the aid of the sensor. Next, an insight of
the control techniques for the SoftHand is given and a control architecture is discussed for the
developed sensor. Finally, the experimental results are presented and analysed.

6.2 Background

To design a good control system, it is eminent to take a holistic viewpoint of all the aspects
present in the design: plant, objectives, sensors, actuators. In this section, this background
required to understand these is discussed. Firstly, all the jargons mentioned above are intro-
duced. Further, the two common control schemes- feedforward and feedback control are de-
scribed. Later, the control architecture of the SoftHand 2 is explained in depth.

* Plant: To control a system, it is crucial to model the underlying physical phenomenon
or process. This is done by applying the basics of energy balance, mass balance and
material flows. This leads to a mathematical term which is the transfer function defining
the relation between input and output of the process. [79]. This is referred to as the plant
model.

* Objectives: Control objectives are basically the goals that need to be defined before ap-
plying specific control technique. This includes, but is not limited to, what does one want
to achieve (eg., energy reduction), what variables need to be controlled to achieve these
objectives, what level of performance (including accuracy, speed, and so on) is desired
[79].

* Laplace transform: A mathematical operator which converts functions from real time
domain to a function in complex variable s. Most of the dynamical systems are modelled
and controlled in the Laplace domain. The main reason behind this is the computational
simplicity it offers. Differential equations in time domain can be expressed as algebraic
expressions in the Laplace domain. The transfer functions in Laplace domain are con-
tinuous. These are sometimes converted to discrete domain using Z—transform, which
is essentially the discrete time counterpart of Laplace domain [80].

Next, feedforward and feedback control are defined.

6.2.1 Feedforward control

Figure 6.1 shows the control architecture of a simple feedforward control system. The reference
input R(s) is fed into the controller C(s), which gives a controller output U (s) which is the input
for the plant. The objective is to have the output from the plant, Y (s) match the reference input.

Although not shown in Figure 6.1, in practical scenarios, some disturbance is present in the
system. This disturbance is modeled and is accounted for in the controller output.
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Reference Input Output
R(s) Controller Uu(s) Plant Y(s) >
> C(s) ~ P(s)

Figure 6.1: Feedforward controller schematic

The mathematical relation is as follows:

U(s)=C(s)-R(s)

(6.1
Y (s) = P(s)-C(s)-R(s)

The feedforward controller is commonly designed as the inverse of the plant model P~1(s) [81].
However, model inversion is not always feasible as it may be unstable. As mentioned earlier,
P(s) is a mathematical transfer function. The roots of the numerator of this transfer function
are called the zeros of the system. The stability of the inverse plant model depends on the zeros
of the actual plant model P(s) [79].

The controller design for such a system is largely dependent on the accuracy of the plant model.
The closer the plant model to the real system, the more accurate the controller will be.

6.2.2 Feedback Control

As the name suggests, the key idea in feedback control is to send information about the state of
the plant back to the controller. Having the knowledge of the current state of the plant makes
feedback control more accurate.

Figure 6.2 shows a schematic of a typical feedback control loop. In this case, the controller
model is represented as C(s) and the plant model as P(s).

Reference Error Input Output

R(s) + E(s) cs) U(s) P(s) Y(s)

Figure 6.2: Feedback controller schematic

The input for the controller in this case is the error E(s) between reference input R(s) and the
plant output Y (s). Numerous types of controllers such as the very well known PID controller
[82] in both series or parallel, bang-bang controller [83], lead-lag compensator [84] etc., can be
used here. This list is non-exhaustive as various types of controllers exist.

From Figure 6.2,

Y (s)=P(s)-C(s)- E(s)

E(s) = R(s) - Y (s)

Y(s)=P(s)-C(s)-(R(s) - Y (9)) 6.2)
Y(s) P(s)-C(s)

R(s) 1+P(s)-C(s)
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Feedforward and feedback controllers are complementary as each of them has advantages
which compensate for the deficiencies of the other. The advantages and disadvantages of each
are given in Table 6.1

Feedback Feedforward
Stability of the system is not af-
fected.
Advantages Disturbance is compensated | Provides zero steady-state error
before affecting the process
output

Steady-state error cannot be The stability of closed-loop sys-
. tem can be affected.
eliminated.

Disadvantages Control action is not taken un-

Model .Of the.plant and distur- til output variable has deviated
bance is required. .
from setpoint.

Table 6.1: Comparison of Feedback and Feedforward Control

6.3 SoftHand Control

This section discusses the control of the Pisa/IIT 2 SoftHand. The design is first explained in
detail followed by the control architecture.

As mentioned earlier, the Pisa/IIT SoftHand 2 has 19 joints. Each of the four long fingers of
the hand have one revolute joint (g; in Figure 6.3) which controls the abduction/ adduction
motion and three interphalangeal joints (g2 — g4 in Figure 6.3) [10]. Abduction is the motion
of the finger away from the midline of the hand while adduction is the motion towards the
midline. For the shorter finger, corresponding to the thumb, one less interphalangeal joint is
present.

Figure 6.3: Finger of Pisa/IIT SoftHand 2. (a) Side view. (b) Top view. Retrieved from [10].

A single tendon, pulled by two motors, moves through all the fingers of the hand. If the motors
move in the same direction, the length of the tendon is shortened and the SoftHand closes. This
is corresponds to the first degree of freedom o of the SoftHand. If the motors move in oppo-
site direction, the tendon slides- corresponding to the second degree of freedom s. Figure 2.5
represents this graphically.
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6.3.1 Control Architecture

A simple control law defines the motor torques 11,72 of the SoftHand such that the desired o
and s are achieved. The sliding s is is calculated from the motor angles by dividing the dif-
ference of the two motor angles by the radius of motor pulley, r. The motor angles 6,,60, are
mapped to o, s as shown in Equation 6.3: semi-sum and semi-difference [10].

o= (91 +92)

6.3
s=(01-0)r ©3

Two feedback PD controllers define the control action. The gains of these controllers are
tuned heurestically, arriving at values for the gains as 0.2 Iil—rg and 0.015 % [10]. The control is
mapped back to motor inputs using semi-sum and semi-difference.

z (O~ rp =

C2

= . 1/7 PD

Qe

o

Figure 6.4: Control Architecture of the Pisa/IIT SoftHand 2 [10]. Two PD controllers regulate the angles
of the two motors.

6.4 Experimental Setup

In this section, the measurement protocol, including the equipment, for conducting the exper-
iments is described.

The main components required for the control experiments are:

e Simulink: Simulink (Mathworks Inc., USA) is a MATLAB based graphical programming
interface for modeling and simulation. The control architecture of the SoftHand, propri-
etorially developed (SoftHand 2, gbrobotics, Italy), was available only in Simulink. Hence
it is decided to read the sensor data using Simulink in combination with a microcon-
troller.

* Arduino Mega: A microcontroller is needed to send data collected from the sensor to the
PC. In this case, an Arduino Mega is used because the interfacing between Arduino and
Simulink is relatively easy. Documentation is also readily available for our use case [85].

e ADS-1115: To measure the signals from the sensor, a 4-channel 16-bit Analog-Digital
Converter (ADC) is used in combination with an Arduino Mega controller as it gives a
higher resolution compared to the Arduino ADC. It is uses the common I2C protocol
for communication. The fastest datarate for the ADS-11150- 860 samples per second,
is used. Only two of the four channels are needed for one using one sensor. More details
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for the ADS-1115 can be found in the datasheet [86]. The interfacing between the ADS
and the Arduino is bases on the work by Rob Tillaart [87].

Figure 6.5 shows the experimental setup using a block diagram. The PC powers the Arduino
Mega, which in turn applies a 5V DC input to the ADS-1115 and the sensors. The ground from
Arduino is used as the common ground for both the ADS and the sensor through the voltage
divider. A sampling rate of 100 Hz is chosen in this case. Having a higher rate slows down the
Simulink control program. And it is important to have a large bandwidth. It is also crucial to
set the same sampling rate for the Arduino same as that in the Simulink model. Additionally,
instead of using the well-known delay function in Arduino, mil1lis is used. It is observed
that usingmi111is made the system real-time as opposed to using de 1 ay using which caused
alagin the readings [88].

Data
—> Power

PSU

|

Sensor ADS1115 Arduino MATLAB SoftHand
€ € Mega € PC
N
Object (€
Deformation Grasp

Figure 6.5: Flow chart of the experimental setup

The complete Simulink model is shown in Figure 6.6. A detailed version of the model, show-
ing major all components is present in Appendix A. It consists of five main subsystems: Data
acquisition, Strain gauge 1, Strain gauge 2, Data Analysis and SoftHand Control. As the name
suggests, the data acquisition subsystem acts as the interface between Arduino and Simulink.
It is adapted from the work of Mariga et al. [85], which uses a COM-port for communication
at a baud rate of 115200. The raw values of both the strain gauges are stored in a MAT file.
Both the signals are then filtered and sent to their respective calculation sub-systems. Here,
the resistances are calculated based on the voltage readings following the same formula from
Equation 5.2. Additionally, the relative change in resistance is also calculated. These readings
are then sent to the Data Analysis subsystem, which plots the sum and difference of the relative
change in resistances.

The final subsystem- SoftHand Control, is the most important one. This is provided along with
the Pisa/IIT SoftHand 2 [10]. The SimuLink model should know the target COM-port it needs
to connect to. This is given as an input in the handle block by the user. The two setpoints for
the two motors are given as inputs to pos. 1 and pos. 2 in the main block of the subsystem.
A switch is added before both these setpoints to switch between the control technique inputs:
manual control using a slider and feedforward control using the sensor. It can be found in the
detailed version of this model in Appendix B (Figure B.1). Finally, the plots of the position and
error are plotted using a signal monitor. The t ime and clock are used to generate a plot of
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real-time and simulation time. It is observed that the simulation runs slower than real time.
This is explained in detail along with the results in section 6.5.1.

SoftHand Control
Clock E
Motor_1 e pacerTime
P|Ch1_raw Data Analysis
DRR_1—
Strain gauge-1 4’@
DRR difference handle pos.1 4’{ :
i pos1
Ch1_raw— —»DRR_1 Difference p0s.2 @
Ch2_raw— DRR_2 Sum— pos.1 pos2
Sum & Difference
Data Acquisision pos.L
> posL
pos.2 error —-{ :
DRR sum
DRR 2/— Error
“»Ch2_raw
Motor_2
Strain gauge-2

Figure 6.6: Simplified Simulink Model of the setup

Based on the above described Simulink model, certain experiments are performed to check
the practical applicability of the sensors. Commonly performed tasks are tested in these exper-
iments. As one of the most basic application of the SoftHand is to grasp an object, it is decided
to perform an experiment to understand how the sensor behaves when it grasps an object. An-
other important application of the sensor is to detect slip, which has been an area of interest
in a wide range of literature [89]-[91]. Effects of friction are useful in dexterous manipulation,
force control and robust grasping. Next, the experiments are discussed:

6.4.1 Grasp detection

The measurement protocol for two experiments which detect the grasping and slipping of an
object using the Pisa/IIT SoftHand 2 is described here. A cylindrical bottle wrapped in sandpa-
per is used in this case.

The printbed of a Rova 3D printer (ORD solutions, Canada) is used as an adjustable platform to
perform the experiment. Firstly, the bottle which is fully supported is grasped by the SoftHand.
The build plate then moves along the Z-direction, thus removing the support of the bottle in a
controlled manner. The control of the printbed motion is done using an open-source software:
Pronterface (Printrun, GNU public license). The control of the SoftHand is done using Simulink
and measurements of the sensor are recorded using the ADS-1115 with the Arduino in the same
Simulink file.

After grasping the object for 10 seconds, the grasping force of the SoftHand is slowly decreased
by reducing o, s until the object slips off from the SoftHand. The objective is to determine if
the sensor can determine if the cup is grasped or not. The snapshots of the experiment are
shown in Figure 6.7. Figure 6.7(a) shows the bottle resting on the platform and the SoftHand
in completely open position. The grasping starts in Figure 6.7(b) and the SoftHand has com-
pletely grasped the bottle in Figure 6.7(c). It can be seen in Figure 6.7(d) that there is no contact
between the printbed and the object, thus the object is fully supported by the SoftHand. It is
easier to spot the distance between the printbed and the bottle by looking at the reflection on
the printbed. After holding the position for a few seconds, the grasp is opened in Figure 6.7(e)
and the object then falls on the printbed, as seen in Figure 6.7(f).
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(e) )

Figure 6.7: Grasp detection experiment- (a) Object is supported by the printbed, (b) SoftHand starts
grasping the object, (c) Grasp is complete; the printbed has not moved down yet, (d) Printbed moves
down, thus removing support, (e) SoftHand opens grasp, (f) Object falls onto the printbed

6.4.2 Slip detection using added mass

The objective of the second experiment is to check if the sensor can give an indication of oc-
currence of slip at the fingertips of the Softhand. Similar to the first experiment, an object is
grasped completely using the SoftHand. Then, instead of opening the grasp, blocks of 250 g
are added into the cup till the object slips from the SoftHand. For this experiment a cup is used
instead of the bottle. This experiment is inspired from the work of Ajoudani et. al. [92], where
they use the Thimblesense device [11] to control the SoftHand during object slippage.

The SoftHand is characterized for a maximum payload of 1.7 kg while doing a pinch grasp [38].
However the grasp quality does not remain the same, as once a finger encounters an obstacle,
it stops moving. However the motors still pull the tendon. To compensate for this, the other
fingers move, such that the tendon length remains the same. This is a problem as the force
encountered by the sensor is not sufficient for it to deform. The sensor would thus be more
useful if used on a stiff hand like the DLR 2. Thus, both the experiments mentioned above had
poor repeatability. So the sensors could not be directly used for closed-loop control. However,
to demonstrate the working of the sensors, a third experiment is proposed.

6.4.3 Open-loop Control

A control experiment is proposed where the sensors are used in open-loop control of the Soft-
Hand. This is primarily done to demonstrate the applicability of the sensor in real-time control.
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The two motors of the SoftHand can be actuated independently and simultaneously. As the
sensor has two strain gauges, they are used to control these two actuators independently. The
readings from the sensor are normalized and mapped to the position of the actuators. In this
way, each strain gauge controls one degree of freedom of the SoftHand. The sensor is not
mounted on the SoftHand, but is deformed manually by pressing it against a hard surface.

In the next section, results of the above three experiments are presented and discussed.

6.5 Results and Discussion
6.5.1 Noise Filtering

First, a few sample tests are done to test the setup. This includes manually deforming the sensor
while recording sensor data with the Arduino-ADS system. For this, a sample signal is recorded
in which the sensor is deformed such that there is a clear distinction between the signal and
noise. It can be clearly seen from Figure 6.8 that a high frequency noise component is present
in the signal.

Channel 1
Channel 2

>
[0
g 4
5
S

0.8 1
Time[s]

Figure 6.8: Raw sensor data recorded using Arduino-ADS system. Sensor is deformed by pushing it
against a table manually.

An important observation to be made here is that the time scale seems to be incorrect; as it is
quite challenging to deform the sensor 6 times manually by hand within 1.6 s. Itis also observed
while performing the experiments that the time-scale in Simulink does not match with the real
time. To confirm this, the real time and simulation time (as read by Simulink) are plotted as
depicted in Figure 6.9. It can be seen that the Simulink program runs at a speed three times
lower than the real time. However, this does not impact the readings, as there is no lag and the
signals are read real-time. It solely affects the time recorded by Simulink.
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Figure 6.9: Comparison of Simulink clock and actual time (represented as QB-pacer)

It is important to apply a digital filter in order to remove this noise from the raw data. The first
step is to understand the type of noise. Consequently, a 2™ order low-pass Butterworth filter
is chosen for filtering this noise. A suitable cut-off frequency is chosen based on the frequency
analysis of the data. It is seen from Figure 6.10 that the peak at 50 Hz corresponds to this high
frequency noise.
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Figure 6.10: FFT of channel 1
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Accordingly, a cut-off frequency of 40 Hz is sufficient to prevent the noise, without losing data
from the higher frequencies. A probable cause for this noise could be the electrical interference
caused by the power grid.

This gives the transfer function of the filter (in z-domain, essentially the discrete version of
Laplace transform) as:

9.8259.107% +1.9652.107°.271 +9.8259.1076.272
1-1.9911.z271 +0.9912.22

(6.4)

The filtered data is shown in Figure 6.11. It can be seen that the high frequency noise is now
eliminated. This filter is used for further analysis.

Channel 1

4.1 Channel 2
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>
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Time[s]

Figure 6.11: Second order low pass filtered sensor data

6.5.2 Grasp detection

It is trivial that during grasping, shear force along with a normal force is present on the sensor.
To observe this effect, the difference between the relative change of resistance of the two chan-
nels (AR—}f‘ - AR—}EZ) is plotted. In Figure 6.12 one can clearly see just after 5s, the SoftHand starts
grasping the object. The object is grasped for about 10 seconds, after which the SoftHand grasp
is slowly opened. It can clearly be seen around 17 s that the difference in voltage readings show
arise after the grasp is opened. Additionally, some creep is also observed as the initial value is
0.096 which drops to approximately 0.094. In the period between 6 s to 16 s, when the hand has
grasped the cup there is still some drift present in the measurements. This experiment confirms
that grasping can be detected by the sensor. The performance of this experiment can be seen
in the supplementary media video provided with this report. The video does not correspond to

this particular measurement.
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Figure 6.12: Grasp detection using the sensor

6.5.3 Slip detection using added mass

As described in the previous section, for this experiment, once the hand grasped a cup, blocks
of 250 g were added till the cup slipped. Again, the difference between the relative change of
resistance of the two channels is plotted. It can be seen from Figure 6.13 that a drop corre-
sponding to the first added mass occurs at around 2s. Then before adding the second block,
there was a gap of 6-7 s. This was done to check for drift in the sensor and to allow it to settle. As
it can be seen, there is a slight rise and then the readings settle at 6 s. Then, another block is of
mass is added at 9 s which decreases the difference between the relative change of resistance.
Apart from some drift in the signals, major creep is not observed in this repetition. Finally, at
18 s the cup is supported by the printbed again. This is seen as a sharp rise in the difference
between the sensor readings. There is some creep present in the initial and final readings.
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Figure 6.13: Slip detection using the sensor (discrete)
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6.5.4 Open-loop Control

The final experiment dealt with using the sensor for open loop control of the SoftHand. The
sensor was deformed by manually pushing it against a table and the output of the sensors was
filtered and scaled with a gain. Before sending the control signal to the SoftHand, it was limited
within the range of SoftHand limits by using a Saturation block in Simulink. As both normal
and shear force lead to a drop in voltage, more insight is gained by plotting the relative change
in resistances. This is shown in Figure 6.14, which depicts the individual voltage readings of the
two strain gauges.

15

Time [s] Time [s]

(@) (b)

Figure 6.14: Relative change of resistance for (a) Channel 1 and (b) Channel 2

The spikes at 14s, 15.5s and 17.5s correspond to individual presses. The video for the exper-
iment can be found in the supplementary media provided with the report. It can clearly be
seen that the first magnitude of relative change of resistance is higher for first and third press
in Channel 1 as compared to Channel 2. It is because for the first and third press, the direction
of shear force is towards Channel 1, thus it experiences more deformation. Similarly for second
loop, Channel 2 experiences higher deformation compared to Channel 1, as can be seen from
the relative change of resistance. This is further supported by the difference in the two read-
ings, shown in Figure 6.15. This figure has an offset of 11.85 s from the previous two images. But
it can be inferred that for the first and third readings, that the strain direction can be detected
by the sensor.

For demonstration, relative change of resistance from each strain gauge reading is filtered and
sent to the SoftHand controller. Channel 1 controls the first motor and, similarly, Channel 2
controls the second motor. Figures 6.16(a) and 6.16(b) show the position of each motor. For
the SoftHand 2, each motor has a range of 0-19000 ticks. The SoftHand follows signal readings
from the sensor (Figure 6.14) nicely. At 20s, the control is switched from sensors to manual
slider and the SoftHand is brought to home position.
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(a) (b)

Figure 6.16: Signal sent by the open loop function to (a) Motor 1 and (b) Motor 2

It is shown that these 3D printed interaction force sensors can be used to control the SoftHand
in an open loop. With more robust grasp, they can be used for closed loop control as well.

6.6 Conclusion

The sensors were integrated with the SoftHand in Simulink with the help of Arduino and ADS-
1115. With proper design choice of the filter, noise was eliminated. Experiments with the Soft-
Hand performing basic manipulation task- grasping were conducted. It was observed that us-
ing differential readings for the relative change of resistance gave good results to detect events
such as grasping and slipping. However these experiments were not repeatable as the SoftHand
grasp is not robust. The fabricated sensor can give better readings for a finger which can handle
more force. To circumvent this problem and to demonstrate the applicability of the sensor, its
performance in an open loop setting was exhibited. An important remark is that some creep
was present in all the three experiments. In the next chapter, the entire work is discussed and
some suggestions are given.
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7 Discussion

In this work, the possibility of 3D printing an interaction force sensor for the Pisa/IIT SoftHand
2 was demonstrated. Experimental results showed a working concept of a 3D-printed interac-
tion force sensor capable of measuring normal forces and distinguishing between direction of
shear forces. However, developing an inverse model and calculate the normal and shear forces
from given sensor readings is limited as this relation is non-invertible. The sensors gave quite
repeatable readings, nevertheless nonlinearities including creep, drift and hysteresis were ob-
served in the sensor. It is shown that it is possible to limit the strain on the sensors such that the
change in resistance is within the linear range, by better design choices. Additionally, a drop in
resistance values was observed over time. This could be countered by annealing the sensors;
but that resulted in deformation of PLA in our case.

Next, conductive TPU was characterised to understand the piezo-resistive behavior of the ma-
terial. The secondary peak effect, which is well documented in literature [64] was observed in
the material as well as sensor behavior. However, this experiment was only performed for axial
strain. Applying strains in other direction could give more insight and would help characterise
the material better. It was observed that the material would behave fairly linearly till a strain
of 15 %. However, in the third design the sensor already showed nonlinear behavior at a strain
of 4%. This behavior was taken into account while designing the final sensor design, and the
strain was limited within the near-linear range of the sensor. Thus, characterizing the material
for a combination of strain in different directions might show that the gauge factor is actually
different than we estimated. From the axial strain tests, the gauge factor appears to be negative.
In contrast to that, experimental results showed that resistance increased with an increase in
force. This indicates that exploring the material further would provide useful insight regarding
its behavior under loading.

Towards fabrication, the first two designs, in PLA and ProtoPasta filament, were easier to fab-
ricate as compared to the other two. The consistency of printing the sensors in TPU was low
because of the softness of the material. It is paramount to set the retraction distance and speed
correct while printing in soft materials like TPU. Soft materials like TPU are prone to stringing,
causing contamination of the material and could potentially lead to a short circuit between the
two strain gauges. To avoid shorting of the two strain gauges in conductive TPU, some tricks
were used. An additional cuboidal part was placed away from the center such that the toolhead
went from one strain gauge to the cuboid and then to the other strain gauge. In this case, even
if stringing occurred, the strings could be cut off from the cuboid and thus shorting could be
avoided. Additionally it was observed while printing e-TPU and PLA that e-TPU adhered well
while printed on a layer of PLA; but the adhesion of PLA when printed on e-TPU is limited, thus
increasing the risk of a print failure. This can be solved by using a few tricks: to print an extra
layer of material that bonds with both the materials. Secondly, the parts can also be designed
to mechanically interlock the materials using smart structures. Another alternative could be to
force the layers to melt together by over-extrusion in the transitional layer.

Next to that, while performing experiments on the sensor, it was seen that the SMAC could
not apply a perfect sinusoidal force when the minimum and maximum required forces corre-
sponded to its maximum rated capacities. However, when the force range was well within its
extreme range, it was able to apply a near perfect sinusoidal force. This was observed because
of the addition of a load cell. This could be kept in mind for the future experiments.

Each iterative design showed an improvement over the previous design. This captures the
essence of iterative design and the advantage of 3D printing. The final design showed good
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readings for normal force and simple differential measurements helped in understanding the
direction of shear force. These components of the force, however, could not be separated.

Towards modeling, the finite element model is limited to a surface. In actual scenario, the in-
side of the sensor experiences other strain than the outside. Besides, the non-linearity of con-
ductive TPU where not not added to the model. It was modeled same as TPU. A combination
of the simplicity of material model and uni-directional gauge factor experiments resulted in
deviation of the estimated and experimental data of resistance change. As pointed out earlier,
this can be improved by additional material tests.

Finally, during control experiments, it was observed that the grasp of the SoftHand exhibited
poor repeatability. The positioning of the object with respect to the fingers determined whether
the index finger (on which the sensor was placed), would stop moving or not. The sensor can be
more effective on a robotic hand with fingers capable of exerting more force individually, as it
would experience larger deformation and thus better readings. In our case, the underactuation
of the hand limited each finger to exert more force, albeit giving it a good grip necessary for

grasping.
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8 Conclusions & Recommendations

8.1 Conclusions

This work aims to design and fabricate a 3D printed interaction force sensor for the Pisa/IIT
SoftHand 2. A three material, piezo-resistive sensor is fabricated which responds to normal
force and is able to distinguish between the direction of shear forces. To validate the work, a
set of research questions were defined. The remainder of this chapter aims at answering these
research questions. Additionally, recommendations for future work are given.

Is it possible to develop a 3D printed interaction force sensor capable of distinguishing be-
tween shear force and normal force?

Different designs with multiple materials were iteratively developed and printed with no sup-
port material and minimal post-processing. The final design fabricated from PLA, TPU and
e-TPU showed good results when normal as well as shear forces were applied. The normal and
shear forces could not be determined independently, as they resulted in an increase in resis-
tance of both the strain gauges. However it can be concluded that the direction of shear force
can be determined by using the difference between the relative change of resistances of the
strain gauges.

How can the electrical properties of conductive 3D printing materials be characterized ex-
perimentally?

To address this research question, an experiment was performed to understand the material
behavior when certain strain was applied. The gauge factor, determining the relationship be-
tween strain and relative change of resistance was calculated using a fit to the experimental
data. It was analysed that the resistance of a printed strip first decreases with strain and then
increases for € = 0.3. However, the experiment was only performed for axial strain. A sensor
with such a complex structure is expected to undergo a combination of different strains like
shear, bending as well.

Can the behavior of these 3D printed sensors be modeled using Finite Element Method
(FEM)?

An FEM model was developed considering the material properties of all the three materials, us-
ing the hyper-elastic model for large deformations. This gave the numerical solution for strains
along all directions. The change in resistance was calculated using the deformation of nodes
and change in length of each element. This strain was then used in combination with the non-
linear fit of gauge factor to calculate the estimated change in resistance. However, these results
did not match well with the experimental results. Nevertheless, using a constant gauge fac-
tor gave a decent fit with the experimental results. This could be improved by enriching the
material model.

Which control strategies can be used to fully exploit these sensors?

A setup for using the sensors in combination with the SoftHand was developed using feedfor-
ward control. Using this, it was shown that the sensors can detect object grasping and slipping.
The sensor could not be used in closed loop control of the SoftHand because the grasping of
the SoftHand was not robust enough. Further, an open loop control architecture was used to
demonstrate the applicability of the sensor in simple control tasks.

8.2 Recommendations

The main objective of the work was to develop interaction force sensors for the SoftHand 2. In
the approach followed the focus was on improving designs and testing, characterizing them.
Apart from some suggestions towards fabrication, there are several ones around the topic of
material modeling and control of the SoftHand.
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During the progress of this work, improvements were made on the printing process with better
understanding of the process parameters. While the sensor fabrication is improved, there is
room for further improvement. With the constant and rapid evolution of 3D printing, new ma-
terials are seen in the market every few months. Having an understanding of these materials
improves the scope of modeling sensors with such complex structures. In this work, the behav-
ior of the material was studied only for axial strain. Designing experiments to characterise the
materials for shear, torsion and bending would give more insight and can greatly benefit while
designing sensors.

In this work, separating the normal and shear forces could not be done. Although tests were
performed on pure normal force and a combination of shear and normal force, similar tests
could not be conducted for pure shear force. The possibility of estimating individual compo-
nents of normal forces based on model training could be investigated.

Apart from that, the effects of printing direction on the conductivity can be explored, as this
was not dealt with in our work. It has been [61].

The practicality of the sensor could only be demonstrated for an open-loop control strategy for
the SoftHand. This was due to the limitation of the SoftHand. To tackle this, two suggestions are
provided. First, conducting experiments for closed loop control with feedback from the sensor;
as this could provide additional insight about their performance. This includes their bandwidth
for closed loop control, range of forces and even optimal control algorithms. Second, trying
similar sensors for hand capable of applying enough force without displacing the finger; as this
would result in higher deformation hence better results. Additionally, the last experiment could
be extended towards use of such sensors in teleoperation. Using these sensors on the fingertips
of a user to control the hand and remotely perform tasks could open new research avenues as
it might bring along different challenges.

Finally, towards nonlinearites in the sensor, hysteresis modeling could be implemented from
the ongoing work in the NIFTy group [8], [12], [76]. Additionally, modeling the creep behav-
ior of TPU can be considered with the help of Burgers’ equations- which are used to describe
creep behavior for amorphous polymers [93]. Developing a mathematical model capable of
predicting resistance changes would greatly benefit advancement in this field.

3D printed sensors, along with their enormous potential [18], [94], bring their own challenges.
Addressing the above-mentioned topics, each of them being a problem statement in itself,
will bring us one step closer to designing better sensors and exploiting the full potential of
3D printed sensing.
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A Additional results

A.1 Material Characterization tests

In this section, additional results of the tests performed on material characterization can be
found.

A R/R vs Stress
0.1 T T T
Strain Rate (e /min)
10
0.05 —25 b
50
O |- -
< -0.05 - 1
114
4
< 01t 1
-0.15 B
ozl _ / |
_025 Il Il Il Il
0 0.5 1 1.5 2 2.5
Stress [Pa] %108

Figure A.1: Relative Change in resistance vs Stress for different strain rates.
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Figure A.2: Relative Change in resistance vs Strain for strain rate of 50¢/min.
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A.2 Shear force measurements

Additional results for shear force measurements done on Design 4. Forces were applied at —30°
and 30°.
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Figure A.3: Design 4. Raw and filtered data for angular force at 30°
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Figure A.4: Design 4. Raw and filtered data for angular force at —30°

Ajinkya Doshi University of Twente



APPENDIX A. ADDITIONAL RESULTS 67

Difference in A R/IR

- A ‘.' k \ | R‘\ h ‘M J“\ "\\ | '[:)ci)f:;ence ’
012+ H\\ “J\‘ (\ | J ‘ \ '\ H i -8
IR NN
| | J\ n \ f‘ ‘\ “ | | [\‘
0.08 - \“ \‘L }\ !‘ “ \ \“ !‘ “ -6
= N f\[\ ‘(H} 15 =
I~ i “\“\‘\ ““\r\ }\J‘ 2
£ 006 ““f“‘\“‘/‘WNI\ ‘\“ |8
kT N A L
| BT T IO A e
-+ YIRS
| VAN ¥ VoY v JAERY % Vo )

Time [s]

Figure A.5: Design 4. Difference between two channels for measurements at 30°
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A.3 FEM results

Y-directional deformation of strain gauge when subjected to normal force. It can be seen that
the deformation is symmetric about the half length.
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Figure A.7: y-axis directional deformation along strain gauge path for all time instances

A.4 Open-loop Control experiment

Additional tests performed using open loop control. Results of tests similar to those described
in Chapter 6 are shown below. A video of this experiment can be found with the report.

415 T T T T T T T T
Channel 1
4.1 Channel 2

1

4.05 .

w
©
a

Voltage [V]
w
o

3.85

3.8

3.75

3.7
0 2 4 6 8 10 12 14 16 18

Time [s]

Figure A.8: Filtered voltage data Channel 1 and Channel 2 when deformed manually by hand.

Ajinkya Doshi University of Twente



APPENDIX A. ADDITIONAL RESULTS

69

0.35 T T

0.3

0.25

0.2

0.15

ARR[]

0.1

T

Channel 1
Channel 2

8 10 12
Time [s]

14

16

18

Figure A.9: Relative change of resistance for Channel 1 and Channel 2

0.3 T T

0.25

0.2

0.15

o©
-

0.05

A R1/R1- A R2/R2 []

T

T

Channel 1 - Channel 2

8 10 12
Time [s]

14

16

18

Figure A.10: Difference in relative change of resistance of Channel 1 and Channel 2

Robotics and Mechatronics

Ajinkya Doshi



70

3D printed sensors for Soft robotic fingers

B Detailed Simulink model
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APPENDIX B. DETAILED SIMULINK MODEL
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