Politecnico
di Bari

Department of Mechanics, Mathematics and Management

MECHANICAL AND MANAGEMENT ENGINEERING
Ph.D. Program

SSD: ING-IND/16-TECHNOLOGIES AND MANUFACTURING SYSTEMS

Final Dissertation

Additive Manufacturing for soft robotics and sensors

by:
Gianni Stano

Supervisors:
Prof. Gianluca Percoco

Prof. Matteo Cianchetti

Coordinator of Ph.D Program:
Prof. Demelio

Course n°35, 01/11/2019-31/10/2022



Politecnico
di Bari

Department of Mechanics, Mathematics and Management

MECHANICAL AND MANAGEMENT ENGINEERING
Ph.D. Program

SSD: ING-IND/16-TECHNOLOGIES AND MANUFACTURING SYSTEMS

Final Dissertation

Additive Manufacturing for soft robotics and sensors

by:
Gianni Stano
Referees Supervisors:
Prof. Alessio Merola Prof. Gianluca Percoco
Prof Eric MacDonald Prof. Matteo Cianchetti

Coordinator of Ph.D Program:
Prof. Demelio

Course n°35, 01/11/2019-31/10/2022



Preface
The work shown in the present PhD thesis has been performed at the “Interdisciplinary Additive

Manufacturing (IAM) Lab”, Polytechnic of Bari, Italy (27 months) and at the “Humanoid Bio-
Robotic and Smart materials (HBS) Lab”, University of Texas at Dallas, USA (9 months).
The present PhD thesis refers to the following 10 papers, in which the candidate is first author and

co-author, published in international journals.

e “Additive manufacturing and characterization of a load cell with embedded strain gauges”

G Stano, A Di Nisio, A Lanzolla, G Percoco - Precision Engineering, 2020

e “Additive manufacturing for soft robotics: Design and fabrication of airtight, monolithic bending
PneuNets with embedded air connectors”
G Stano, L Arleo, G Percoco - Micromachines, 2020

o “Fused filament fabrication of commercial conductive filaments: experimental study on the process
parameters aimed at the minimization, repeatability and thermal characterization of electrical
resistance”

G Stano, A Di Nisio, AM Lanzolla, M Ragolia, G.Percoco - The International Journal of Advanced

Manufacturing Technologies, 2020

o “Additive manufacturing aimed to soft robots fabrication: A review”

G Stano, G Percoco - Extreme Mechanics Letters, 2021

e “Analytical model to predict the extrusion force as a function of the layer height, in extrusion based
3D printing”
G Percoco, L Arleo, G Stano, F Bottiglione - Additive Manufacturing, 2021

e “|-support soft arm for assistance tasks: a new manufacturing approach based on 3D printing and
characterization”
L Arleo, G Stano, G Percoco, M Cianchetti - Progress in Additive Manufacturing, 2021

e “Thermal characterization of new 3d-printed bendable, coplanar capacitive sensors”
MA Ragolia, AML Lanzolla, G Percoco, G Stano, A. DiNisio- Sensors, 2021

e “Additive Manufacturing for Sensors: Piezoresistive Strain Gauge with Temperature Compensation”
AML Lanzolla, F Attivissimo, G Percoco, MA Ragolia, G.Stano, A.DiNisio - Applied Sciences, 2022

o “Additive Manufacturing for bio-inspired structures: experimental study to improve the multi-material
adhesion between soft and stiff materials”
G Stano, S M Al | Ovy, G Percoco, R Zhang, H Lu, Y Tadesse — 3D Printing and Additive

Manufacturing, 2022
e “One shot 3D printed soft device actuated using metal filled channels and sensed with embedded strain

gauges”

A Pavone, G Stano, G. Percoco- 3D Printing and Additive Manufacturing, 2022




AKNOWLEDGMENTS

November 2019- October 2022: what an amazing journey!

So many people to thank, to be grateful for their help and their patience during the last 3 years.

How can I not start from my advisor, Prof. Gianluca Percoco?

Grazie Gianluca, per tutto quello che hai fatto per me nel corso di questo viaggio. Ricordo ancora,
quando bussai alla porta del tuo studio a Japigia nel Settembre 2018 per chiederti la tesi e tu mi
proponesti un tema tanto strano quanto intrigante: stampa 3D di sensori. Ma come? Si possono
stampare sensori in 3D? Da quel momento e cominciato un bellissimo rapporto durato, ad oggi 4
anni, nei quali mi hai insegnato veramente tantissimo: a pensare in maniera scientifica, a chiedermi
sempre il perché dovessimo fare qualcosa, a chiedermi quali fossero i vantaggi ed a trasformare la
mia passione da maker in passione scientifica. Come dimenticare i viaggi in macchina a Taranto nei
quali facevamo veri e propri brainstorming interessantissimi sulla stampa 3D e la soft robotica. Grazie
di tutto! Spero di diventare un ricercatore bravo almeno la meta di quanto lo sia tu.

Grazia a Matteo Cianchetti, mio co-advisor che mi ha fatto appassionare alla soft robotica: le nostre
call le ho trovate sempre molto stimolanti e grazie per aver alzato sempre di piu I’asticella della mia
ricerca.

Grazie ad Attilio Di Nisio ed Annie Lanzolla, mi avete accolto nel vostro laboratorio e fatto sentire
un “misurista”, ¢ stato veramente un piacere lavorare con voi!

Thanks to Dr Yonas Tadesse, you hosted me (and my very thick Italian accent) in your mythic HBS
Lab in Dallas for 9 months making me feel home and teaching me day by day how to be a better
scientist. Thanks for all the time we spent together out of work and thanks for the farewell party you
set for me, | will never forget how kind you were.

Grazie ad i miei amici dottorandi: Antonio, Mojtaba, Marco e Mattia. Antonio e Mojtaba, € stato
davvero stimolante e divertente lavorare fianco a fianco con voi, mi avete dato molto! Marco e Mattia,
che dire...abbiamo condiviso tantissimi bei momenti e le mangiate di carne sono state sempre
favolose.

Thanks to my friend and colleague Ovy, amazing person who helped me so much. It was a bless to
get to work together, we had so much fun (never forget...you better watch out!), and we achieved
great results in just 9 months. Bravo!

Grazie ad i miei amici di sempre Fabio, Annalisa, Giuseppe, Simone, Michelone. Il vostro supporto
negli ultimi 3 anni e stato fondamentale, cosi come tutte le mangiate, tutti i caffe, tutte le vacanze le

esperienze e soprattutto le risate fatte insieme.



Grazie alla mia famiglia, Rocco, Tonia e Simona, per avermi sostenuto quando ho scelto di
intraprendere la strada del dottorato dopo la magistrale , per avermi sempre aiutato e per essere stati
dalla mia parte qualsiasi decisione prendessi. Vi devo molto! Grazie di cuore.



TABLE OF CONTENTS

Summary
e =] =TSP OP 3
AKNOWLEDGMENTS ..ottt e e st e s e e e sa e e e ss e e e e nna e e e snb e e e nneeeenes 4
ABSTRACT <.ttt ettt s bt e eE e b bRt e R e bt e Rt Rt e Rt R et R e R et e e Re e te e nearennn 9
1. CHAPTER 1: INTRODUCTION ..ottt sttt s s s e 10
1.1 INTRODUCTION ....ccititiieiei ettt sttt sttt ebe st et e st e e esenbeneenensennens 10
1.2 SCOPE OF the theSIS . .c.uiiieieiei et ns 11
1.3 SHrucCture OF the theSIS ........ueiieieciiese et e e nes 12
2. CHAPTER 2: MEX FOR SENSORS ..ottt 13
2.1 Introduction Of the CRAPTET ..........oiiiiiee e 13
2.2 Piezoresistive-based sensors: Design of Experiment (DoE) for electrical resistance (and
variability) minimization and thermal @nalysiS..........cocuiiiiiiiieie s 19
2.2.1 Materials and MELNOUS .........eeviiiiiiee e 19
2.2.2 DOE fOr ProCESS PAAMELEIS .....ccuveivieieeiieiteeiteeee st e ste et e e ae e ra s e e s et e naesraenneenee e 21
2.2.3 DOE for Design VariabIes............ooviiiiieiice e 30
2.2.4 Thermal @NalYSIS .......ecuiiieieeie e r et e et e esraenteenee e 34
Y O o] o [1 5] o] ST PRPRPR 38
2.3 Piezoresistive-based sensors: monolithic fabrication of a load cell equipped with four
T o1=o (o [=To IS (T o = TU o [ USSP 40
2.3.1 Materials and MELNOUS .........eoviiieiiee e 40
pZC B O 4 = Tod (=] 4 L1 (o] SRR 43
FZ B o o 11 ] o] SRR 53
2.4 Capacitive-based sensor: liquid 1eVel SENSING.........ccciiiiiiieieiee e 55
2.4.1 Materials and MEtNOGS ..........ccoviiiiiieiee e e 55
2.4.2 RESUILS @Nd QISCUSSION ....ouviiiiiiiiieiieiieiee ettt ens 62
P O Tod (1] o] USSR 68
3. CHAPTER 3: MEX FOR SOFT ROBOTS ..ottt 69
3.1 Introduction Of the CRAPTET ..........oiiiiieee e 69
3.2 Actuation Systems in SOFt FODOTICS ........c.eviiiiiiiiiiesi e 72
3.3 Additive manufacturing of airtight, monholitic, bending Pneunet with embedded air-connector
........................................................................................................................................................ 78
3.3.1 Introduction Of the ChAPTET ..........ooiiiiee s 78
3.3.2 Leakage-free 3D printed embedded air CONNECLON ..........ccccveieiieiieriesie e 78

3.3.3  Geometry investigation for bending PNEUNELS ..........cccviviiiiiii i 84



3.3.4  Bending performance improVEMENT...........ccviiverierieiieeseeiesee e see e e ee e see e 87

TR T 0o (o] (V1] o] oK USSP TP 90
3.4  Additive Manufacturing of silicone structures with embedded actuators for bio-inspired soft
0] 0 T0] £ (03] V£S] (=] 1 SR 91

I 1 oo [0 Tod 1 o] USSP TP 91

3.4.2 Materials and MEtNOGS ..........cocuiiiiiiiiie bbb 92

3.4.3  Process parameters- Literature rEVIEW ...........cooiiieieiierierienie s 94

3.4.4  Process parameters- Experimental analysis to improve the final accuracy ................. 98

3.4.5 Application in soft robotics: silicone skin with embedded SMA ..........ccccocviiiiiennnns 103

K I I @70 o [od 111 o] ST OR RPN 108
3.5  Additive manufacturing for bioinspired structures: experimental study to improve the multi-
material adhesion between soft and stiff materialS ... 110

KT T0 (oo [0 Tod o] USSP PRPROROS 110

3.5.2 Materials and MEtNOGS ..........ccciiiiiiieieie e e 110

3.5.3  StIiff Materials STUAY .....cc.ooviiieicec e 112

3.5.4  StIff-SOft @UNESION ..o e 114

3.5.5  AM of soft-stiff DiOINSPIred SITUCTUIES. ........coeiiiiiiiiee e 119

3.5.6  CONCIUSIONS .....uieuiiiiieiieie sttt ettt et e e st e sbeentesneesreeneeeneesneenneas 122
3.6 One shot 3D printed soft device actuated using Metal filled Channels and sensed with
EMDEAUEA STIAIN GAUGE ... ettt b bbbt e bbb b s 123

1206 300 I a0 0 Tod 1 o o USROS 123

3.6.2 Materials and MEtNOGS ..........cciiiiiiiiee e 123

3.6.3 EM actuator CharaCterization ...........ccooeieieiiiisesieieie et 126

3.6.4 Applications: bio-inspired frog robot and independent dual actuator (IDA).................. 129

3.6.5 CONCIUSIONS ...ttt bbbttt e st et besbesbesnennean 134

4. CHAPTER 4: ONE SHOT-ADDITIVE MANUFACTURING OF ROBOTIC FINGER WITH
EMBEDDED SENSING AND ACTUATION......oiiiiiiiiieiee et 135
g I 1 0o T 1 o o OSSR 135
4.2 Materials and MENOAS .........eecuiiiiiiee e ae e nneens 137
4.3 Design and SENSOT @ANAIYSIS.........ciiiiiiiiiieie sttt 143

4.3.1 Design of the proposed robotiC FINGEN...........cuiiiiiiiiee e 143

4.3.2 Piezoresistive strain gauge sensor and capacitive touch Sensor..........ccccccvvevveeieeinene, 144
4.4 Additive ManuUFaCIUMING ......ccviiiieiie et 152
I O o - T = Tod (=T 4= L1 o] O OP SRR 154
I o4 Tod 11T o] <R O PR P 158

5. CHAPTER 5: DISCUSSION AND CONCLUSIONS ... 160

R O N GRS ..o, 162



LIST OF FIGURES ... s

LIST OF TABLES



ABSTRACT

Additive Manufacturing (AM) is gaining tremendous interest in the soft robotics field because of the
possibility to manufacture i) soft structures, ii) structures with embedded sensors and actuators, and
iii) structures made up of several materials characterized by different degrees of stiffness.

All these advantages fit very well with soft robotic pillars such as bio-inspiration and design freedom.
In the present work, Material Extrusion (MEX) technology, well known for being a low-cost AM
technology, has been employed for the fabrication of soft robots with embedded sensors and
actuators: a remarkable reduction in assembly tasks, manufacturing steps, manufacturing time, and
cost has been achieved.

First, 3D printed sensors have been manufactured and characterized: sensors based on piezoresistive
and capacitive principle were studied and 3D printed, proving that they can be easily integrated into

soft structures. The sensors have been characterized for the force (sensitivity of 0.088 % ),

temperature (sensitivity of 0.011 % )and liquid sensing (sensitivity of 0.79 %) showing

performances comparable with sensors manufactured in a traditional way.

Afterwards, several MEX-based soft robots have been proposed: three major actuation systems have
been exploited (pneumatic, shape memory alloys, and electromagnetic) and several studies have been
performed to correlate the final soft robot performance to MEX process parameters. A way to improve
the adhesion between soft and stiff materials, analyzing several parameters, was discovered: an
improvement of 48% in the adhesion (Young’s modulus) was achieved compared to the best result
found in scientific literature. Moreover, a custom-made MEX setup for the silicone extrusion was
developed and used in conjunction with a custom-made cartesian pick and place robot (CPPR) for
the fabrication of silicone skin with embedded SMA actuators.

Finally, a multi-material MEX machine was employed for the fabrication of a soft robotic finger
equipped with a piezoresistive and capacitive sensors, fabricated in a monolithic way: the custom-
made CPPR was used for the integration of the SMA actuator during the manufacturing process. In
this way, a soft robot equipped with sensing units and actuation systems has been manufactured in a

single-shot cycle, without recurring to any additional manual assembly tasks.

KEYWORDS: Additive Manufacturing, Material Extrusion, Soft Robots, 3D printed sensors, smart
structures



1. CHAPTER 1: INTRODUCTION

1.1 INTRODUCTION

Additive Manufacturing (AM) technologies have started gaining a lot of interest in the soft robotics
field [1], due to multiple intrinsic features such as the possibility to: i) employ soft materials, ii) easily
create complex structures, iii) use more materials in the same manufacturing cycle, and iv) fabricate
smart structures [2]-[6]. In accordance with ISO ASTM 52900 there are seven AM process groups,
based on different physical and working principles: the Material Extrusion (MEX) process group
seems to fit well with soft robotic requirements. The working principle underlying MEX technologies
is based on the extrusion of materials through a calibrated nozzle: at the state of the art, three methods
can be used to extrude materials in MEX technologies. The first method is called Fusion Filament
Fabrication (FFF) and it is based on the extrusion of a solid thermoplastic materials by means of an
heated nozzle where the material is completely melted and after deposited , the second method is
named Direct Ink writing (DIW) and unlike the previous method the material (generally silicone or
viscous inks) is not melted into the nozzle, the last method is called hybrid and it is a combination of
FFF and DIW in which there are generally two nozzles, the first one used to meld and deposit
thermoplastic material and the second one used to deposit liquid material without melting[7] [8].
One of the main pillars, soft robotics is based on the leverage of soft matters to mimic human beings
and animals: the fabrication of soft structures is a key requirement to perform complex motions, adapt
to unknown environments, to absorb huge amount of energy and to change stiffness.

The extrusion of extremely soft materials in MEX technologies is tough: these technologies were
initially designed for the extrusion of thermoplastic materials such as polylactic acid (PLA) and
Acrylonitrile butadiene styrene (ABS). Several researchers have been performed to allow the
extrusion of soft materials: Yap et al[9] used FFF technology to extrude soft thermoplastic
polyurethane (TPU) bending actuators, they also experimentally discovered TPU hyperelastic model
parameters to reduce the gap between simulation and experiments. Holmes et al [10] extruded an
extremely soft TPU (shore A hardness of 60A and elongation at break > 1000) using an FFF machine
and some artefacts (filament pushing system modification) to fabricate gyroid-based structures
characterized by a compression response comparable with polyurethane foams used for rehabilitation
purposes. Hamidi and Tadesse [11] studied the problem of cavities when DIW technology is
employed for the extrusion of silicone: sugar was extruded by means of an heated syringe to create

supports which are dissolved in water, in this way pneumatic actuators having bending angle equal



to 70 ° were fabricated. Yirmibesoglu et al created a custom made DIW system using i) a mixing
chamber to mix part A and part B of silicone on board of the 3D printer, and ii) heating elements to
heat up the just extruded silicone in order to fabricate tall structures, overcoming the collapse of the
structure[12].

Another feature making MEX technologies really appealing for the soft robotics domain is the
possibility to extrude more materials in the same cycle. In this way, soft-stiff structures [13][14]can
be fabricated: the fabrication of this kind of structure is the key enabler to mimic human beings and
animal rigid parts connected by means of soft joints. The multi-material MEX methods allow another
extremely vital feature for soft robotics (and many other fields): the fabrication of smart
structures[15][16]. A smart structure is a structure with embedded sensing units capable to collect
data and provide real-time feedbacks. The fabrication of soft robots with embedded sensing systems
(by extruding conductive filaments) can really push the role of additive manufacturing towards a new
perspective: many advantages such as i) the possibility to fabricate structures ready to be actuated in
a single-step manufacturing cycle, ii) the possibility to reduce cost and time and iii) the possibility to
fabricate complex geometries can be easily achieved using Multi-material MEX techniques.

1.2 Scope of the thesis

The purpose of the following thesis is the advancement of multi-material MEX technologies for the
fabrication of soft robots with embedded sensing systems: the reduction (and elimination) of i)
assembly tasks, ii) number of manufacturing technologies involved for the fabrication, and iii)cost
and time, are the key points underlying the present work.

The main idea of the present work is the fabrication of soft robots ready to be activated and to provide
feedbacks (thanks to the embedded sensing system) after the removal from the building stage of the
3D printer machine. Fig.1.1 explains the ideal workflow from the CAD design to the soft robot
actuation.

To achieve the present goal, three main aspects have been studied: i) MEX for the fabrication of
sensors, ii) MEX for the fabrication of soft robots, iii) combination of point i) and ii) in order to

fabricate smart soft structures.
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Fig. 1-1- Main idea underlying the present PhD thesis.

1.3 Structure of the thesis

The organization of the thesis is described in this section. There are four chapters and each chapter is
written as a self-standing study that includes its own introduction, literature review, and conclusion.
Based on that, the rest of the dissertation is organized as follows:

e Chapter 2 is named “MEX for sensors” and describes the studies performed for the fabrication
and characterization of sensors based on two different working mechanisms (piezoresistive
and capacitive).

e Chapter 3 is named “MEX for soft robots”: in this chapter, initially a focus on actuation
systems used in soft robotics is provided and a study based on the Additive Manufacturing
fabrication of soft robots based on different actuation systems are described.

e Chapter 4 named “Soft robots with embedded actuator and sensors” describes the one-shot
fabrication and characterization of a soft robotic finger ready to use after the manufacturing
and capable to provide real-time feedback when activated.

e Finally, in Chapter 5, a discussion is presented following the conducted research and the

conclusions are summarized.




2. CHAPTER 2: MEX FOR SENSORS

2.1 Introduction of the chapter

Fused Filament Fabrication (FFF), well known for being one of the most widespread and inexpensive
AM technologies, is recently gaining many popularity for the manufacturing of sensors and smart
objects[17] .

FFF belongs to Material-extrusion (MEX) AM process group (ISO ASTM 52900: 2015), and is based
on the extrusion of solid materials under form of filament through calibrated heated nozzles; due to
the possibility to extrude more materials in the same printing cycle, the fabrication of sensors using
conductive materials in conjunction with dielectric materials has become very appealing. As shown
in [18], the FFF setup available on the market for the multi materials extrusion are divided into 4
categories: i) single extruder: a single extruder is used to extrude different materials, ii) multi nozzles-
single print head: a single print head is equipped with different nozzles from which different materials
are extruded, iii) multi nozzles- multi print heads: every nozzle is assembled on a different print head,
and iv) single extruder equipped with filament selector.

Strain sensors, based on the piezoresistive principle is the most widespread group of sensors
manufactured exploiting FFF technology; the working mechanism of this particular class of sensors

is based on the change of the electrical resistance (R) when a force is applied due to the change in the

ration % , as shown in Eq (1)

R=p (1)

Where R is the electrical resistance of the sensor (2), p is the material resistivity (2 cm) while % is

the ratio between the piezoresistive material length and its transverse section surface (i) .

Another important aspect correlated to the 3D printed strain sensors is the gauge factor (GF), a

measure of the sensor sensitivity, defined as follows (eq (2)):

GF =& )

SRO

Where AR refers to the change of resistance, Ryrefers to the initial resistance (£2) and ¢ is the sensor

stress defined as follow (eq (3)):
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Where Al is the change of the sensor length, and [ is the initial sensor length.

Two kinds of conductive materials are employed for the 3D printing of sensors through FFF
technology: commercial and custom-made. All the conductive materials used for FFF are made up of
a polymeric matrix doped with conductive filler making the whole material conductive. The
percolation theory [19] describes the conductive polymer behavior, correlating the final material

conductivity with the percentage of conductive filler, as shown in eq (4)
Om = Opiner(® =)' forp>p. (4)

Where oy, is the conductivity of the whole material, oy, is the conductivity of the conductive filler,

p is the filling content, p, is the filling content threshold to obtain a conductive path and t is the
electrical conductivity critical exponent.

Generally, researchers fabricate custom-made materials in order to obtain unique properties: i) Leigh
et al used polycaprolactone (PCL), well known for having a low extrusion temperature (60°C), doped
with 25%wt carbon nanotubes (CNSs) in order to create a conductive material able to be extruder from
common inexpensive 3D printing machines at 260 °C [20], ii) Christ et al [21] developed a flexible
conductive filament mixing thermoplastic polyurethane (TPU) and multi-wallet carbon nanotubes
(MWCNTS) varied from 2%wt to 5%wt obtaining a GF of 176 at 2%wt and a reduction of the Young
modulus only of 14.4% compared to the pure TPU, and iii) Sezer et al [22] developed a filament made
up of Acrylonitrile butadiene styrene (ABS) and 7%wt MWCNTS in order to improve the mechanical
properties obtaining an Ultimate tensile strength (UTS) of 58 MPa and a maximum conductivity of

232 &2 employing 10%wt of MCWNTs.

From a 3D printing point of view, two major manufacturing approaches can be exploited for the
manufacturing of sensors: monolithic method, and modular method. The first method implies the
fabrication of smart objects (structures with embedded sensors) in a single additive manufacturing
shot, while the second one implies the fabrication of the only sensor (more materials can be employed,
i.e. conductive material for the sensors and dielectric materials for the substrate and/or coverage)
which will be subsequently assembled to target object (i.e. glove, shoes).

The monolithic approach was used by the following researchers to create smart structures: Stano et
al [23] manufactured a load cell with four embedded strain gauges employing TPU and conductive

PLA, obtaining a load cell sensitivity of 0.008 ;n_;/ connecting the four strain gauges in a full Weasthon



bridge configuration. Kim et al [24] fabricated a multiaxial sensor, made up of three beams using
flexible TPU as dielectric material and a custom-made TPU/CNT as conductive material: every bean
was very small (3 x 2.4 x 30 mm) and when a force along the z-axis of 4 N was applied the highest
change in resistance along the z-axis of 2% was achieved. Leigh et al [20] manufactured a smart glove
consisting of a conductive strip 3D printed using PLC doped with 25%CNTSs over PLA, showing a
change in resistance for every finger when activated. Georgopoulou et al [25] 3D printed a soft
PneuNet (made up of a soft TPU with a shore A hardness of 25) equipped with a strain sensor made
up of styrene-ethylene-butylenestyrene (SEBS) thermoplastic elastomers doped with CBs (50%wt)
having shore A harness of 50, showing high linearity in the response change in resistance- Pneunet
bending angle. Xiang et al [26] employed a conductive filament made up of TPU, CNTs and graphite
nanosheet (GNs) to fabricate a small, lightweight (0.163 g) sensor for out of plane force detection,
having a GF equal to 140 and a linearity of 0.93.

Li et al [27] fabricated an auxetic structure (negative Poisson ratio) using dielectric TPU and an
ultrasonic post-processing to bombard the TPU surface with CNTs to make it conductive: a poisson
ratio of — 8 and a change in resistance up to 300% of strain was achieved .

Palmieri et al created a smart structure embedded a strain sensor made up of a conductive PLA to
create a structure with vibration durability self-awareness [28].

As regards the modular approach several sensors have been successfully fabricated and tested: Kim
et al [29] fabricated a multi axis force sensor using a custom made MWCNTSs PLA and a dielectric
TPU, showing a good response (a maximum resistance change of almost 4.5 %) when attached to
flip-flops to detect human gait activities. Alsharari et al [30] fabricated a multilayer pressure sensor
including air gaps to improve its performance taking advantage from the PVA support (melted in
water after the print); they used a custom made TPU doped with carbon black (CB) filler as
conductive material and they discovered a GF of 23 at 10 KPa, showing a good response when applied
to a glove to detect the force applied to grasp several objects.

Singh et al [31] fabricated a ring-shaped flexible force sensors made up of commercial conductive
TPU which can be easily integrated into gripper systems to obtain a direct feedback, showing a

sensitivity of almost 68 r’:l—fn and a R? of 0.95 when a force ranging from 0 to 12 N was applied.

Two main aspects related to 3D printed strain gauges need to be taken into consideration: i) a direct
correlation among change in resistance and temperature and ii) high resistance values obtained after

the fabrication process.
As regard the first aspect, a temperature coefficient of resistance a (%) of 0.011 and 0.007 was

found in [32] respectively for a commercial conductive PLA and TPU, while in [33] a value ranging
from 0.03 to 0.01 was found for conductive PLA.



In particular, the coefficient of resistance ar (%) is calculated as follows (eq (5)):

R-Ry

ar = ——~= ()

Ro(T—To)

Where R is the electrical resistance of the sensor (£2) at temperature T (°C) ,and R,( £2) is the electrical
resistance of the sensor (2) at temperature T, (°C).
The strong correlation resistance-temperature from one hand requires a compensation when 3D
printed strain sensors are used to measure force/strain, but from the other hand paves the way to a
huge exploitation of the FFF technology for the fabrication of temperature sensors.
As regards the second aspect, namely high value of electrical resistance after the manufacturing
process, it might adversely affect the sensor performance due to the Joule effect, for this reason
several studies have been conducted to find a way to minimize it. The optimization of the process
parameters, as shown in [32] and [34] plays a key role for the reduction of the electrical resistance.
An intriguing post-process used to reduce the final electrical resistance as well, is the flash ablation
metallization through an high intensity pulsed light, which has been proved to increase the electric
conductivity of two order of magnitudes [35][36].

Besides the fabrication of piezoresistive-based sensors, recently progress in the fabrication of sensors
using FFF technology lead to i) the development of capacitive sensors used as force/pressure[16]
[37] [38], liquid [39]and temperature sensors [40], ii) the usage of conductive materials for the
fabrication of accelerometers [41], iii) the study of the dynamic piezoresistivity of embedded sensors
[42] [43], and iv) the modelling the anisotropic electrical properties of strain gauges [44].

In conclusion, FFF technology seems to be really appealing for the fabrication of sensors (in Tab
2.1, all the cited researchers are summarized) due to several intrinsic features like the possibility to
fabricate smart object, high design freedom and the reduction of the assembly and manufacturing
steps. All those benefits motivated many researchers to overcome different problems like i) the lack
of a huge variety of marketable conductive filament, ii) a really high correlation among electrical
resistance and temperature and iii) low conductivity of the 3D printed sensors; coming up with a
variety of solution aiming to push the role of FFF for the sensor fabrication to a new level.

The following chapter is organized as follows: in 2.2 the piezoresistive-based sensors fabricated by
means of FFF is analyzed using a Design of Experiment (DOE) approach to reduce the electrical
resistance and variability and the relationship among temperature and electrical resistance is studied.

In 2.3 a one-shot load cell equipped with four embedded strain gauges is discussed. Finally, in 2.4

the capacitive based sensors fabricated by means of FFF is analyzed.



Tab. 2-1- Summary of the work cited in 2.1: MEX for the fabrication of sensors

(30]

(TPU+ CB)

Reference Sensor Conductive FFF GF/sensitivity
mechanism Material | approach
Stano et al Piezoresistive | Commercial | Monolithic 0.008 ™
Vg
[23] (conductive
PLA)
Kim et al Piezoresistive Custom- Monolithic
made
[24]
(TPU +
CNTs)
Leight et al Piezoresistive Custom Monolithic
made (PCL+
[20]
CB)
Georgopoulou | Piezoresistive Custom Monolithic 53
etal made (SEBS
+ CB)
[25]
Xiang et al Piezoresistive Custom Monolithic 140
made (TPU
[26]
+ CNTs +
GNs)
Lietal Piezoresistive Custom Monolithic
made (TPU
[27]
+ CNTs)
Palmieri et al Piezoresistive | Commercial | Monolithic
[28] (conductive
PLA)
Kim et al Piezoresistive Custom Modular 2.689 *107*
made (PLA kPa
[29]
+ MWCNTS)
Alshararietal | Piezoresistive Custom Modular 23
made




Singh et al Piezoresistive | Commercial Modular 68 2
mm
(conductive
[31]
TPU)
Loh et al Capacitive Commercial Modular
(conductive
[16]
TPU)
Schouten et al Capacitive Commercial Modular
(conductive
[38]
TPU)
Ozioko et al Capacitive Commercial | Monalithic
(conductive
[39]
polyester)
Ragolia et al Capacitive Commercial Modular 0.24PF
°C
(conductive
[40]

PLA)




2.2 Piezoresistive-based sensors: Design of Experiment (DoE) for electrical resistance (and
variability) minimization and thermal analysis

In this study, working on 3D-printed strain gauges, process and design parameters have been
investigated in order to find a set of parameters which minimize the final electrical resistance and the
variability among identical strain gauges in terms of the electrical resistance. A total of 105 samples
(strain gauges) were fabricated and tested. In particular, three different commercial conductive
filaments have been analyzed in terms of their performance. First of all, a 23 factorial plan on printing
parameters was conducted and afterwards, keeping unchanged the best identified printing parameters,
a new factorial plan 22 was developed to identify the best strain gauge geometry, in order to minimize
the electrical resistance and variability.

The aims of the minimization and uniformization of the electrical resistance are as follows: i) to try
to decrease the electrical resistance to reduce the noise during measurements; ii) to achieve a low
resistance value in order to use 3D-printed conductive traces to exploit the Joule effect, with the goal
of heating polymers characterized by the shape memory effect [45] from the perspective of new
emerging 4D printing [46]; iii) to reduce the variability among resistance values of the identical (both
from a design and manufacturing process point of view) strain gauges, to pave the way for the mass
production of sensors manufactured by inexpensive FFF technology; and iv) to reduce the variability
in order to better balance four 3D-printed strain gauges connected to form a Wheatstone bridge to
obtain better measurements.

After finding the best set of parameters the correlation between resistance variation in strain gauges
and environmental temperature change was studied. This study has produced evidence of the relevant
thermal effects on 3D-printed strain gauges (a thermal coefficient of resistance ranging from 0.007
and 0.011 °C~ 1t at T, = 20 °C was experimentally found), suggesting a new possible application field

for conductive filaments: the fabrication of 3D-printed temperature sensors.

2.2.1 Materials and methods

Three different commercial conductive filaments were studied in this investigation: i) AlfaOhm, a
Polylactic acid (PLA)-based filament doped with carbon black and carbon nanotubes (CNT), which
make it conductive, developed by LATI and FiloAlfa; it is characterized by a resistivity of 15 Q - cm
along the layers and 20 Q - cm perpendicular to the layers; ii) Fabbrix CNT (henceforth called CNT),

a PLA-based filament doped with carbon nanotubes (CNTs) and developed by Fabbrix, with a surface



electrical resistance of 10 Q, tested in accordance with ISO D257; and iii) Ninjatek Eel (henceforth
called Eel), a flexible conductive filament, consists of thermoplastic polyurethane (TPU) doped with
carbon-black, produced by Ninjatek with a hardness of 90 A, tensile strength of 12 MPa, elongation
at strength of 355%, and surface electrical resistance of 1.5 - 103, in accordance with ANSI/ESD STM
11.1. All data on the mechanical and electrical properties were taken from filament data sheets. For
AlfaOhm and CNT, the available filament diameter on the market is 2.85 mm, while for Eel, it is
1.75 mm. For this reason, two different dual extruder FFF printers were used: Ultimaker S° was used
for 2.85 mm filaments, while Raise Pro2 was employed for 1.75 mm filaments. Another notable
difference between the two 3D printers is the different feeder (the mechanical system which pushes
the filament to the extruder) locations: while for Ultimaker S°, it is located at the bottom of the printer
(called the bowden system) and pushes the filament through a Teflon tube up to the extruder, for
Raise Pro2, the feeder is joined to the extruder (called direct system) so that the filament path
employed to reach the nozzle is the minimum. The different feeder positions affect printing
parameters such as the printing speed (3D printers with the bowden system are lighter and allow fast
extruder movements) and retraction distance (for printers equipped by the direct system, low values
of retraction are required).

The open source software Ultimaker Cura 4.4 was used to communicate with Ultimaker S® and set
the printing parameters, while ideaMaker 3.4.2 was used for Raise Pro2. Two commercial
thermoplastic polyurethane (TPU) filaments were used as non-sensitive elements: for Ultimaker S°,
TPU 95 A developed by Ultimaker Itd was used, while for Raise Pro2, TPU 90 A produced by Fabbrix
was chosen. Therefore, the whole sensor was composed of a dielectric part in TPU (95 or 90 A, in
accordance with the 3D printer used), equipped with an M4 hole to easily connect the sensor to a
support framework for future characterization tests and a sensitive part composed of a strain gauge
printed with AlfaOhm, CNT, or Eel filaments. In Fig 2.1, the structure of the whole sensor is shown.
To minimize and equalize the electrical resistance in 3D-printed strain gauges, the following method
was used: printing process parameters and design parameters were split and separately investigated.
First of all, strain gauges with fixed design parameters were manufactured by changing three different
printing parameters in accordance with a 22 factorial plan, with three replications; from this phase, a
combination of three printing parameters which ensured minimization and uniformization of the
electrical resistance stood out. Afterwards, keeping the best printing parameter combination identified
fixed, two different design parameters were studied following a 22 factorial plan with three
replications. The final output of the experimental phase was a combination of process and design
parameters which guaranteed the achievement of the desired objectives. It was possible to perform

two consecutive factorial plans, 22 and 22, by splitting printing and design parameters, rather than a



unique 2° one only, because printing and design parameters are independent of each other; indeed,
printing parameters do not affect design ones and vice versa. Arbitrarily, it was decided that the study
would start with the printing parameter investigation (with the design parameters kept unchanged),
and after this, it would be switched to a design parameter examination (with the best combination of
printing parameters found in the previous phase kept fixed), but vice versa would have led to the same

result.

Fig. 2-1- Proposed piezoresistive sensor: a) CAD model, and b) 3D printed sample

2.2.2 DoE for Process parameters

In this section, an investigation on how the chosen printing parameters affect the electrical resistance
and the variability in 3D-printed strain gauges is reported. The factorial plan 23, with three replications
for each combination, was performed. The strain gauge geometry on which to vary the printing
parameters was fixed; in particular, it was characterized by a number of tracks of 4 and an active
length of 9 mm. In other terms, all experiments were performed by keeping constant D and E
parameters at the low level of -1 (see section 2.3 to better understand this point).

The printing parameters analyzed in this study are the layer height, line width, and printing
orientation.

The layer height is the height of the extruded filament, and it affects the total number of layers which
will be printed (increasing the layer height provides a reduction of the total number of printed layers).
In this study, this parameter is indicated with the letter A and two levels (respectively -1 and +1)
corresponding to height values of 0.2 and 0.3 mm.

The line width feature is the width of the extruded filament. It depends on the nozzle diameter and
should approximately range from —20% of the nozzle diameter up to +20%. The line width affects
the number of adjacent extruded filament lines (when increasing the line width value, the number of
adjacent lines will be reduced). This parameter is indicated with the letter B and the two levels, -1
and +1, respectively, are 0.33 mm, which is equal to three adjacent extruded lines, and 0.5 mm, which

is equal to two adjacent extruded lines.



The layer height and line width parameters are illustrated in Fig 2.2 a).

Regarding the latter printing parameter, namely, the printing orientation, it refers to way in which the
strain gauge is orientated relative to the build plate. This parameter is indicated with the letter C and
the low level, -1, refers to the strain gauge parallel to the build plate, while the high level, +1, refers
to the strain gauge perpendicular to the build plate (Fig. 2.2(b) and (c)).

In Tab2.2, the printing parameter factors and the respective levels are summarized.

(a)

nozzle

Extruded
filament

4 t Layer height (A)

—
Line width (B)

(b)

l_ 1‘—

Fig. 2-2-Process parameters varied during the study: a) layer height and line width, b) printing orientation parallel to the build
plate, and c) printing orientation perpendicular to the build plate

Tab. 2-2-Printing parameters factor

LEVEL
FACTOR
-1 +1
A (layer height) 0.2 mm 0.3 mm
B (line width) 0.33mm 0.5mm
C (printing orientation) parallel perpendicular

The process parameters, except for the layer height, line width, and printing orientation (varied in
accordance with the 22 plan), were kept fixed for each sensor specimen during the experiments. They,
starting from the suggested values provided by the filament suppliers, were changed until the best
process values for each filament, both conductive than non-conductive, had been found using a trial-

and-error approach. The fixed printing parameters set during all the experiments are shown in Tab



2.3. In particular, the identical process parameters set for each filament were as follows: i) nozzle
diameter of 0.4 mm ii) build plate adhesion type set as brim; iii) infill pattern set as lines; and iv) infill
density set as 100%. For the printing parameter choice, two major differences among filaments
extruded by means of the bowden machine (Ultimaker S°) and direct one (Raise Pro2) stand out: i)
The Bbowden machine, because of its architecture, with the feeder located at the bottom of the 3D
printer, is lighter than the direct one and for this reason, higher printing speed values were set, and ii)
in the direct machine, the path of the filament from the feeder to the nozzle is very short compared to
that of the bowden machine, and for this reason, for TPU 90 A (extruded with Raise Pro2), the
retraction distance value is almost half that of TPU 95 A (extruded with Ultimaker S°).

Another considerable discrepancy is the different value set for the “retraction” parameter for
conductive filaments; this choice is not linked to the kind of 3D printer used, but depends on the
different chemical compositions underlying conductive filaments. As a matter of fact, AlfaOhm and
CNT are PLA-based filaments doped with conductive elements, which increase the brittleness of the
filament, while Eel is a flexible conductive filament (TPU-based) characterized by a non-brittle
behavior. Experimentally, it has been proved that for PLA-based conductive filaments, there is a high
probability of filament breakage between the driving gears which push the filament to the nozzle,
when retraction is enabled. On the other hand, Eel does not show any breakage issues when the
retraction is enabled because of its flexible and non-brittle nature. Additionally, to reduce cross-
contamination issues at the interface between conductive and non-conductive material, the prime
tower parameter was enabled for all specimens. After sensor manufacturing, electrical wires were
welded at the temperature of 350 °C to each pad of strain gauges, in order to use benchtop multimeters

for electrical measurements (see Fig. 2.1 b)).

Tab. 2-3. Fixed process parameters for every material

PARAMETER ALFAOHM CNT EEL TPU 9 A TPU 90 A
Temperature (°) 220 225 235 223 230
Printing Speed 20 25 22 40 25
(mm/s)
Flow (%) 120 120 130 106 106
Retraction disabled disabled enabled enabled enabled
Retraction Distance 4 8 4,5
(mm)

In Tab. 2.4, 2.5, and 2.6, the factorial plan 22 for the three conductive filaments is shown. The mean

u (equation (6)) and standard deviation o (equation (7)) were calculated as follows:




IJ-j = Z;?:l G;n! (6)

1 (7)
aj = \/m n=1(lj = Tj;n)?,

where j indicates the jth combination, and n is the replication number withn = 1,..,mand m = 3,
so 7, indicates the electrical resistance value associated with the jth combination and nth

replication.

Tab. 2-4-AlfaOhm printing parameters factorial plan

AlfaOhm
Combination Replication (kQ)
A B C ny N, Ny it a
(kQ) (kQ)
1) -1 -1 -1 51 3.9 2.9 4 11
a +1 -1 -1 25 2.2 3.1 2.6 0.46
b -1 +1 -1 3.4 5.2 3 3.9 1.2
ab +1 +1 -1 2.8 24 2.3 2.5 0.26
c -1 -1 +1 3.8 6.2 4.4 4.8 1.2
ac +1 -1 +1 2.6 3.4 2.5 2.8 0.49
bc -1 +1 +1 3.4 6.1 4.5 4.7 1.3
abc +1 +1 +1 2.6 3.2 2.5 2.8 0.38
Tab. 2-5- CNT printing parameters factorial plan
CNT
Combination Replication (k)
A B C ny n, Ny 11 o
(kQ) (kQ)
1) -1 -1 -1 5.4 4. 3.6 4.3 0.9
a +1 -1 -1 2.4 2.4 2.5 2.4 0.1
b -1 +1 -1 4 35 4.9 4.1 0.7
ab +1 +1 -1 1.9 2.2 2.3 2.1 0.2
c -1 -1 +1 4.1 6.5 51 5.2 1.2




ac +1 -1 +1 2.6 2.4 2.8 2.6 0.2
bc -1 +1 +1 6 4.6 4.9 52 0.7
abc +1 +1 +1 2.7 2 2.6 2.4 0.4
Tab. 2-6- Eel printing parameters factorial plan
EEL
Combination Replication (kQ)
A B C ny n, N3 u o
(kQ) (kQ)
1) -1 -1 -1 11.3 7.2 8.3 8.9 2.1
a +1 -1 -1 4.6 5.3 4.7 4.9 0.4
b -1 +1 -1 10.4 8.4 7.1 8.6 1.7
ab +1 +1 -1 4.8 4.3 2.4 3.8 1.3
c -1 -1 +1 13.2 8.1 9.7 10.3 2.6
ac +1 -1 +1 5.0 5.6 5.7 54 0.4
bc -1 +1 +1 7.4 9.3 12.9 9.9 2.8
abc +1 +1 +1 55 4.8 52 52 0.4

In Fig. 2.3, pareto charts of the standardized effects for each conductive material are reported, while
in Tab. 2.7, the effects (non-standardized) and respective p-values (a« = 0,05) for each conductive

material factor and factor combination are listed.
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Fig. 2-3- Pareto charts of standardized effects: (a) AlfaOhm, (b) CNT, and (c) EEL

Tab. 2-7- Non standardized effects and p-value

Standardized Effect

Factor Factor Alfachm CNT EEL
combination | = effect p-value | effect | p-value | effect | p-value
1
-1.65 0 -2.317 0 -4.608 0

B -0.1 0.792 -0.183 0.514 -0.508 0.482

0.53 0.171 0.6 0.044 1.125 0.131

A*B 0.017 0.965 -0.05 0.858 -0.125 0.862

A*C -0.283 0.458 -0.367 0.201 -0.192 0.79

B*C 0 1 0.067 0.811 0.142 0.844

A*B*C 0.017 0.965 0 1 0.225 0.754

From the results of the factorial plan, several considerations can be drawn:




1) The growth of the electrical resistance affects the variability among the three strain gauges
belonging to the same combination. The variability can be measured as the standard deviation
of the three electrical resistance values achieved for the same combination . In particular, there
is a positive correlation among resistance values and variability; indeed, when the mean
electrical resistance increases, then the variability also increases. This correlation plays a key
role in 3D-printed sensors because future studies on parameter optimization will lead to
several simultaneous benefits due to resistance and variability minimization, such as noise
reduction during measurements or the possibility to connect more strain gauges in Wheatston
bridge configurations to obtain better measurements from several points of view. For
AlfaOhm and CNT, the behavior in terms of the standard deviation vs. mean electrical
resistance is very similar; indeed, for the four lower resistance values (combinations:
a, ab, ac,and abc), the standard deviation value is less than 0.5 kQ , while for large resistance
values, the standard deviation increases, reaching the maximum values of 1.3 and 1.2 kQ for
Alfa Ohm and CNT, respectively. The Eel behavior is slightly different: in terms of the lowest
value of resistance (combination ab), the standard deviation is 1.3 kQ, while for the other
three lowest electrical resistance values, the standard deviation is less than 0.5 k(, as for
AlfaOhm and CNT. This unusual behavior can be attributed to a cross-contamination
problem, which is typical for multi-material printing. In the opinion of the authors, it is very
probable that, during the printing, on a certain layer, a residue of TPU 90 A carried by the hot
nozzle came into contact with the Eel track already deposited, reducing the electrical
resistance of the strain gauge belonging to the ab combination and third replication (n = 3).
This would explain the significative difference in resistance values for the combination ab,
where there is an anomalous value of 2.4 k(, in contrast with 4.3 and 4.8 kQ.. To demonstrate
this theory, five other Eel samples were printed in accordance with process parameter levels
of the combination ab, which resulted in a measured standard deviation of 0.34 kQQ and a
mean resistance value of 4.7 kQ.

In Fig. 2.4, the values of standard deviation of the mean electrical resistance for each combination of

the three conductive materials are reported;
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Fig. 2-4-Standard deviation vs mean electrical resistance

2) The main parameter affecting the electrical resistance, for each conductive material, is the

layer height: switching from a layer height of 0.2 to 0.3 mm resulted in a greater decrease in
electrical resistance in comparison to changing other parameters. Therefore, the first
parameter that should be set in order to reduce the resistance (and the variability) is the layer
height; in this study, a nozzle diameter of 0.4 was used, which does not allow layer height
values greater than 0.3 mm, but using other diameter nozzles (for example, 1 mm), it should
be possible to increase the layer height to 0.8/0.9 mm, which would entail, in accordance with
the results of this study, a further reduction of the electrical resistance and variability. A
possible reason why the layer height affects the electrical resistance so much is as follows:
when the filament is extruded and deposited by means of the nozzle, it has a quasi-elliptical
shape, and when more layers are built on each other, voids, commonly referred to as air gaps
in the literature, are generated among quasi-elliptical extruded filaments of layer k and layer
k + 1 (Fig. 2.5). Voids involve a reduction of electrical resistance because there are small
zones in which there is no contact among extruded conductive filaments of adjacent layers,

and this phenomenon is named the “welding effect” by the authors. When increasing the layer

55



height from 0.2 to 0.3 mm, the total number of layers that will be built decreases (in the first

rows of section 2.2, the link between the layer height and number of layers is explained) from

5to 3 (using a parallel printing orientation), so the total number of intra-layer voids decreases.
For this reason, the printing orientation is the process parameter with the second major effect for all
conductive materials: when switching from a low level (parallel strain gauge orientation) to a high
level (perpendicular strain gauge orientation), the electrical resistance meaningfully increases
because, for a low level, the number of layers to build is less than that required for a high level.
The “welding effect” also explains why the interaction between the layer height and printing
orientation causes a relevant effect in AlfaOhm and CNT (produces the third significant effect), while
in Eel, this effect is marginal, but this is probably due to the anomalous resistance value found in the
combination ab.
In conclusion, the resistance minimization (and variability minimization) depends on the “welding
effect”, which is minimized when the number of layers is reduced. The printing parameters
accountable for the reduction of the layer number are the layer height (factor A) and printing
orientation (factor C), so it seems clear that the optimization of these two parameters (and their

interaction) leads to resistance and variability minimization.

Layer K+1

Layer K

Intra-layers
voids

Fig. 2-5- Welding effect

3) The effect of the parameter B, namely, the line width, is not significant; indeed, voids among
the extruded filaments along the same layer are very few in number and slightly affect the
electrical resistance (when switching from a low to high level, the resistance increase is low).
Additionally, the other parameter combinations (A*B, B*C and A*B*C) do not involve
significant effects in terms of resistance minimization and variability reduction.



4) The best printing parameter combination which minimizes the electrical resistance and the
variability in 3D-printed strain gauges for each conductive material is the combination ab,
characterized by high levels of layer height and line width and a low level of printing
orientation. Then, the process parameters set to minimize the electrical resistance and
variability are a layer height equal to 0.3 mm, line width of 0.5 mm, and “parallel” printing
orientation; with this process configuration, 2.5, 2.133, and 3.8 kQ were the mean electrical

resistance values obtained for AlfaOhm, CNT, and Eel, respectively.

2.2.3 Dok for Design variables

In this section, two design parameters are investigated to understand how they affect the final
electrical resistance and if a correlation between them and variability exists. The printing parameters
used for each conductive material in this phase were the best ones found in section 2.2: printing
parameters in accordance with the combination ab (layer height = 0.3 mm, line width = 0.5 mm, and
printing orientation = parallel) were set. The design parameters varied in this study are the number of
tracks and active length (see Fig.2.6) named D and E, respectively. The low (-1) and high (+1) levels
of D are 4 and 6, while for E, they are 9 mm and 15 mm. Other design parameters were kept
unchanged; in particular, the distance between two adjacent tracks was 1 mm, the size of the pads
(needed to weld electric wires) was 5 mm * 6 mm, and the end loops (needed to reduce transverse
effects due to deformations when weights are applied) were 3 mm * 4 mm. All dimensions mentioned

above refer to the x-y plane, while the height of the strain gauge was 1 mm.

Pad

End-loop

: Active length i
I 1
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Track

Fig. 2-6-Strain gauge design



Then, a factorial plan 22 with three replications was run. In Tab. 2.8, 2.9 and 2.10, the results for the
three conductive materials are reported, while in Fig 2.7, pareto charts of the standardized effects are

shown.

Tab. 2-8- Alfa Ohm design parameters factorial plan

AlfaOhm
combination Replication (kQ)
D E ny Ny N H o
(kQ) (k)
f -1 -1 2.8 2.4 2.3 2.5 0.3
g +1 -1 4.8 4.2 4.8 4.6 0.3
h -1 +1 4.4 4.7 4.6 4.6 0.2
i +1 +1 6.6 7.3 6.5 6.8 0.4
Tab. 2-9- CNT design parameters factorial plan
CNT
Combination Replication (kQ)
D E ny n, N3 i o
(kQ) (k)
f -1 -1 1.9 2.2 2.3 2.1 0.2
g +1 -1 4.3 4.2 45 4.3 0.2
h -1 +1 4.3 4.0 44 4.2 0.2
i +1 +1 6.5 6.2 6.6 6.4 0.2
Tab. 2-10- Eel design parameters factorial plan
EEL
Combination Replication (kQ)
D E ny N, N H o
(kQ) (k)
f -1 -1 4.8 4.3 2.4 3.8 1.3
g +1 -1 6.7 6.5 7.2 6.8 0.4
h -1 +1 6.0 7.0 6.4 6.5 0.5
i +1 +1 10.2 9.2 9.5 9.6 0.5
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Fig. 2-7 Pareto charts of standardized effects: (a) AlfaOhm, (b) CNT, and (c) EEL.

The three samples of combination f of each analyzed conductive material were not manufactured
again, because they had already been printed during the printing parameter investigation: the ab
combination of printing parameters is the same as the f combination. Hence, for combination f, the
same data achieved for combination ab were used.

From the data analysis of factorial plans, the following considerations stand out:

1) Unlike the previous investigation, in this case, there was no correlation among resistance
minimization and variability minimization. The standard deviation for each combination of
each conductive material was always less than 0.51 kQ, except for the combination f of Eel,
but this anomalous behavior, as explained in 2.2, can be explained by a cross-contamination
problem. It is thus possible to affirm that the variability among strain gauges is only related

to printing parameters and, in particular, to the “welding effect”;



2)

3)

Parameters D and E, as shown in Fig 2.7, produce significant effects in terms of the final
electrical resistance. When increasing the number of tracks (factor D) from 4 (low level) to 6
(high level), the electrical resistance of the strain gauge increases almost equally in
comparison to increasing the active length (factor E) from 9 to 15 mm. The effect of the two
design parameters analyzed in this study is very similar for all the conductive materials; to
be truthful, the effect of the number of tracks is slightly more significant than that of the
active length. If we increase the number of tracks and the active length, then the resistance of
the strain gauges also increases, as expected, because the term [ of equation (1), which
describes the electrical resistance law, is increased, while the other two terms (4 and p) are

left unchanged.

The effect of the interaction between the two design parameters does not involve any

significant effect in terms of resistance minimization.

For the convenience of the reader, Tab 2.11 and 2.12 summarize the outcome of the whole DoE in

terms of the best parameters (printing and design) found and respective values of electrical resistance

for each conductive filament.

Tab. 2-11- Best printing and design parameters

PARAMETER VALUE
Layer height 0.3 mm
Line width 0.5mm
Printing orientation parallel
Number of tracks 4
Active length 9 mm

Tab. 2-12 Electrical resistance related to the best set of printing and design parameters at 22.5 °C.

Resistance (kQ)
terial AlfaOhm CNT EEL
Specimeé
R1 2.8 1.9 2.4
R2 2.4 2.2 4.8
R3 2.3 2.3 4.3




Mean 2.5 2.1 3.8
Standard deviation 0.26 0.21 1.3

2.2.4 Thermal analysis

The lack of scientific literature about thermal properties of this innovative class of composite
materials used for the printed specimens led the authors to study the effects of temperature variation
on resistance.
A first set of experiments was conducted on four specimens of two conductive materials, i.e., two
CNT and two Eel materials. In particular, R1 and R2 of Tab2.12 were considered for both CNT and
Eel materials. We chose to examine the R1 specimen of Eel, although its resistance significantly
differs from the mean resistance, because it could highlight interesting aspects. The experimental
setup consists of the following:
I. Four GDM-8351 digital multimeters (Good Will Instruments Co., LTD), for accurate
measurements of the electrical resistance;
ii.  Two DS18B20 digital temperature sensors;
iii.  An Arduino Nano board to acquire data from the temperature sensors;
iv. A Roboze One 3D printer, whose build plate can be heated up to 100 °C and used to control
temperature variations;
v. A control program developed in LabVIEW® (by National Instruments Corp.), which allows
the measurement system to be easily managed and controlled, providing real-time information

about the system’s state and the storage of data for post-processing.

The four specimens were placed on a flat support made of polylactic acid (PLA), as shown in Fig 2.8,
so that they were not in direct contact with the plate of the 3D printer. Moreover, they were enclosed
in a plastic box that created a sort of climatic chamber inside, in order to reduce the temperature
gradients. The temperature inside the box was measured by means of the two temperature sensors,
one positioned near the plate and the other at the top, in order to identify possible temperature
gradients. Four benchtop multimeters were used to measure the resistance of each specimen and a

control program was developed for data acquisition.



TEMP. SENSOR #1 ARDUINO.NANO
TEMP. SENSOR #2

Fig. 2-8- Experimental setup for thermal characterization.

The temperature of the build plate was changed in a range of 25-50 °C, with an increment of 5 °C,
for a total of six steps. For each step, a settling time was considered to assure a stable temperature
inside the plastic box, within a fixed tolerance. Finally, the plastic box was placed outside the 3D
printer, for a faster cooling down process. Obviously, the temperature inside the box was different
form the temperature of the plate; in fact, the temperature inside the box only varied from about 18
°C to 34 °C. A temperature difference below about 0.5 °C was observed between the two sensors in
stationary or varying temperature tests, which was partly due to the temperature gradients, and partly
due to the sensor accuracy. Indeed, since the sensor accuracy is 0.5 °C, temperature differences up to
1 °C constitute compatible measurements. For these reasons, the mean of the temperature measured
with the two sensors was considered.

Fig. 2.9 shows the behavior of the measured resistance of each specimen and the mean temperature
during the experimental test. To reduce the effect of noise and quantization of the temperature
measurement, a moving average of 21 samples was employed.

A positive correlation between the resistance of each specimen and the temperature could be
observed. Each time the plate temperature was incremented in steps, the sensor value and resistance
increase reached a steady state after a few minutes; this confirms the positive temperature coefficient
(PTC) of these composite materials. The small step decreases at about 230 minutes originated when
the plastic box was placed outside the 3D printer in the final part of the experiment.
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Fig. 2-9 Resistance of the specimens and temperature vs. time

To investigate the relationship between resistance and temperature, the behavior of the resistance of
each specimen versus temperature was analyzed as shown in Fig.2.10. The presence of hysteresis in
the R2 specimen of Eel can be observed. Moreover, all four specimens exhibit a high linearity in the
considered temperature range. Hence, linear regression was performed, and an estimation of the

temperature coefficient (TC) ay of each material was obtained as

R-Ry

ar = s (€7, (8)
where R is the resistance at temperature T, R, is the resistance at a reference temperature T,, and a
depends on the reference temperature considered.

Both specimens of CNT present a TC of about 0.011 °C~tat T, = 20 °C, whereas the two Eel
specimens present a ay of about 0.007 °C™1 at T, = 20 °C. These values are quite high for a
temperature coefficient, compared to typical values of Platinum resistance temperature sensors
(RTD), which are about 0.0039 °C~! [47]. Moreover, the TC of CNT is of the same order of

magnitude as those of commercial negative TC thermistors, which generally present a high TC from

about -0.02 to -0.04 ic at room temperature [48]. Therefore, also considering the high linearity of the



materials, the obtained results suggest that these materials could be exploited to realize temperature

Sensors.
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Fig. 2-10- Resistance of each specimen vs. temperature.

It is not easy to interpret these results from a chemical perspective. It should be noted that resistivity
of conductive polymer composites filled with carbon (carbon black, carbon fibers, graphene or CNT5)
varies greatly according to the different combinations and concentrations of polymer matrices, fillers,
deposition and operation temperatures, and the outcome is not easily predictable [49]. Moreover, the
precise composition of the deposed material, being a trade secret, may be unknown. Hence it is
important to characterize experimentally these materials. It is believed that the main conduction
mechanisms are electron hopping and electron tunneling, which lead both to a decrease of resistivity
with temperature increase (negative TC); however a competing phenomenon at higher temperatures,
namely the increased size of intra-bead air voids, may lead to an increase of resistivity (positive TC)
[50]. It can be speculated that the results reported here (positive TC) refer to a temperature range that
is, for both the examined materials, above the temperature split point between negative and positive
TC.

The observed positive TC of TPU doped with carbon black is somewhat comparable with the one

reported in [33] for a different polymer, namely a printed wire of PLA doped with carbon black,
which exhibited a positive TC of 0.0284 ic for temperature ramp up and 0.0242 ic for temperature

ramp down.



The observed positive TC for PLA doped with CNTSs, instead, is in contrast with several works on
polymer matrices (polyurethane [51], PEEK [52]) doped with CNTSs, where a negative TC was
reported. However, a split point at about 40 °C between negative TC and positive TC was observed
in [33] for blocks printed with a graphene-PLA filament. Finally, in [50] split points between about -
75 °C and 0 °C were observed for different concentrations of short carbon fibers in ultra-high

molecular weight polyethylene, which is compatible with the results reported here.

2.2.5 Conclusions

In conclusion, a Design of Experiment (DoE) has been performed on three different conductive
commercial materials to understand how two types of parameters (printing and design parameters)
affect the electrical resistance and variability in strain gauges manufactured via Fused Filament
Fabrication (FFF), which is the most common and inexpensive 3D printing technology. The following
conclusions can be drawn:

e Printing parameters affect the electrical resistance and variability. In particular, from the
printing parameter investigation, it could be seen that there is a positive correlation among
electrical resistance and variability; indeed, with optimized printing parameters, it was
possible to minimize both.

e Layer height is the main printing parameters affecting electrical resistance and variability:
switching from low value (0.2 mm) to high value (0.3 mm) a great decrease of electrical
resistance and variability occurs. The printing orientation parameter and the interaction among
the latter and layer height cause the second and third most important effects. The authors
address this behavior to welding effect (explained in 2.2.2 and shown in Fig.2.4) which
reduces the adhesion among subsequent layers made by conductive material, generating intra-
layer voids, and for this reason, an increase in electrical resistance and variability occurs.

e Design parameters affect only electrical resistance and not variability. From their
investigation, expected results were achieved: when the number of tracks and the active length
of strain gauges increase, then the electrical resistance also increases.

¢ Regardless of the conductive material used, the best results in terms of resistance and variation
minimization are achieved with the following configuration: layer height = 0.3 mm; line width
= 0.5 mm; printing orientation = parallel; number of tracks = 4; and active length =9 mm.

e A thermal analysis on 3D-printed samples was carried out: the temperature coefficient of
resistance was preliminarily measured in a 16 °C temperature range for four samples,

obtaining values between 0.007 and 0.011 °C~t at T, = 20 °C. Obviously, further work will



consider the thermal characterization of these materials in a larger temperature range by using
an industrial climatic chamber and a suitable standardized test protocol. Since the resistance
of produced samples changes with the applied strain, as preliminarily shown by tests not
reported here, a challenge and opportunity will be to discriminate between mechanical and
thermal stresses. This has been done, for example, with optic fiber sensors, where distributed
measurements of strain and temperature can be performed simultaneously. The fabrication
and the characterization of a 3D printed load cell, which adopts a Wheatstone bridge
configuration aimed at reducing thermal effects and measuring only applied forces, was

presented by the authors in [23].

This work lays the foundation for further analysis to more deeply characterize these recent materials
and their printing processes, which could find application as smart materials with temperature, force
and pressure sensing capabilities in a wide range of fields, from wearable sensors to medical devices

and soft robotics.



2.3 Piezoresistive-based sensors: monolithic fabrication of a load cell equipped with four
embedded strain gauges

In this work, the exploitation of Fused Filament Fabrication (FFF) to manufacture a load cell using
double extrusion of conductive and non-conductive commercial materials in a single-step printing
cycle, is presented. A commercial thermoplastic polyurethane (TPU) was employed for the
fabrication of the load cell main body, while a conductive polylactic acid was used for the fabrication
of the four embedded strain gauges, which have been connected in a full Wheatstone bridge
configuration. Subsequently, several tests were performed, firstly to characterize the behaviour of
each strain gauge and then to characterize the load cell. The tests showed that the strain gauges are
sensible to compressive and tensile deformation and that the load cell’s voltage, obtained by
connecting the four strain gauges in a full Wheatstone bridge, decreases as the force applied increases.
In particular, a load cell sensitivity of 0.088 mV/(V-g) in a tested measurement range up to 100 g
was found. This work demonstrates the potential of FFF technology in the sensor manufacturing field
and that it is possible to integrate sensitive elements into non-sensitive elements without additional

assembly processes by using low-cost commercial filaments and 3D printers.

2.3.1 Materials and methods

To create the sensor, two commercial materials were chosen. Polyurethane thermoplastic with a Shore
A hardness of 95 (TPU95A) was used to fabricate the non-conductive parts of the load cell. It is
characterized by a tensile modulus of 26 MPa and elongation at break of 580%, and it was developed
by Ultimaker Itd. To create the sensitive elements, namely, the four strain gauges, we used AlfaOhm
filament developed by FiloAlfa and LATI. It is a conductive PLA, characterized by a resistivity of
15 Ohm/cm along the layers and 20 Ohm/cm perpendicular to the layers (data obtained by filament
data-sheet). One of the reasons why TPU95A and AlfaOhm were used is that they have similar
printing temperatures. Indeed, since two different filaments are used, particular attention was paid to
the choice of printing temperature in order to avoid adhesion between the two materials and cross-
contamination issues. As demonstrated by Tamburrino et al [53] the adhesion strength in multi-
material FFF printing depends on several factors such as infill pattern, infill density and printing
orientation. The open-source software Cura 3.6.0 was chosen to slice the 3D model, to control the
printer, and to set up process parameters. The 3D printer used is an Ultimaker 3, a dual-extruder FDM
printer that enables the usage of two different filaments in the same printing cycle thanks to a

switching system between the two nozzles.



The sensor is composed of three different elements: i) four strain gauges, ii) the load cell body, and
iii) two leveling layers (see Fig.2.11). Each of the four strain gauges is composed of 4 tracks and a
grid length of 15 mm that includes end loops 4 mm long needed to reduce stress sensitivity in the axis
perpendicular to the deformation axis. The strain gauges were designed following a Design for
Additive Manufacturing (DfAM) approach. Indeed, the single track’s thickness is 1 mm; in this way,
it is possible to print the strain gauges’ tracks with only two lines of extruded conductive filament (by
setting line width parameter = 0.5 mm and choosing to print strain gauges perpendicularly to the build
plate) to have greater uniformity of the conductive filaments and to reduce resistance values. The
single track width of 1 mm is equal to the distance between two adjacent tracks. The strain gauges
are equipped with two pads, located on the same side, that are 5 mm long, 6 mm wide, and have a
thickness of 1.5 mm (not 1 mm like the track thickness) to solder the electrical wires more easily. The
second sensor element is the body of the load cell, which has a binocular shape, length of 96 mm,
width of 14 mm, and height of 26 mm. At the opposite ends of the body, there are i) an M5 hole to
connect the load cell to a supporting frame during the tests thanks to a screw and ii) an M4 hole were
to place the calibrated weight. The binocular shape was chosen because, in this way when a force is
applied on M4 hole (while the whole load cell is fixed to a supporting frame thanks to M5 hole) it is
generated an S-shaped deformation. This kind of deformation generates positive and negative strain
zones on the surface that are close to each other and this particular behavior involves a very less
sensitivity to load application point comparing to single-beam load cell. In Fig. 2.11 f) it is shown the
Finite Element Analysis (FEA) computed with Autodesk Fusion360 on the load cell body with the
chosen binocular shape, it is possible to see that when a force of 100 g is applied on M4 hole it is
generated an S-shaped deformation with a maximum displacement of 2.128 mm. The output signal
in single-beam load cell depends on the bending moment meanwhile with the binocular design it is
possible to reduce this kind of problem. The last elements are the top and bottom “leveling layers”
which reproduce the strain gauges’ geometry in negative; these are needed to fill the empty spaces
around the strain gauges. From a manufacturing point of view, the sensor was 3D printed with the
strain gauges perpendicular to the build plate, as shown in Fig.2.12 a), for several reasons: i) in this
way, each strain gauge is built in the same way so the resistance value of the four strain gauges should
be the same or comparable; ii) this orientation choice does not involve the usage of supports; and iii)
in this way, the height of the sensor on the build plate is 14 mm, while if it was printed with strain
gauges parallel to the build plate, the height would be 26 mm; as a consequence, this choice decreases
adhesion problems.



Fig. 2-11- a) main body of the load cell, b) four strain gauges, c) leveling layers, d) whole load cell with embed strain gauges, €) strain
gauge dimensions (mm), and e) FEA analysis.

Moreover, to improve the adhesion between the build plate and the initial layer and to reduce the
deformation problems in the bottom of the structure it was necessary to heat the build plate to 70 °C
and use the brim strategy on Cura ™, which is a thin layer of materials between the build plate and
the initial layers of the sensor. The diameter of each nozzle was 0.4 mm, and the most relevant process
parameters, chosen on the basis of a trial-and-error approach, are shown in Tab.2.13. From this it is
possible to note that the printing temperatures of TPU95A and AlfaOhm needed to melt the solid
filament in the print head differ by only 3 °C; this ensures good adhesion between the two different
materials.

The total time estimated by the slicing software was 2 hours and 11 minutes, while the total cost was
2.76 € (2.41 € for TPU 95A and 0.35€ for AlfaOhm). Another important process parameter is
retraction. This was disabled for the AlfaOhm filament to avoid filament breakage during the printing
process; indeed, Carbon black makes this filament much more brittle than simple PLA, and with the
Ultimaker3 printer being a bowden printer, the feeder is located not above the print head but in the
bottom, increasing the probability of filament breakage during printing jobs longer than one hour.
After the sensor manufacturing, electric wires were soldered at the temperature of 350 °C to each pad
of the strain gauges. The proposed 3D printed load cell equipped with four embedded strain gauges
is shown in Fig.2.12 b).

Tab. 2-13- Process parameters for the load cell with embedded strain gauge fabrication.

Process TPU9SA AlfaOhm
parameters




Printing speed 45 20
(mm/s)
Layer height 0.2 0.2
(mm)
Line width 0.5 0.5
(mm)
Infill density 100 100
(%)
Infill pattern Gyroid Lines
Printing 223 220
temperature
©)
Flow 106 120
(%)
Wall line 1 1
count
Retraction ON OFF
3

=~

| Printing direction

<=

Fig. 2-12- a) load cell in the slicing software, and b) 3D printed load cell with the four embedded strain gauges.

2.3.3 Characterization

In this section, the results of the characterization of the manufactured load cell are presented. As a

first step, the individual resistances of the four strain gauges of the load cell were measured for



different applied weights under loading and unloading cycles. Subsequently, the whole load cell
behavior was analyzed, quantifying its hysteresis and its sensitivity to weight positioning.

The first tests were performed to investigate the strain gauges’ behavior by measuring the resistance
variations when the applied force was changed. The measurement setup (shown in Fig.2.13 a))
consisted of i) a support framework to fix the load cell by means of an M5 hole placed at the end of
the body of the load cell and ii) a digital benchtop multimeter, model GDM-8351 by GW Instek, for
measuring resistances. In Fig.2.13 b), it is possible to see the position of each strain gauge in the
load cell and the point where the force is applied. Initially, the resistance of each strain gauge was
measured without any applied force, and 2.5 kQ, 2.1 kQ, 1.9 kQ, and 2.1 kQ were obtained for strain
gauges A, B, C, and D, respectively. The electrical resistance among the four strain gauges is similar
each other but not the same, this behavior could depend on a not uniform electrical resistance in the
raw filament before being melted together with noise effects occurring during extrusion, such as
vibrations, room conditions, etc.

To measure the characteristic curves of the strain gauges, four calibrated weights (10, 20, 20, and 50
g) were combined and positioned above the M4 hole in order to obtain the following final weights:

10, 30, 50, and 100 g. The procedure used to obtain the calibration points is shown in Tab.2.14
(b)

Fig. 2-13- a) Measurement setup, and b) load cell scheme

Tab. 2-14- Measurement protocol.

Weight added Total weight
(+) / weight )
removed(-) (9)
0
(+) 10 10
(+) 20 30

(+)20 50




(+)50 100
(-) 50 50
() 20 30
() 20 10
() 10 0

The proposed characterization cycle consisted of the application of the selected weights in ascending
(loading phase) and descending (unloading phase) order, passing through nine calibration points
overall. In this way it is possible to evaluate hysteresis phenomena of the strain gauges. The procedure
requires a waiting time of one minute after placing the weight before measuring the resistance value;
this is because it was observed experimentally that such a delay ensures the reaching of a steady state.
The relation between the applied force and change in resistance is shown in Fig.2.14. It is possible to
highlight that for strain gauges A and C, which work in compression, the resistance decreased as the
applied weight increased; meanwhile, for strain gauges B and D, which work in tension, the resistance
increased when the applied weight grew. To evaluate the hysteresis of the strain gauges, the
differences between the load and unload resistance values when the same weight was applied were
calculated. The experimental results show that for each strain gauge the hysteresis phenomena is
always present; this may be due to the viscoelastic behavior of the conductive material. In
correspondence to the resistance for zero weight, the resistance values measured before loading and
after unloading phases differed by 1.8, 4.2, 4, and 1.5 Q for strain gauges A, B, C, and D, respectively.

The hysteresis values for strain gauge D can be better appreciated in Tab.2.15.
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Fig. 2-14- Resistance vs. weight for each strain gauge of the load cell.
Tab. 2-15- Hysteresis for strain gauge D
Weight (g) Load resistance | Unload resistance | Hysteresis (Q)
kQ) (kQ)
0 2.185 2.1835 15
10 2.1877 2.1858 19
30 2.1951 2.1942 0.9
50 2.202 2.2 2
100 2.2398 2.2398 -

After carrying out the characterization of the individual strain gauges, the performance of the load
cell with the four sensors connected in a full Wheatstone bridge configuration (see Fig.2.15a)) was
evaluated. The Wheatstone bridge was powered with a supply voltage of 5 V. The test protocol was
the same as that used for the strain gauge characterization, with the only difference being that the
output value is not a resistance change but the output voltage of the Wheatstone bridge. When the
applied weight was increased, the output voltage decreased. When no weight was applied, the voltage
output was 47.7 mV; this is because the bridge is not balanced. Indeed, the strain gauges’ resistance
values are similar to each other but not the same. In general, the resistance mismatch between strain
gauges should be minimized to reduce load cell nonlinearity and drift. The experimental results
(shown in Fig.2.15b))highlight that the load cell also exhibits hysteresis phenomena as indicated in

Tab.2.16. On the other side, the bridge connection greatly reduces the effects of the nonlinearity of



individual strain gauges that was observed in Fig.2.14. To evaluate the input/output characteristic of
the load cell, the coefficients of linear regression on experimental data were calculated by obtaining
the following equation (9):

Vour (W) =V, - (—0.088 - w + 9.361) (9)

where w is the applied weight and Vout, and Vs are the output and supply voltages of the Wheatstone
bridge, respectively. The offset value (V; - 9.361) can be reduced by performing a zeroing procedure
before load cell usage. Also, the load cell is characterized by a high sensitivity of 0.088 mV/(V- g).
To quantify the accuracy of the load cell liner model, the relative root-mean-square error was
calculated, and a value of 19.54 % was obtained in equation (10):

1 (¥ (w;) =V, (W-)2
V= Nz( Vour (W) ) (0

i

where N =9 is the number of calibration points, wy, ..., wy are the calibration weights, and V,,,; (w)

and V,,,. (w) are the voltages measured and estimated by means of Equation (9), respectively.

(a) (b)

—8—load

—8—unload

0 10 20 30 40 50 60 70 80 90 100
weight[g]

Fig. 2-15-a) Wheatstone bridge configuration where ‘+’ indicates compression while “—* indicates tension, and b) Voltage output vs.
weight for the load cell.

Tab. 2-16- Hysteresis of the load cell

Weight (g) Load voltage(mV) Unload Hysteresis(mV)
voltage(mV)

0 47.7 46.8 0.9
10 45.5 40.5 5




30 37 30.2 6.8
50 27.3 17.8 9.5
100 4.6 4.6

The experimental results listed in Tab.2.16 highlight that the hysteresis phenomena increases in
magnitude with the applied weight. After one minute from the end of the first test cycle, the same
test was repeated in order to evaluate the data repeatability. To quantify the repeatability error, the
output voltage difference between two measurements at the same weight and during the same phase

(load or unload phase) was calculated in equation (11):

ér = |Vout1 - Voutzl (11)

where V¢, and Vo, are the output voltages of Tests 1 and 2, respectively. The results for weights

0, 10, 30, 50, and 100 g in the load and unload phases are shown in Tab.2.17.

Tab. 2-17- Repeatability test.

Weight (g) Phase Vout, (MV) Vout, (MV) er (mV)
0 load 47.7 47.5 0.2
10 load 45.5 45.8 0.3
30 load 37.0 36.2 0.8
50 load 27.3 27.5 0.3
100 load 4.6 4.3 0.3
50 unload 17.8 19.4 1.6
30 unload 30.2 30.3 0.1
10 unload 40.5 41.5 1.0
0 unload 46.8 46.5 0.3

In the performed experiments, the repeatability error was lower in the load phase except for when the

applied weight was 30 g.

A new test was performed to investigate the load cell’s behavior when higher weights were applied.

Unlike the previous one, this test did not consist of a load and unload phase, but the test protocol



included the application of weights according to the sequence 200, 0, 150, 0, 100, 0, 50, and 0 grams;
the output voltage was measured after one minute from the change of the weight, and the output
voltage at the intermediate zero weights was not considered. The output voltages corresponding to
the applied weights are listed in Tab.2.18, and they show that for weights over 100 grams, the output

voltage decreases, indeed it takes negative values.

Tab. 2-18- Test using higher weights

Weight (g) Output Voltage
(mV)
200 —40.8
150 —-21.3
100 -10
50 17.6
0 42.3

In all experimental tests, the application point of the weight was always the same (above the M4 hole
of the load cell); hence, two different tests were performed to analyze how the position of the
application point of the weight affected the output voltage due to a different moment arm. For this
aim, a plate was printed in PLA material using the same 3D printer used to manufacture the load cell.
The plate, shown in Fig.2.16, is composed of a circular structure with diameter of 12 mm where the
calibrated weight can be placed and a rectangular structure under the circular one to fix the whole
balance to the M4 hole of the load cell by means of a screw and a nut. The total printing time estimated

by the slicing software was 1 hour and 12 minutes.



Fig. 2-16- Top view of the plate placed above the M4 hole of the load cell

x and y axes were drawn on the plate, centered on the screw head, with 10 mm ticks (see Fig.12).

Afterwards, a test was performed to evaluate the effect of the application point on the output voltage
using the 50 gram weight. The test protocol was the following (see Tab.2.19): the 50 g weight was
placed above the origin, and after 1 minute the output voltage was measured; afterwards, the weight
was moved and placed on the first notch of the x axis (x =10 mm and y = 0 mm), and after 1 minute
the output voltage was measured; this procedure was repeated for each tick of the x axis (for both
positive and negative positions). The same test was repeated for the y axis (x = 0 mm). To quantify
how the position of the application point of the weight affects the output signal, the error due to the

weight position (e,,) was calculated as shown in equation (12):

Vout (0,0) — Vout (x: Y) (12)
Vout (0!0)

ep(x,y) =

where v,,,;(x,y) is the voltage corresponding to weight position (x,y). The results for x and y

chosen in the range from —50 mm to 50 mm with step size 10 mm are shown in Tab.2.19.



Tab. 2-19- Application point test with a 50 g weight.

X axis y axis Vout (MV) ep (%)
0 0 -63.2
10 0 -60.0 5.06
20 0 -58.5 7.44
30 0 -58.0 8.23
40 0 -53.6 15.19
50 0 -49.0 22.47
-10 0 —-67.0 6.01
-20 0 -68.0 7.59
-30 0 -76.3 20.73
-40 0 -86.2 36.39
-50 0 -88.9 40.66
0 10 -61.7 2.37
0 20 -60.3 4.59
0 30 -59.6 5.70
0 40 -58.8 6.96
0 50 -52.2 17.41
0 -10 -62.1 1.74
0 —20 —-61.5 2.69
0 -30 -46.8 25.95
0 40 -32.6 48.42
0 -50 -20.8 67.09




Error map with 50 g
s
« 124
& 2 V3
% » 4
= 10 +E5d
(] A
8 -
E 2 g y axis of the plate
Sl 255 |
40
Rl 67.09

Fig. 2-17- Position error map on the x axis and y axis of the plate with a 50 g weight
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Fig. 2-18- Position error map on the x axis and y axis of the plate with a 100 g weight

Analyzing the behavior along the x axis of the plate, it is possible to note that near the origin the
position errors obtained in correspondence to the positive and negative variations are comparable
(i.e., for x ranging from —20 mm to 20 mm). Moving away from the origin, the position errors for the
negative semi-axis are higher than for the positive semi-axis; indeed, when x = 50 mm the error is
17%, while when x = =50 mm the error is 67%. For the y axis, the behavior is like that of the x axis;
indeed, near the origin, the position error is comparable between the positive and negative semi-axes,
and far from the origin (above y = 30 mm and below y = —30 mm) the error grows much more in
correspondence with the negative semi-axis (e.g., the errors at y = 50 mm and y = —50 mm are 22%

and 40%, respectively). In Fig.2.17 a map of the error as a function of the x- and y-axis is provided.



Moreover, for each positive value of y, the error is always lower than for the correspondent negative
value. Hence, the load cell is sensible to the application point of the weight, but the behavior on the
positive and negative semi-axes of x and y is not the same; indeed, far from the origin, the position
error is always higher for the negative semi-axes of both x and y. The same test was repeated using
a 100 g weight. The error as a function of the position of the 100 g weight is shown in Fig.2.18. It is
possible to see that along the y axis, the behavior is opposite to that shown with the 50 g weight;
indeed, in this case, for negative values of y the position error is always lower than that for positive
values of y. On the other hand, along the x axis, the error is always lower for positive x compared to
negative x, i.e., for x =50 mm and x = —50 mm, the errors are 50% and 88%, respectively. Moreover,
a greater asymmetry is observed between the positive and negative positions, for both the x and y
axes, already near the center. For example, at y = 10 mm and y = —10 mm, the errors are 21% and

2%, respectively, while for the previous 50 g weight, the asymmetry near the center was smaller.

2.3.4 Conclusions

In this work we showed the feasibility of manufacturing a sensor with embedded conductive elements
with FDM technology by using two different commercial materials (conductive and non-conductive
ones) in a single printing cycle and without an assembly process by taking advantage of a dual-
extruder 3D printer. Achieving process uniformity and repeatability is demanding; however, thanks
to the study of better process parameters, design parameters, and printing strategies, it was possible
to obtain a load cell with four embedded strain gauges having similar resistance which can be usefully
connected in a full Wheatstone bridge configuration. From the characterization of the load cell, it
stands out that the output voltage changes when the applied weight increases, with a sensitivity of
0.088 mV/(V- g) in a tested measurement range up to 100 g. That sensitivity is high if compared to
typical aluminum-alloy load cells having the same 100g range, which reach values up to 0.03 mV/(V-
9)-

Even though the load cell was designed with a beam-type layout, which is known to minimize the
effects of weight position (i.e., force momentum) on force measurement, a significant error due to
position was observed; this is due to the high degree of deformation such a soft structure, made of
TPU, is subjected to. On the other hand, the use of soft materials paves the way to applications such
as wearable and stretchable sensors. Certainly, with new progress and discoveries in the field of
conductive filaments, this new manufacturing approach will become more widespread for producing
structures that have embedded force sensors and, at the same time, have the advantage of avoiding

the assembly process. Future challenges will be i) the reduction of hysteresis phenomena using other



conductive materials without viscoelastic behavior ; ii) the reduction of the effect of the force
application point on the output voltage by studying a new design and using other materials, such as
PLA or ABS, for the body of the cell and iii) an investigation about fatigue effects on future AM-

based load cells to better understand their behavior before widespread use can be realized.



2.4 Capacitive-based sensor: liquid level sensing

The aim of the present research is the one-shot Additive Manufacturing of a low-cost capacitive
sensor for liquid level sensing. The Material extrusion (MeX) technology was used to fabricate the
proposed sensors (composed of a flexible substrate, two conductive electrodes and a top flexible
coverage) and a Design for Additive Manufacturing (DfAM) approach in conjunction with the 3D
printing forces analysis was performed. Very thin conductive tracks (0.5 mm) were manufactured to
obtain a sensor having a final capacitance value of 125 pF, readable by common laboratory
instrumentation.

The sensor has been tested for the liquid level sensing using two different liquids, i.e., sunflower oil
and distilled water, exhibiting very good sensitivity of 0.078 % and 0.79 %, respectively, with high

repeatability, thus obtaining sensing performances comparable with that of more expensive sensors
found in literature. Moreover, the proposed sensor showed high linearity (R2>0.997), which resulted
in a maximum propagated level error of 1.4 mm.

The present research proves that the inexpensive MeX technology can be successfully employed for
the fabrication of high-performance capacitive sensors: the sensor manufacturing cost is 0.38 € and
no manual assembly tasks were performed. This study lays the foundation for the one-shot fabrication

of smart structures with capacitive sensors on board, saving manufacturing time and cost.

2.4.1 Materials and methods

At the state of the art, material extrusion (MeX) technology has been unexploited for the fabrication
of coplanar capacitive sensors due to the low manufacturability of conductive materials. In
accordance with the coplanar capacitive sensor working mechanism (see eqg. (1) and eg. (2)), the more
the conductive tracks are thin and close to each other, the higher the final capacitance value is. The
possibility to obtain high capacitance values readable by common measurement instrumentation is a
key requirement for the fabrication of low-cost measurement circuits.

The main problem related to the additive manufacturing of thin conductive tracks has been addressed
by i) exploiting the Design for Additive Manufacturing (DfAM) approach, and ii) studying the forces
involved during the manufacturing process to avoid the breakage of the brittle conductive material
during the fabrication.

The proposed capacitive sensor was designed to be used for liquid level sensing, and it was
manufactured in a single shot 3D printing cycle: it consists of i) a flexible substrate of thermoplastic

polyurethane (TPU) , ii) two coplanar electrodes made up of conductive polylactic acid (CPLA), and



iii) a top cover made up of TPU which seals off the electrodes, thus avoiding the direct contact of the
electrodes with the liquid during the sensing. After the manufacturing process, the sensor covered
with a top layer of TPU (henceforth called TPU-covered) is ready to be used for liquid level sensing.
The overall sensor dimensions are shown in Fig.2.19 : in particular, the substrate is 171 mm long and
55 mm wide, while its thickness is 0.4 mm; the top TPU cover is 0.3 mm thick.

The design of the electrodes is a crucial point to obtain a measurable capacitance value: on one hand
thin conductive tracks really close to each other are required to obtain readable capacitance values,
on the other hand technological constraints must be taken into account when conductive filaments are
extruded. In accordance with [54] the capacitance of coplanar capacitive sensors is defined by the

following equation (13):

KGH/1-kd

13
K (ko) &
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where C (pF) is the capacitance of the whole sensor, N (dimensionless) is the number of electrodes
pairs, I (mm) is the length of each electrode along x-axis, &, is the vacuum dielectric constant (IE—IFn),
€. (dimensionless) is the effective dielectric constant of capacitive sensor in the air (further details

about this parameter are well explained in [54]), and K (k,) (dimensionless) is the elliptical integral

of the first kind in terms of k,, where k, is defined as follows (equation (14))

S

ko =
7 s+ 2w

(14)

where s (mm) and w (mm) are the electrodes spacing and width, respectively. Thus, the only design

parameters that can be set in order to maximize the final capacitance are N, [, s, and w .



Fig. 2-19- CAD design of the proposed capacitive liquid level sensor.

As a matter of fact, the free design variables are the [ parameter (length of the single electrode, as
shown in Fig. 2.19) and the overall electrodes length, which have been arbitrarily set as 25 mm and
150 mm, respectively. Consequently, considering all the manufacturing constraints (detailed in
section 2.2), it was found the best N, s and w values to maximize the final capacitance to be 57, 0.8
mm and 0.5 mm, respectively, thus obtaining a predicted capacitance of 82.7 pF from eq. (13).

The DfAM approach was used to successfully set w: considering the printing orientation (sensor flat
on the build plate with the flexible substrate in contact with it), the w parameter depends on the line
width process parameters, which in turn must be equal to the nozzle diameter. From equation (13),
the need to minimize w stands out: the following requirement is in contrast with conductive materials
processability (the bigger the nozzle, the less are the printing issues such as filament breakdown and
coggled nozzle). By setting further process parameters, it has been possible to use a 0.5 mm nozzle
and set w = 0.5 mm: it means that every conductive track will be the result of one single extruded

line. Similar considerations can be drawn for the s parameter: using a trial-and-error approach it was



found that the minimum spacing between two adjacent conductive tracks allowed by the FFF machine
was 0.8 mm. By setting lower values, an overlapping between adjacent conductive tracks occurred,
due to the filament expansion after the extrusion: in this way, no capacitance values were measured,
but only resistance ones. The electrodes thickness was arbitrarily set as 0.8 mm; however, lower
values are allowed. Moreover, the sensor was equipped with two square pads (side equal to 10 mm)
to weld electrical wires for the connection with the measurement instrumentation.

The sensor has been fabricated in a monolithic way, exploiting the advantages of the FFF technology.
A multi-material extrusion 3D printer (Ultimaker 3, Ultimaker, Netherland) and two commercial
materials were used (see Tab. 2.20). For TPU and CPLA, 0.8 mm and 0.5 mm nozzles were used,

respectively

Tab. 2-20- Materials used for the sensor manufacturing

Material Name Properties Manufacture Sensor parts
Thermoplastic TPU e Shore A hardness equal Ultimaker e Flexible substrate
polyuretane to 95 (Netherland) e Top cover

o Elongation at break
equal to 580%
Conductive CPLA e Resistivity of 15Q - cm | FiloAlfa (Italy) o Electrodes

Polylactic acid along the layers e Pads
e Resistivity of 20 Q - cm

perpendicular to the

layers

As a matter of fact, the smaller the nozzle size is, the more the level of detail is when conductive
materials (generally PLA-based doped with CNTSs) are used: the general advice provided by filaments
suppliers regards the usage of nozzles having a diameter equal to 0.6-0.8 mm. The main problem
which could occur when nozzles smaller than 0.6 mm are employed is the filament breakdown
between the gears pushing it into the extruder: the doping elements (i.e., CNTSs) scattered into the
plastic matrix make the filament very brittle.

To overcome this issue, it becomes crucial to set the right process parameters to reduce the printing

force (F,): in this way the force between the gears and the raw filament (F, ), which is responsible
for the filament breakage, will be reduced as well, thus avoiding the filament breakage. Indeed, Fy ¢

must be higher than E,: in this way the gears will push the raw filament into the extruder.

F,

9 = B (15)



In Fig. 2.20, a simplified model of the forces occurring during the manufacturing process, is provided

(the friction among the raw filament and the teflon guiding tube has been neglected).

TFyf
o0

[ |

Fig. 2-20- Simplyfied sSchematic diagram of the printing forces occurring during the manufacturing process.

In accordance with [55], F, can be calculated as the contribution of two forces:

E, = FE, + Fgep (16)

where F, is the “nozzle force” (equation (17)) and it refers to the melting process taking place inside
the extruder (the extruder can be divided into 3 different regions: in each one, a pressure increment
occurs), while Fg,, is the “deposition force” referring to the interaction between just extruded
filament and build plate (or previously extruded filament) taking into account the counterpressure
related to melting filament downstream of the nozzle: this force has been introduced by Percoco et al
[55] in 2021 and it links process parameters of the extruded filament with the classic F,, well known

in scientific literature [56]:

E, = (AP, + AP, + AP3)Af a7

where APy, AP, and AP; is the pressure increment into the three extruder regions, while Ay is the
cross-section of the filament. To better understand each term included into F, and F, and how they
affect the total printing force F,, the reader is addressed to [55] [57].

The nozzle geometry of this work is the same as [55] (Ultimaker nozzle), while rheological

parameters for CPLA are not available in scientific literature and classic PLA ones have been used.



It has been pointed out that to reduce F,, two parameters need to be set: printing temperature and

layer height, when they increase, the total printing force decreases (see equation (18)).
E, = f~(layer height, printing temperature) (18)

It appears clear that the only way to manufacture thin conductive tracks (and reduce the total printing
force) is to maximize the layer height and the printing temperature. Hence, the exploitation of the 0.5
mm nozzle for the brittle CPLA conductive filament is allowed by setting i) the layer height (lh)
parameter equal to 0.2 mm, unlike for the classic MeX scenario where high details are reached by
setting a low layer height value (i.e. 0.05 mm) [58], and ii) the printing temperature(7,) equal to 230
°C, higher than the suggested printing temperature range of 190-210 °C provided by the supplier.

A 23-factorial plan (three repetitions) was conducted to set the best (h and T,, values: the number of
printing successes for every combination (no filament breakdown and no nozzle clogging) extruding
CPLA were measured. Three values of [h (0.1, 0.2 and 0.3 mm), and T,, (190, 210, and 230 °C) were
studied and the best combination resulting in the maximization of the printing success was found to
be [h equal to 0.2 mm, and T, equal to 230 °C. In this way, thin conductive tracks with a width (w
parameter in section 2.1) of 0.5 mm were fabricated without any filament breakdown despite a huge
number (more than 20) of consecutive printed sensors.

In Tab.2.21 the main process parameters set for both materials are summarized.

Tab. 2-21- Main process parameters set for TPU and CPLA

TPU CPLA
Nozzle size (mm) 0.8 0.4
Layer height (mm) 0.2 0.2
Printing temperature (°C) 223 225
Line width (mm) 0.8 0.5
Printing speed (mm/s) 30 25
Flow (%0) 106 110

The total cost of raw materials for the TPU-covered sensor, estimated by the slicer software
(Ultimaker Cura 4.6) was 0.38 €, while the manufacturing time was 41 min. Fig. 2.21 a) and b) show,
respectively, the developed sensor during the 3D printing process and the sensor flexibility
(potentially, it can be easily attached to irregular and non-conventional structures, paving the way for

its exploitation in the field of wearable sensors).



The main advantage of the TPU-covered sensor, from a manufacturing standpoint, is the total absence
of post-processing to seal off the electrodes: very often manual tasks, i.e. coating, strongly related to
the operators’ skills are employed[59], [60]. In Fig. 2.21 c) the TPU-covered sensor and an uncovered
version (i.e., the same sensor without the top TPU cover) are shown.

Finally, to prove the additive manufacture method robustness, 10 samples of each version (see
Errore. L'origine riferimento non ¢ stata trovata.c) have been printed, carrying out the following
conclusions: i) no filament breakdown occurred, and ii) The TPU-covered mean capacitance value
was 125.5 pF with a very low standard deviation of 0.7 pF, due to a not uniform electrical resistance
of the raw conductive filaments (before of being melted into the nozzle) and noise effects occurring

during the printing such as vibrations, room conditions etc.

Fig. 2-21- a) Capacitive sensor during the manufacturing process, b) flexibility of the proposed sensor, and c) two versions of the
sensor: “sensor without the TPU top cover”, and “TPU-covered sensor”.



2.4.2 Results and discussion

In this section, the TPU-covered sensor was tested for liquid level sensing. Two different liquids were
used to test the sensor, i.e., distilled water and sunflower oil, and different metrological characteristics
were evaluated (i.e., sensitivity, linearity, offset, and repeatability).

Moreover, the temperature was measured during the performed tests (since it affects sensor
capacitance) and it was assessed to be stable (about 20 °C). A detailed analysis of the effect of
temperature on the capacitance of the proposed capacitive sensors was carried out in [40],
highlighting a nonlinear dependence of capacitance on temperature and obtaining a model to
compensate for its effect.

The measurement setup consists of (Fig.2 .22):

i. acustom-made 3D printed tank, which presents a vertical channel in which it was manually
injected a constant quantity of liquid by means of a syringe. The vertical channel avoids
the spatter of liquid droplets on the surface of the sensors, which could lead to errors in the
liquid level measurement.

ii. a34461A digital multimeter (Keysight Technologies, Santa Rosa, California, U.S), with 6
Y digits of resolution, for accurate measurements of capacitance in a range of 1 nF.

iii.  a control program developed in LabVIEW® by National Instruments Corp., to easily
manage the system, providing real-time monitoring and data storage for further processing.

iv.  adigital scale with a resolution of 0.001 g to measure the amount of liquid to inject.

Before performing the experiments, a preliminary test was performed to prove the tightness of the
TPU cover when immersed in two different liquids. The TPU-covered sensor was kept in a tank full
of water for 48 hours and no cover degradation was observed. Afterwards, the same test was

performed using sunflower oil, and no difference was observed.



3D-printed
capacitive
sensor

Fig. 2-22- Measurement setup

The TPU-covered was first tested for the sensing of sunflower oil level, then for distilled water level:
several conclusions can be drawn, proving that its behavior is consistent with capacitive sensors
described in the literature.

The following measurement protocol was used for both the liquids: the same amount of liquid,
weighed by means of the high accuracy digital scale, was injected into the for a total of 5 steps: at
each step, a settling time of 30 s was waited from the injection of the liquid, and the average of 20
consecutive capacitance readings was computed, in order to reduce noise. The results of test number
one for the sunflower oil are shown in Fig. 2.23. The whole procedure has been repeated 10 times (a
total of 10 test cycles) to assess the repeatability. After each cycle, a time of 4 minutes was waited,
in order to manually dry the sensor and empty the tank. All tests have been performed after zeroing

the offset capacitance of the multimeter and leads.
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Fig. 2-23- Capacitance of the TPU-covered sensor vs time. Test 1 with sunflower oil.

Fig. 2.24 a) and b) show the results of the performed tests for the TPU-covered sensor: in particular,
the offset of each curve was reduced to zero to provide a better comparison. The offsets of each curve
with respect to the 1% one, are separately shown in Fig 2.25, for water and sunflower oil. Very high
linearity of the sensitivity to the level of both liquids has been obtained, comparable to other high
linearity capacitive level sensors found in the literature [54], [60], [61], with a root-mean-square error
(RMSE) lower than 1.7 % of the full-scale output (FSO, calculated as the difference between the
maximum and minimum of the moving averaged capacitance for each test). A maximum propagated
error of 1.4 mm is obtained by dividing the nonlinearity error (RMSE) by the sensitivity of the sensor,
thus ensuring the good linearity performances of the proposed sensors. The main metrological
characteristics are summarized in Tab2.22.

The sensitivity of the sensor to oil and water is obtained by performing a linear regression on each
curve and by averaging the results of the 10 performed tests. As expected, the sensitivity to sunflower
oil is one order of magnitude lower than the one obtained with distilled water, since sunflower oil is
characterized by different electrical properties (i.e., lower electrical conductivity and dielectric
constant).

As shown in Fig.2.25, when sensing sunflower oil level, the offsets with respect to the 1% test shows
a random distribution with a mean and standard deviation of 0.64 + 0.16 pF. In the authors’ opinion,

this random offset could be due to i) changes in room conditions (i.e., slight temperature change), ii)



changes in tank conditions (after each test cycle the tank was manually cleaned up and some drops
could have remained into the tank), and iii) slight changes in the position of connection wires.
When sensing water level, instead, the sensor presents an increasing offset for each test, spanning a
range up to 14.5 pF: compared to oil sensing, the offset is meaningfully high (806 %) and it is not
randomly distributed, but it is increasing. Indeed, in addition to the random variable changes, above
described, in this case another important phenomenon takes place: the TPU material, of which the top
cover is made up, is characterized by a water absorption value of 0.18% in accordance with the ASTM
D570 test method (material data sheet). As a matter of fact, after each test cycle, a certain amount of
water gets trapped into the TPU cover leading to an ever-increasing initial capacitance value (initial
offset) from test cycle n to n+1, with n=1, ..., 9. Instead, during oil sensing the sensor does not show
increasing offset, since the employed TPU material does not provide any evidence of oil absorption,
unlike for water.

Nevertheless, despite the increasing initial offset, the TPU-covered version can be employed in short-
term tests by performing a zeroing procedure to compensate the offset, since the effect of water
absorption seems to not affect sensing performances in the short period. The next studies will focus
on the TPU-covered sensor lifespan.

However, in order to provide reliable measurements for long-duration tests, in this work a “tape-
covered” version of the capacitive sensor is proposed where the conductive electrodes of the 3D
printed sensor have been sealed off with adhesive tape in order to keep them isolated from the
surrounding environment. The sealing process represents a further manual task, nevertheless it results
easy to be performed and inexpensive: the authors present this solution as a good alternative to the
TPU-covered sensor for a long-period sensor usage in water, thus overcoming the water absorption
problem of the TPU cover. As for the TPU-covered sensor, also the tape-covered sensor was kept in
a tank full of water for 48 hours and no cover detachment was observed. It should be said that a little
amount of water is sufficient to short circuit the electrodes, thus preventing capacitance
measurements; hence, the 48 hours test was necessary to assess the tightness of the adhesive tape.
The same measurement protocol was applied to the tape-covered sensor, and the results are shown in
Fig.2.24 c).

As for the TPU-covered sensor, high linearity is observed for the tape-covered sensor, which presents
a sensitivity about 60% higher than the TPU-covered sensor: as well explained in [54], the top cover
of the sensor is accountable for the different sensitivity, in fact, the main differences between the two
top covers (embedded TPU cover and adhesive tape cover, respectively) are i) the cover thickness

and ii) the dielectric constant of the cover material.



The obtained results are really appealing: for example, if compared to [61], the proposed TPU-
covered and tape-covered sensors present a sensitivity to water level one order of magnitude higher,
with the advantage that they are manufactured in a monolithic way and by using a much cheaper
fabrication technology. Moreover, the proposed sensors can be directly integrated into smart
structures in the same fabrication, whereas ink-jet printing technology [61] requires further assembly
tasks, as well as manual procedures to isolate the electrodes from the liquid.

Finally, the tape-covered sensor presents a very low offset (1.42 + 0.24 pF) of the same order of
magnitude as the offset observed for the TPU-covered sensor when the oil was employed: as
previously described, the offset is due to slight changes in room, tank and wire conditions.

To summarize, the assembly-free TPU-covered version can be employed for oil level sensing
(without restrictions) and water level sensing (by applying a zeroing procedure), while the tape-

covered version can be employed for water sensing without applying any zeroing procedure.
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Fig. 2-24 - Capacitance vs level of liquid: a) TPU-covered in sunflower oil, b) TPU-covered in distilled water, c) tape-covered in
distilled water.
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Fig. 2-25 Offset of linear regression curves with respect to the 1% one.

Tab. 2-22- Metrological characteristics of the proposed sensors. Results are expressed as mean or mean + std. Propagated error is
obtained by dividing the linearity error (RMSE) by the sensitivity of the sensor.

- Linearity
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Liquid Sensor 5 R RMSE Propagated o0 | 6P Comments
S— p p
mm (pF) | (% FSO) | error (mm)
No zeroing
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0.002 0.16 )
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Zeroing
TPU-covered | 0.79+£0.01 | 0.9973 | 0.656 1.7 0.8 37.5 procedure
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No zeroing
142 +
Tape-covered | 0.49 £ 0.01 | 0.9988 | 0.281 11 0.6 0.04 24.6 procedure
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) manufacturing
Literature
0.074 0.998 --- --- technology;
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2.4.3 Conclusions

In the present research, the Material Extrusion (MeX) Additive Manufacturing (AM) technology has
been employed for the fabrication of a coplanar capacitive sensor for liquid level sensing.

The Design for Additive Manufacturing (DfAM) approach, in conjunction with the printing forces
analysis, has been exploited to fabricate a total of 57 conductive electrode tracks having a width of
0.5 mm and a spacing of 0.8 mm between them. In this way, a readable capacitance value of 125 pF
was achieved (measurable from common measurement instrumentations). The main benefit of the
proposed manufacturing approach consists of the one-shot fabrication of the whole sensor (flexible
TPU substrate, conductive electrodes and top TPU cover): no assembly tasks were employed,
resulting in cost and time saving (0.38 € and 40 min, respectively).

The proposed low-cost sensor has been tested for liquid level sensing: a very good sensitivity of 0.078
ﬁ (R?=10.9977) and 0.79 ﬁ (R?=0.9973) was achieved for sunflower oil and distilled water level,

respectively, proving that the performances of the proposed low-cost sensor are comparable with that
of more expensive sensors found in the literature. The sensor presented very high linearity, with a
propagated nonlinearity error lower than 1.4 mm.

The present work aims at pushing the role of the inexpensive MeX technology for the fabrication of
capacitive sensors embedded into 3D printed structures: non-conventional tanks as well as soft
structures actuated by means of fluids (fluidic actuators) can be 3D printed in the same fabrication
cycle alongside with the proposed capacitive sensor for liquid level detection, resulting in fabrication

time and cost saving.



3. CHAPTER 3: MEX FOR SOFT ROBOTS

3.1 Introduction of the chapter

In the last two decades, soft robotics has arisen as a new emerging scientific field attracting huge
interest not only in the academic world but also in industrial areas [62]. To understand the
attractiveness of soft robotics, an analysis of its counterpart, traditional hard robotics, becomes
crucial. Hard robots are well known for being i) very accurate, ii) able to act with high force and iii)
characterized by very complex feedback systems consisting of several sensors, but at the same time
they iv) can only work in a predetermined environment v) are made of discrete rigid links connected
to each other: for this reason, their degrees of freedom (DoF) are finite, and as a result, they have
discrete topology, vi) their degree of interaction with humans is very low, and vii) their cost is very
high due to hard materials and considerable electronics. To overcome all these issues, soft robotics
was developed [63].
e SOFT MATERIALS AND BIO-INSPIRATION

The use of soft materials enables the manufacture of soft robots. Soft materials are an essential
requirement because they allow i) mobility of soft robots in unpredictable environments because soft
materials can passively deform and adapt to the surrounding shape; ii) high impact resistance because
they distribute stress over a large area; and iii) complex geometries and shapes of soft robots [64].
Some widely used terms in the soft robotics field are often misunderstood due to the lack of precise
literature and continuous advances. Interesting definitions are provided by Chubb et al. [65], who
describe compliance as the inverse of stiffness and softness as the inverse of hardness. Even though
Young’s modulus (E) refers to prismatic and cylindrical samples subjected to axial stress, it is still
useful to classify materials as soft or hard. Generally, materials with E < 10°Pa are called soft
materials; the general idea is to use materials akin to natural organic materials such as fat, cartilage,
and skin characterized by E ranging from 10* up to 10° Pa [66]-[68]. It is important to point out that
soft materials, both biological and commercial, exhibit viscoelastic behavior, dissipating energy when
a load is applied; this material characteristic has to be taken into account during soft robot design as
a function of its application [69][70]. Recent advances in living materials could lead to a new era of
soft hybrid robots able to interact within the human body [71]. Soft materials in conjunction with bio-
inspired design give rise to soft robots with unconventional abilities such as jumping, climbing,
adaptable grasping, locomotion, growth, etc. [72]. Animals and vegetables can i) perform complex
movements using soft structures, ii) adapt themselves to unknown environments, and iii) modulate

their stiffness; based on all of these factors, bio-inspired design is a key requirement in soft robotics



[69], [73]. Soft robots inspired by octopus [74], [75], pangolin [76], fish [77], caterpillar [78], and
flower [79] are only a few examples of how nature is a powerful source of inspiration in the soft
robotics field. Because of the complex geometries and movements of soft robots, the classical models
widely used in hard robotics are unusable; according to [80], it is possible to split the approaches used
to model robot kinematics and dynamics into three classes: black-box (based on neural networks),
white-box (divided into geometry- and mechanics-based methods), and hybrid.

e APPLICATION FIELDS
Soft robots are gaining popularity thanks to the possibility of employing them in several applications.
One possible application field is the exploration of unknown environments; indeed, many soft robots
have been fabricated mimicking the gait principles found in nature (crawling, legged locomotion,
jumping, flying, and swimming) [81].
The bio-medical field is very promising for soft robotics too [82]: soft robots can be exploited in
several applications such as i) Minimally Invasive Surgery (MIS) and endoscopy [83], [84], taking
advantage of recent developments in electromagnetic tracking systems for surgical navigation [85],
[86], for example, Hu et al. developed a soft millimeter-scale robot able to roll into an ex-vivo chicken
tissue [87] ; i) drug delivery, as demonstrated by Baynojir et al [88]; iii) human body rehabilitation
[89]-[92](e.g., knee, foot, hand, etc.) and assistance: a powerful example is provided by i-support
devices designed to help elderly people with shower tasks [93], [94]. Another important field in which
soft robotics provides several benefits compared to its hard counterpart is manipulation. Shintake et
al. [95] classified soft grippers into three categories (actuation, controlled stiffness, and controlled
adhesion), which were characterized by a certain degree of interaction (grasping and manipulation)
with four kinds of objects (conventional, nonconventional, deformable, and flat).

e ADDITIVE MANUFACTURING
Several innovative methods have been used to manufacture soft robots. Due to the unconventional
materials employed in this scientific field, overcoming the traditional manufacturing approaches
becomes essential. Regarding the state of the art, the manufacturing approaches widely employed to
fabricate soft robots are molding (2D and 3D molding), soft lithography, shape deposition
manufacturing, and thin-film manufacturing [68-70]. In the last few years, a growing interest in
additive manufacturing (AM) technologies has emerged in this scenario [71-72].
Recent developments in 3D printing of soft materials [73] such as thermoplastic polyurethane-based
[74] or silicone-based [75] materials, biological-inspired materials [76], and stimulus—response
materials [77-79] and the possibility of printing soft electronic devices that can also be worn [80],
[81] paved the way for extensive use of AM technologies for soft robot fabrication. In this section,

the role of AM technologies in the manufacturing process of soft robots is analysed; in particular,



three methods to exploit AM techniques in soft robotics are described. The general idea underlying
this classification is to rank the role of these AM technologies within the entire manufacturing process
leading to soft robot fabrication. The three approaches used to exploit AM technologies in soft
robotics, found by analyzing the scientific literature, are rapid mold fabrication, hybrid, and total
additive manufacturing. Fig3.1 shows the three approaches as a function of the role of AM
technologies in the whole manufacturing process; in particular, in rapid mold fabrication, the role of
AM techniques is very marginal, in the hybrid approach the role increases but however other different
manufacturing technologies are still employed in fabrication, and in total additive manufacturing the
role of AM is huge; indeed, this is the only manufacturing technology employed for soft robot
fabrication.

All three approaches provide several benefits due to the use of AM technologies, but only total

additive manufacturing takes full advantage of AM capabilities.

Dominant
Role of AM in
the whole
manufacturing
process
Rapid Molq
abncation Marginal

Fig. 3-1- Additive Manufacturing approaches for soft robotics: rapid mold fabrication, hybrid approach and total Additive
Manufacturing.



3.2 Actuation systems in soft robotics

Actuation is the conversion of energy into mechanical work, and it can be defined as the core of the
soft robot. The actuation system in soft robotics affects several points, from the movements that soft
robots will be able to perform in the workspace to the required fabrication process. A wide variety of
actuation systems have been employed over the years; in this section, the most common actuation
systems with associated conventional manufacturing approaches are described and listed in Tab.3.1
Some examples of actuation systems are shown in Fig.3.2.

e FLEXIBLE FLUIDIC ACTUATOR (FFA)

Flexible fluidic actuation (FFA) is an actuation technology that is widely employed in soft robotics
because of low-cost elastomers, fast response time, and high actuation forces [35-36]. The working
principle underlying FFA is the use of a fluid (gas or liquid) to obtain deformation of an elastomeric
structure made up of patterned chambers connected to each other (see Fig.3.2 a) ). Generally,
compressed air is used to obtain soft robot actuation; an example is provided in [37], where the authors
developed a soft robot with four legs, and when the legs were pressurized with compressed air (138
kPa), the robot was able to walk in several kinds of environments (e.g., snow-covered ground),
showing benefits such as high resilience, the possibility to modulate the gait, and tolerance of large
loads (8 kg). The different pattern of the chambers not only involves different movements (e.g.,
bending, lengthening, twisting, etc.) [38-39] but also substantial differences in stress distribution,
fatigue response, exerted forces, and actuation speed [40]. All of these examples refer to air
compressor actuation, but liquid-driven devices have also been developed. One of the most important
is the soft glove developed in [28], consisting of several rubber chambers with fiber reinforcement;
when they are hydraulically actuated, they can help people in everyday tasks, showing negligible
impedance. The major advantage of using fluid (water in this case) is the portability and wearability
of the devices, which is not possible with gas-driven actuation (because, usually, compressed air can
be provided only by compressed air lines or portable heavy compressors): in fact, the electro-
mechanical components (battery, power regulation, microcontrollers, water reservoir, hydraulic
pump, and valves) have been designed to be included into a compact waist belt pack of 3.3 kg.
Figure 1 shows the main concepts related to the FFA system.

e CABLE DRIVEN ACTUATION



Cable-driven actuation is one of the easiest actuation systems used in soft robotics; this technology
has long been exploited in traditional hard robotics. The general idea underlying this method is the
use of DC motors to remotely pull cables anchored to soft robot bodies; in this way, several
movements can be performed. This approach offers low inertia, fast response time, and the possibility
to obtain high force values according to the selected motor. Another non-negligible benefit offered
by cable-driven actuation concerns the control; in fact, as the DC motor is a widely known technology,
it is quite easy to interact with them from an electronic point of view and create customized control
systems to manage soft robot movements. Generally, this kind of actuation is often used in
conjunction with other actuation technologies to increase the stiffness of the soft robot [41], such as
the well-known octopus arm soft robot [14], the i-support manipulator [33], and the self-pumping soft
actuator [42]. The most common cable-driven soft robots are inspired by tendons (mimicking human
fingers). Xu et al. [43] developed a soft biomimetic robotic hand equipped with 10 motors,
demonstrating not only good repeatability of motion of the single finger but also the possibility of
teleoperation for grasping and manipulating ordinary objects. Kang et al. [44], using cable-driven
actuation, designed and fabricated a wearable soft glove for people suffering from spinal cord injury;
the soft glove is made of a single material and is very lightweight at 104 g, as is the box containing
the motors, at only 1.14 kg. The low weight allows high wearability and suitability of the glove and
the possibility to easily carry the box, which can also be placed on a desk. It is possible to classify
cable-driven soft robots used to manipulate and grasp objects into two classes: contact-driven and
tendon-driven [45].

e SHAPE MEMORY MATERIALS (SMMs)

Shape memory materials (SMMs) are a class of materials that can be defined as "smart" because they
can be plastically deformed into temporary shapes, and after a thermal stimulus (after reaching a
certain switching temperature T_s) can resume their original shape. They can repeat this cycle
countless times. SMMs can be divided into two classes: shape memory alloys (SMAs) and shape
memory polymers (SMPs), both characterized by the same memory effect but using different
mechanisms to obtain this effect. In SMASs there is a phase change in the crystalline structure from
the martensite to the austenite phase. At room temperature T, the alloy structure is martensitic; this
means that Young’s modulus is low, and the alloy can be deformed by external stress. After reaching
T, the crystalline structure switches to the austenitic phase; during the phase change, Young’s

modulus increases, and the original undeformed shape is recovered.



The SMP mechanism is slightly different: at room temperature, Young’s modulus is high and the
polymer is undeformed; when Ty is reached (in this case Ty is the polymer glass transition temperature
T,), the material’s softness greatly increases and it is possible to change its shape by applying external
stress. When the temperature gets back to T, the new shape is frozen and only by reheating the
material (T >T;) can the original undeformed shape be recovered. SMA’s intrinsic properties make
this kind of actuation system very suitable for soft robotics [46]. For example, Lin et al. [17] to
developed the GoQbot, a caterpillar-inspired soft robot, using SMA coils to improve body
coordination, with the aim of performing a ballistic roll to increase the locomotion speed. She et al.,
using SMA as actuation technology, developed a soft hand with a grasping force of 9.7 N that was
very resilient and safe for humans because of its low weight (250 g) [47]. One remarkable work in
which SMP has been employed as actuation technology is the micro-gripper developed by Behl et al.
[48], which is able to grasp small objects such as a penny (see Fig 3.2b) ).

e ELECTROACTIVE POLYMERS

Electroactive polymer (EAP) is a kind of actuation system used in soft robotics that requires an
electrical stimulus to work; in particular, when an electrical field is applied, EAP exhibits a change
in size or shape, resulting in the actuation of the soft robot. Two classes of EAPs are employed in the
soft robotics field: dielectric elastomer actuators (DEAS) [96] and ionic polymer metal composites
(IPMCs). The working principle underlying the DEA is as follows: an elastomer membrane is
sandwiched between two electrodes, and when high voltage is provided (generally the order of
magnitude is greater than 1 kV), the electrostatic attraction force between the electrodes leads to
elastomer deformation. The IPMC structure is similar to DEA, with two electrodes and a polymer
membrane between them. The main difference is in the polymer composition; in this case, an ion-
conducting polyelectrolyte polymer is used. When voltage is applied to the electrodes (very low
voltage values compared to DEA, generally less than 5 V), the positively charged ions (cations) of
the electrolyte move toward the cathode while the negatively charged ions (anions) move toward the
anode. This migration involves the whole structure bending toward the positive (cathode) side.
Generally, IPMCs are used for applications where low actuation forces are required [97]. Several
DEA systems have been used for the manufacturing of grippers. Araromi et al. studied three gripper
designs, measuring performance (bending angle and grasping force) as a function of the applied
voltage, and found the best configuration for a micro-gripper weighed less than 0.65 g and was able
to bend its tip 60° with a grasping force of 2.2 mN [98]. The DEA approach has been used to actuate

bio-inspired soft robots able to move in water, such as fish-inspired [77] (see Fig. 3.2 ¢) ) and frog-



inspired [99] robots. As shown by Lumia et al. [100], who developed an IPMC-driven micro-gripper,
this actuation technology is suitable for the fabrication of grippers able to interact with and manipulate

small objects (e.g., a 15 mg solder ball).

e MAGNETO AND ELECTRO RHEOLOGICAL MATERIALS (M/E-RMs)

Magneto- and electro-rheological materials are a class of materials used in soft robotics as actuation
systems. They have embedded electrical or magnetic particles and can be elastomeric or fluidic
materials [101]. This class of materials needs an external electric or magnetic field to work; when it
is applied, they change their rheological properties. In fact, the electric or magnetic field causes an
alignment of the particles with the field, leading to soft structure movements such as bending,
contraction, elongation, etc. In particular, in electro-rheological materials (ERMs), the particles that
respond to the electric field are polarizable particles, while in magneto-rheological materials
(MRMs), the particles are ferromagnetic and are obviously susceptible to magnetic fields. The current
trend in the use of M/E-RMs in soft robotics is well outlined by Manti et al. [102]: in the MRM
family, the elastomeric version is widely employed because the fluidic counterpart is affected by
several issues such as particle settling, sealing problems, and environmental contamination. In the
ERM family, the use of the elastomeric version is less prevalent.

A very interesting aspect in MRM field is related to the possibility to program the ferromagnetic
particles embedded into the soft elastomeric material by means of an external source (magnetic field)
during the fabrication process in order to obtain given magnetization profiles resulting in several

shape changes and consequently different kinds of allowed movements[87], [103]-[105].

e LESS USED ACTUATION SYSTEMS

In this section, other actuation systems that are historically less frequently employed in soft robotics
(or, however new emerging systems) are described. Optical, humidity, pH, and chemical actuation
concern soft robots made up of gels and hydrogels [106], [107], while a low melting point material
(LMPM) actuation system concerns mainly alloys (embedded into the soft structure) that can switch
phase from liquid to solid in response to heat for a very high number of cycles, resulting in variable
stiffness soft robots [108], [109].

Soft robots made of liquid crystals (LCs) polymers and actuated by means of light-sources are gaining
worldwide popularity in the last few years for the possibility to create microrobots characterized by

the following advantages: adaptive motion, human-friendly interaction, and external and controllable



power supply [110], [111]. A greater example of LCs polymer-based miniaturized light-driven soft
robot is the work of Zeng et al. [112], they developed a micro inching soft robot which upon visible-
light excitation is capable of mimicking caterpillar locomotion on different places such as fingernails.

e HYBRID ACTUATION

Hybrid actuation systems exploit one or more actuation systems together.

An example is provided by the hydraulically amplified self-healing electrostatic (HASE) soft robots
[113], [114] developed by researchers of the University of Colorado. HASE soft robots are composed
of three main components: elastomeric shells, stretchable polymer-based electrodes, and a dielectric
liquid. When a certain voltage is applied to electrodes, electrostatic Maxwell stress put in motion the
dielectric liquid which deforms the flexible shells (by means of hydraulic pressure) resulting in a
deformation of the whole soft robot. In this way, two different actuation systems are employed: EAP
and FFA (in liquid-driven version).

Another example of hybrid actuation is the work of Liu et al [115] who, embedding Fe magnetic
microparticles into a shape memory thermoplastic polyurethane thin-film, fabricated a novel soft
robot that can be actuated in three different ways: only by means of SMP system; only by means of
MRM system in elastomeric version and exploiting both methods. Several shapes (such as flower and

scroll) have been designed and tested to prove the robustness of the hybrid actuation.

Tab. 3-1- Actuation systems used in soft robotics.

Name Acronym Subclasses

Flexible fluidic actuation FFA e Gas-driven

e Liquid-driven

Cable-driven actuation

e  Shape memory alloys (SMAS)
Shape memory materials SMMs e Shape memory polymers (SMPs)

e Dielectric elastomer actuators
(DEAs)
Electroactive polymers EAPs e lonic polymer metal composites

(IPMCs)




e  Electro-rheological materials

(ERMs): elastomeric and

Magneto- and electro- M/E-RMs fluid versions
rheological materials e  Magneto-rheological
materials (MRMs):

elastomeric and fluidic

Versions

e Actuation systems for gels and
hydrogels (optical, humidity, pH
and chemical)

Less-used Actuation Systems e Actuation system for alloys
(LMPMs)

e Liquid crystals (LCs) polymers

actuated by light sources

Fig. 3-2 Examples of actuation systems in soft robot: a) FFA gas-driven actuation system. Reprinted with permission from [116]. b)
micro gripper based on SMP actuation system. Reprinted with permission from [117]. ¢) fish-inspired soft robot based on DEA
actuation system, able to swim in water. Reprinted with permission from [77]



3.3 Additive manufacturing of airtight, monholitic, bending Pneunet with embedded air-
connector

3.3.1 Introduction of the chapter

Air tightness is a challenging task for 3D-printed components, especially for fused filament
fabrication (FFF), due to inherent issues, related to the layer-by-layer fabrication method. On the
other hand, the capability of 3D print airtight cavities with complex shapes is very attractive for
several emerging research fields, such as soft robotics. The present research proposes a repeatable
methodology to 3D print airtight soft actuators with embedded air connectors. The FFF process has
been optimized to manufacture monolithic bending PneuNets (MBPs), an emerging class of soft
robots. FFF has several advantages in soft robot fabrication: (i) it is a fully automated process which
does not require manual tasks as for molding, (ii) it is one of the most ubiquitous and inexpensive
(FFF 3D printers costs < $200) 3D-printing technologies, and (iii) more materials can be used in the
same printing cycle which allows embedding of several elements in the soft robot body. Using
commercial soft filaments and a dual-extruder 3D printer, at first, a novel air connector which can be
easily embedded in each soft robot, made via FFF technology with a single printing cycle, has been
fabricated and tested. This new embedded air connector (EAC) prevents air leaks at the interface
between pneumatic pipe and soft robot and replaces the commercial air connections, often origin of
leakages in soft robots. A subsequent experimental study using four different shapes of MBPs, each
equipped with EAC, showed the way in which different design configurations can affect bending
performance. By focusing on the best performing shape, among the tested ones, the authors studied
the relationship between bending performance and air tightness, proving how the Design for Additive
Manufacturing approach is essential for advanced applications involving FFF. In particular, the
relationship between chamber wall thickness and printing parameters has been analyzed, the thickness
of the walls has been studied from 1.6 to 1 mm while maintaining air tightness and improving the
bending angle by 76.7% under a pressure of 4 bar. It emerged that the main printing parameter
affecting chamber wall air tightness is the line width that, in conjunction with the wall thickness, can

ensure air tightness of the soft actuator body.

3.3.2 Leakage-free 3D printed embedded air connector

The dual-extruder 3D printer Ultimaker 3 (Ultimaker, Utrecht, the Netherlands), which enables the
usage of two different filaments in the same printing cycle, has been used to manufacture the
monolithic bending PneuNet (MBP). The two commercial filaments chosen were: (i) polyurethane



thermoplastic produced by Ultimaker with a shore A hardness of 95 (TPU 95A), a tensile modulus of
26 MPa, and an elongation at break of 580% and (ii) a low-friction polyurethane thermoplastic
developed by BASF (Ludwigshafen, Germany) , on the market since 2019, with a shore A hardness
of 80 (TPU 80A LF) and a tensile strength ranging from 17 to 22 MPa depending on the printing
direction of the sample. All technical data were from filament’s datasheets. TPU 95 A was used to
create the male embedded air connector and to fabricate the inextensible portion of the actuator,
whereas TPU 80 A LF was chosen to manufacture the extensible segment of the MBP.

The ideal material to manufacture the air connector was rigid and does neither break nor twist under
high pressure (up to 7 bar). At the same time, boundary interface problems between the two materials
with very different hardness values must be taken into account during the dual-extruder printing
process.

A common problem with pneumatic soft robots typically occurs at the interface between the soft robot
and the pneumatic system that supplies the compressed air, where recurrent air leaks may not only
reduce the soft robot performance but may also pose a potential danger for the surrounding
environment once high pressures are reached. This problem is often addressed through solutions that
are rather complex from an assembling point of view [23], [30].

Here, an innovative 3D-printed male embedded air connector (EAC) which can be easily embed in
every soft robot made with FFF technology requiring only one printing cycle has been developed.
The proposed EAC ensures the total absence of any air leaks at the interface between the soft robot
and the pneumatic system. Its general purpose is to mimic the commercial male air connectors (often
made of steel), quickly engraftable into the female connector attached to pneumatic pipe (Fig3.3 a)).
Since 3D-printed soft robots are made by soft materials, it has been decided to use as well a soft
material for the EAC (it will be manufactured in the same printing cycle of the soft robot) in order to
reduce several manufacturing problems, as explained above. The EAC was initially fabricated and
tested with the same nominal size as the commercial male connector but the tests highlighted air
leaks. Due to the lack of scientific literature addressing this issue, a trial and error method was applied
to find the correct nominal value of the connector’s diameter, increasing its value. The four external
diameters of the EAC (from D: to D4 in Fig 3.3 b) and c)) were increased in steps of 0.1 mm until
the air tightness was reached. The EAC diameters needed to be designed at least 0.5 mm wider than
those of the standard connectors.

Ultimaker Cura 4.4 software (Ultimaker, Utrecht, the Netherlands) was used to set the printing
parameters and communicate with the 3D printer. Tab3.2 shows the manufacturing parameters used

to fabricate the EAC. Because of its circular shape, the EAC was printed with its longitudinal axis



perpendicular to the build plate (Fig3.3 d)) which afforded the following advantages: (i) no supports
are required and (ii) the nozzle can perform circular movements to create the EAC shape.

This printing orientation also guarantees the complete absence of air leaks.

The printed EAC was inserted into the pneumatic pipe and several tests were performed to evaluate
its air tightness. For each test, the EAC was submerged in a beaker filled with water to facilitate the
detection of air leaks. To work safely, EAC was anchored to the beaker using a custom-made support.
Each EAC underwent the following 3 tests: (i) the pressure was increased in steps of 1 bar from 0 to
7 bar (uphill phase) and then reduced again in the same manner to reach 0 bar (downhill phase), with
1 min between pressure changes. This test was repeated 10 times for each specimen; (ii) here, the
pressure abruptly alternated between 0 and 7 bar, remaining for 5 s at each level and repeating these
cycles 50 times; and (iii) here, the specimens were exposed to a pressure of 7 bar for a time of 15
min.

During each of the above tests, no water bubble was detected into the beaker full of water, thus
demonstrating the absence of any air leaks.

The innovativeness of the EAC consists in a single-step printing cycle to embed connectors
potentially in every soft robot made by FFF, reducing the use of commercial solutions, often

unsuitable for pneumatic soft robots.
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Fig. 3-3- a) Pneumatic pipe and commercial air connector, b) Revolved sketch (all dimensions are in mm), b) 3D model of the embedded
air connector (EAC), c) Printing orientation (EAC axis perpendicular to the build plate), and €) Printing orientation (EAC axis parallel
to the build plate).




Tab. 3-2 Printing parameters for the embedded air connector (EAC).

Parameter Value

Nozzle diameter 0.4 mm

Printing temperature | 225 °C

Printing speed 25 mm/s
Infill density 100%

Infill pattern Circular

Retraction distance 7.5 mm

Adhesion type Brim

Layer height 0.15 mm
Line width 0.4

Bed temperature 60 °C

One alternative printing orientation has been examined (Fig.3.3 €)): with this orientation (EAC
longitudinal axis parallel to the build plate), supports were required during the printing process and
the staircase effect affected heavily the cylindricity of the component showing a high dependence on
the layer height. These two features affect the EAC’s air tightness. In particular, the supports can
damage the EAC when they are manually removed from the structure and thus cause air leaks. For
this reason, the effect of two different kinds of materials for the supports has been studied: TPU 95
A (the same used for the EAC), which requires manual removal and polyvinyl alcohol (PVA)
(Ultimaker, Utrecht, the Netherlands), a water-soluble material that does not require any manual
removal.

Regarding the cylindricity, it has been decided to investigate the staircase effect on EAC air tightness.
Layer heights considered in this study were 0.15 mm (the same used in the first printing orientation)
and 0.05 mm, the minimum layer height allowed by the Ultimaker 3 3D printer.

Using the support material and layer height as factors and assigning two levels to each factor, a full
22 factorial experiment has been performed to understand the influence of these factors on air tightness
and if a combination of factors that ensures the absence of air leaks exists. The response variable was
the leakage (L/min) measured with the following method:

The EAC is connected to the pneumatic pipe of the compressor and a pressure P, of 3 bar has been
reached.

The air supply is stopped and the amount of pressure reduction (indicative of an air leak) is measured,

resulting in the time t4,.,;,, until a new pressure P; of 2 bar is reached.

Compressed air is resupplied and the time to reach P, , t,;s., IS measured.



The amount of air leakage (q;.4%) in L/min can then be calculated as shown in equation (19):

trise
= * ——
Qieak Qc trise + trop (19)

where Q. is the air flow of the compressor (180 L/min).

The software Minitab 17 was used to analyze the 22 factorial experiment and Tab3.3 summarizes the
nomenclature of the factors and levels.

Each EAC is characterized by a certain combination of factors and levels and was printed in triplicate
(number of replication (n) of the factorial plan is 3) to account for variabilities in the manufacturing
process and obtain a better estimate of the impact of factors. To reduce the effect of uncontrollable
external factors related to the 3D printing process, the manufacturing of the EAC samples was
completely randomized.

The amount of air leakage (q;.4%) for each sample as well as the overall mean p and variance o2 for

each factor combination is shown in Tab. 3.4.

Tab. 3-3-Factors and levels

Factors=> | A B

Levels\ Layer height | Support Material
-1 0.05 mm PVA
+1 0.15 mm TPU95A

For the combinations ab and b the variance is 11.3 and 0.29, respectively, the highest variance among
the 4 combinations. Both combinations ab and b are characterized by the same level of factor B,
namely the usage of TPU 95 A as support material. Manually removing the TPU 95 A supports is a
critical operation that requires a high level of skill of the operator to avoid damage to the EAC which
may explain the high level of variance associated to the samples using TPU 95 A support materials.
In fact, for these two combinations the amount of air leakage was closely related to the support
removal. Combinations (1) and a used PVA support materials and only showed low variances of
0.001 and 0.02, respectively, because no manual operations were requested to remove the supports

as they are dissolved in water. Fig. 3.4 shows an EAC specimen with PVA support.



Fig. 3-4 EAC with PVA supports.

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value VIF
Constant 3,458 0,603 5,74 0,000

Layer Height 5,108 2,554 0,603 4,24 0,003 1,00
Material Support 3,112 1,556 0,603 2;58 0,033 1,00
Layer Height*Material Support 1,618 0,809 0,603 1,34 0,216 1,00

Fig. 3-5- Results of the factorial plan.

Tab. 3-4- Results of the factorial plan for every combination.

Replicates M o?
[L/min] [L/min]
Combination name | A | g (Gtear )1 | (Qiear )2 | (iear )3
@)) -1 |-1]0417 0.11 0.19 0.157 0.001
ab +1 | +1 | 12.78 4.62 7.73 8.38 11.30
a +1]-1 | 361 3.84 3.49 3.65 0.021
b -1 | +1 ] 1.66 2.31 0.98 1.65 0.29

Several conclusions can be drawn from the data analysis, as shown in Fig.3.5:

1. No combination resulted in complete air tightness when the EAC was printed with its
longitudinal axis parallel to build plate.

2. The main parameter affecting air leakage is layer height which indicates that switching from
a layer height of 0.05mm to 0.15 mm resulted in a greater increase in air leakage than changing
the support material.

3. The type of support material only has a minor effect on air leakage. Keeping the layer height
constant, the variance increases by moving from PVA to TPU 95 A which is due the latter
material requiring the manual removal of the support.

4. The interaction between both parameters is small in comparison to the effect of individual
parameters. Also, in accordance with p-values it is possible to assert that the main effects of
A and B are statistically significant and that there is no interaction among them.



5. The best solution in terms of minimizing air leakage is also the most expensive one because
it requires the use of two different materials and the amount of extruded filament is larger than
with other combinations (the quantity of extruded filament increases when the layer height
decreases). The cost, as estimated by the slicing software, for the four combinations a, b, ab,
and (1) is 0.74, 0.61, 0.58, and 0.89 €, respectively.

In conclusion, if the EAC is printed with its longitudinal axis perpendicular to the build plate results
in complete air tightness. If the EAC is printed with its longitudinal axis parallel to build plate some
air leakage occurs, which can be minimized to a mean value of 0.157 L/min, however, by using

tailored strategies (PVA as support material and a layer height of 0.05 mm).

3.3.3 Geometry investigation for bending Pneunets

PneuNet (pneumatic network) is a class of soft actuator which can perform several movements in
accordance with its design geometry. In this research the possibility of 3D printing a monolithic
bending PneuNet (MBP) with the EAC directly embed into the structure (i.e., without using any
commercially available air-connectors) has been investigated.

Because elements made using FFF technology are anisotropic (it is difficult to predict their behavior
using methods such as Finite Element Analysis simulations), and also fabricate MBPs with this
technology is inexpensive (the total cost for each MBP is less than 5 €) and automated (no manual
tasks are required as for PneuNets manufactured with molding technologies) it has been decided to
manufacture and empirically evaluate 4 differently shaped MBPs with the aim to find the shape that
shows the best performance in terms of bending angle.

Each MBP consists of an EAC, an embedded L-junction to direct air flow to the extensible portion,
an inextensible portion with a height of 3 mm, and an extensible portion equipped with several
pneumatic chambers. The difference between the 4 MBPs is limited to the shape and geometry of the
extensible portion (Fig. 3.6 a),b),c) and d)). While each MBP has the same width of 18 mm, the
active bending length varies slightly to allow a finite pattern number of chambers. The active bending
length (or in other terms the length of the extensible portion) for R, D, B, and S- types is 80, 76.9, 76,

and 81.4 mm, respectively.



(e)

L-junction

Wall thickness

Fig. 3-6-a) S-type, b) B-type, ¢) R-type, d) D-type, €) Cross section of S-type, and f) top view of the S-type into the slicing software, it
is possible to see the four adjacent lines of extruded materials; each one has width of 0.4 mm, which compose the 1.6 mm thickness of
the chamber walls.

The proposed MBPs have been designed using the DfAM approach:

1. The EAC embedded in the soft actuator structure has been designed for printing with its
longitudinal axis perpendicular to the build plate to ensure air tightness at the pneumatic pipe
interface. With this design choice it is necessary to direct the air flow toward the extensible
portion which is achieved through an embedded L-junction that can switch the air flow from
the EAC to the pneumatic chambers (Fig.3.6 e)).

2. Apart from ensuring the absence of air leakage at the interface between EAC and pneumatic
pipe, the authors also made sure that there is no leakage into the extensible portion. This is
crucial for finding a suitable thickness of the pneumatic chambers walls. Both portions were
fabricated using a nozzle diameter of 0.4 mm, for this reason in the slicing software Ultimaker
Cura 4.4 the line width parameter was set to 0.4 mm. For this reason, the thickness of the
pneumatic chamber walls will be a multiple of 0.4 mm. Through trial-and-error method, it has
been found that the minimum chamber wall thickness to ensure air tightness is 1.6 mm. Hence

the minimum number of adjacent lines of extruded filament needed to avoid air leakage is 4
(Fig. 3.6 ).

The manufacturing time and cost for R, D, B and S-type estimated by slicing software were
respectively 7 h 44 min, 8 h 55 min, 8 h Imin, 9 h 35 min and 4.11 €, 4.68 €, 4.23 €, 4.99 €.



Process parameters set are listed in Tab.3.5.

Tab. 3-5- Process parameters set for the Pneunets fabrication.

PARAMETER EAC Inextensible portion Extensible portion L-junction
v
Material TPU95 A TPU95 A TPU 80 A LF TPU B0 A LF
Flow 106% 106% 120% 120%
Infill percentage 100% 100% 100% 100%
Infill pattern CIRCULAR ZI1G-ZAG LINES LINES
Temperature 225 °C 225°C 240°C 240°C

After fabrication, the 4 MBPs were tested to link bending angle and tip position in 2D space to

pressure input. The setup consisted of an air-compressor, a rigid frame to which the MBP was attached

in front of a square millimeter grid used for the optical readings, and a Canon EOS D400 digital

camera to record the tip position and bending angle (Fig.3.7a)).

Starting from an input pressure of O bar (rest condition), the pressure was increased with step of 1 bar

till to reach the maximum value of 4 bar, at each pressure step one image has been captured to measure

the bending angle and the tip position.

Fig.3.7 b) shows the bending angles obtained for different input pressures for the 4 different MBP

shapes.

(b) BENDING ANGLE VS PRESSURE INPUT

Bending angle [deg]

Pressure [bar]

Fig. 3-7- a) lllustrating how bending angle and tip position were calculated, b) Bending angle vs. pressure for each MBP type, and c)
Zoom of an R-type MBP showing its behavior when pressurized.




The R- and S-types were the most flexible and exhibited very similar bending angles and tip
displacements. At 1 bar, their bending angles only differed by 0.1°. At higher pressures of 2 and 3
bar the S-type is lightly more rigid than the R-type while at 4 bar the bending angles are again very
similar (41.3° for R-type and 41.4° for S-type). D- and B-type were the least flexible and had
comparable bending angles between 0 and 3 bar while at 4 bar the D-type was more flexible than the
B-type and, however, less flexible than both R- and S-types. Overall, the R-type thus turned out to be
the best MBP as it is the most flexible between 0 to 3 bar and equally flexible at 4 bar as the S-type.
From the experimental phase, several considerations about the relationship among MBPs bending
behavior and constitutive design parameters can be drawn. When pressurized, the chamber walls,
aligned with the air flow (in other terms parallel to air-flow), tend to stretch and the walls
perpendicular to the air flow (such as the top chamber wall) tend to expand.

Consequently, it is possible to translate this consideration in the maximization, for each pneumatic

chamber, of the ratio (S) computed as shown in equation (4) being S, the surface area of the walls
parallel to air flow and S, the surface area of the walls perpendicular to air flow:

Spar

maxS =

(1)

Sper
The second most important design feature which affects the flexibility of MBPs is the close proximity
of adjacent chambers. The chambers stretch their walls in the air flow direction so increasing the
closeness among adjacent chambers there will be a better MBP elongation because the chambers will
better push against each other. In Fig.3.7 c) a zoom of R-type MBP during the compressed air
insufflation is shown; from this picture it is possible to graphically see the two features described
above: when compressed air is insufflate the walls perpendicular to air flow expand themselves while
the walls parallel to air flow stretch themselves and it involves the push of adjacent chambers resulting
in the actuator bending movement.
For the same wall thickness and active bending length, the bending performance of the different
MBPs mainly depended on their shapes, as a matter of fact those with maximal S ratios (see Eq.(4))
and proximity between adjacent chambers would perform best.
In conclusion, S- and R-types delivered the greatest bending angles because their designs optimize S
ratio and chamber proximity. While the R-type has the closest proximity between adjacent chambers,

the S-type has the highest S ratio.

3.3.4 Bending performance improvement



In accordance with scientific literature, the two main features affecting bending performance are the
chambers wall thickness and the numbers of chambers. As regards the former, it has been proved
both experimentally and theoretically that small values of wall thickness generate an increase in the
final bending of the actuator [116], [118]. As regards the latter, it has been shown in literature, that
the more are the chambers for a given length the greater is the bending[116]. In the present work, it
has been decided to focus on wall thickness.

In 3.3.3, it was shown how the minimum wall thickness to guarantee air tightness was 1.6 mm, i.e.,
four adjacent extruded filament lines of 0.4 mm. Working on R-type, a way to reduce wall thickness
but at the same time avoid any possible air leakage has been found. In this study all the design
parameters, except wall thickness, have been held unchanged in order to quantify how walls thickness
impact on the bending performance. Because line width parameter (in Fig 3.8 it is possible to see the
difference among 3 different line width values on the same square component) depends on nozzle
size (generally this value should range from - 20% up to +20% of nozzle diameter), then it has been

decided to use a nozzle diameter of 0.25 mm in order to set line width value lower than 0.4 mm in

the slicing software (set to fabricate MBPs with wall thickness of 1.6 mm).

(b)

Line width

Fig. 3-8- Three different line width values: a) 0.2 mm, b) 0.4 mm, and c) 0.8 mm

N

In this way, a line width value of 0.2 mm in the slicing software was set and R-type wall thickness
was decreased from 1.6 mm to 1 mm. These choices (nozzle diameter = 0.25 mm, line width = 0.2
mm and wall thickness= 1mm) involve 5 adjacent extruded lines. Testing this new kind of R-type, its
air tightness has been proved.

The novel important feature discovered in this research is that the air tightness of MBPs
manufactured via FFF technology does not depend on the wall thickness as for PneuNets fabricated
by molding, but it depends on the number of adjacent extruded lines that make up the chamber wall.
So, the key printing parameter that needs to be tuned to avoid air leakage is “line width”, which is
related to actuator design in the following way: the wall thickness of each MBP should be equal to



line width value set in slicing software multiply for 4 or 5 times. This proves how DfAM is crucial
for advanced applications involving FFF technology.

There is thus a direct correlation between “line width” printing parameter and MBP air tightness and
the knowledge of this relationship is the enabling key to fabricate 3D printed soft robots with
improved performance. For the 3D printer employed in this research, namely Ultimaker 3, the
smallest available nozzle diameter is 0.25 mm. For other commercial dual-extruder 3D printers,
nozzles with a diameter of 0.1 mm are available: it means that should be possible to fabricate soft
actuators with values of wall thickness lesser than 1 mm (i.e. setting line width parameter as 0.1 mm,
a wall thickness of 0.5 mm , air-tightness should be ensured).

Fig.3.9 a) and b) show the effect of the wall thickness on bending angle and tip position for R-type
actuator with the two different wall thickness values: 1 mm walls R-type is far more flexible than its
counterpart, i.e. the 1.6 mm walls version. In fact, the improved value of bending angle when an input
pressure of 4 bar was provided was 72.9 ° against 41.3 ° of the previous version, resulting in a bending

angle improvement of 76.7%

(a) BENDING ANGLE

Bending angle [deg)

(b) TIP POSITION

—&—walllmm —@—wall1.6 mm
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Fig. 3-9-a) Bending angle vs. input pressure for R-type with wall thickness of 1.6 and 1 mm, and b) Tip position, here it is possible to
see the tip movements in the 2D space for R-type with 1.6 and 1 mm wall thickness

100



3.3.5 Conclusions

In this work, a new manufacturing approach for soft actuators based on the inexpensive FFF approach
has been presented. A novel 3D printed air connector with the following features was developed: i)
it can be easily embed in soft robots made with FFF technology as it can be manufactured in the same
printing cycle as the soft robot; ii) it is completely air tight at the interface between the pneumatic
pipe and the soft robot; and iii) it enables to overcome assembly problems due to the usage of
marketable air connectors. Using a 22 factorial plan, we could show that only one printing orientation
can ensure the absence of air leaks in the 3D printed air connector. By comparing four different 3D
printed MBP shapes the authors found that the best performance was achieved with the R-type MBP
characterized by a bending angle of 41.3 ° when a pressure of 4 bar was supplied. Also, from
experimental data the authors outlined two design rules needful to better understand why some
actuator shapes result more performing than others. In the shape selection phase, the minimum wall
thickness able to ensure air-tightness was 1.6 mm; by using a Design for Additive Manufacturing
approach (DfAM) it has been possible to reduce the minimum wall thickness up to 1mm, ensuring at
the same time the total actuator air-tightness. The new improved R-type actuator results by far more
flexible compared to the first version: the bending angle has been improved by 76.7 %, switching

from 41.3 ° to 72.9° when a pressure of 4 bar was supplied



3.4 Additive Manufacturing of silicone structures with embedded actuators for bio-
inspired soft robotic systems

3.4.1 Introduction

Recently, the fabrication of extremely soft structures capable of performing bio-inspired complex
motion is a challenging task in soft robotics. On one hand, traditional manufacturing methods such
as silicone molding do not allow the fabrication of complex structures; on the other hand, alternative
fabrication technologies such as lithography and bioprinting of hydrogels are expensive. This research
describes a unique biomimetic morphing structures obtained from a custom-made, inexpensive 3D
printing setup capable of extruding silicone (Ecoflex 00-10): two process parameters, printing speed
and build plate temperature were examined to study the effect on printing accuracy. Additionally, the
silicone curing mechanism was investigated, and an innovative method for locally curing recently
extruded silicone was proposed. The proposed 3D printing setup was used in conjunction with a
cartesian pick and place robot (CPPR) to completely automate the fabrication of 7 mm thick silicone
skin structures with embedded shape memory alloys actuators: these structures were fabricated
monolithically without any assembly tasks and direct human intervention. Taking advantage of the
possibility to 3D print bioinspired structures, three different patterns were fabricated over the silicone
skin, resulting in remarkable dynamic motions: out of plane deformation (from the x-y plane to the
x-z plane) was achieved for the first-time employing silicone skin, to our knowledge. This work aims
to advance the role of additive manufacturing in the field of soft robotics by demonstrating all the
advantages that a low-cost, custom-made silicone 3D printer can bring in terms of manufacturing soft
structures, thus further paving the way for future research aimed at modeling the behavior of 3D
printed bioinspired structures.

The silicone structures with embedded actuators, exhibiting motion similar to motions of animals are

shown in Fig.3.10.



ACTIVATED

Fig. 3-10- Structures fabricated using the custom-made silicone 3D printer and motions obtained when the SMA spring actuator was
activated.

3.4.2 Materials and methods

The current study demonstrated an inexpensive custom-made 3D printer based on the material
extrusion technology to create extremely soft silicone structures with embedded shape memory alloys
(SMASs) actuators capable of complex motions. Specifically, using the proposed setup two classes of
silicone structures were fabricated: i) traditional one (proving that using the proposed fabrication
setup the whole manufacturing cycle is fully automated) capable of motions recalling several animals
as shown in Fig 1 a) , and ii) patterned one (silicone structures with different patterns impossible to
be manufactured exploiting the traditional fabrication approach) capable of out of plane motions, as
shown in Fig 1 b) An open-source 3D printer (The Maker Farm Prusa 8" i3v kit) already used in [20]
has been modified further with the addition of the following:



)] A stepper motor was installed in the machine's top section (connected to a wooden support
structure).

i) A system consisting of two gears connected to the motor shaft and a lead screw equipped
with a custom made "pushing” part was assembled and connected to the lead screw to
convert the stepper motor motion to a linear motion capable of pushing the syringe
containing silicone material and obtaining the silicone extrusion.

iii)  Asyringe holder is attached to the wooden support to hold the syringe, lead screw, gears,
and stepper motor.

iv) A silicone-filled syringe reservoir is connected to a plastic tube by a plastic connector
(Female Luer x 1/8™ hose barb adapter), which is connected to a terminal calibrated plastic
nozzle via a plastic connector (Male Luer Lock 1/8" hose barb adapter).

Fig 3.11 shows the above-mentioned 3D printing setup.

Ecoflex 00-10, a dual-part silicone (part A and part B) material, was used in this research since it
demonstrated excellent versatility, processing easiness and reliability while fabricating 3D printed
structures and soft somatosensory actuators [119] [120]. In Tab.3.6, the most important
characteristics of Ecoflex -10 (from material data sheet) are listed.

After pouring equal amounts of Parts A and B into the mixing container (1LA:1B volume or weight
ratio), they were thoroughly stirred and mixed for at least 3 minutes. The silicone was poured into a
60 mL syringe and connected to the 3D printed setup following the mixing procedure. Avoiding air
entrapment and bubble formation inside the syringe is critical throughout the mixing procedure. Air
bubbles were carefully removed from the syringe using vacuum degassing; otherwise, the pressure

caused by the air inside the syringe could force the syringe to break.

Tab. 3-6- Silicone properties

Properties ECOFLEX™ (0-10
Viscosity (Mixed) 140 Poise
Density 1040 Kg/m3
Specific Gravity 1.04 g/cc
Mix Ratio (By Weight) 1A: 1B
Mix Ratio (By Volume) 1A: 1B
Elongation at Break 800%
Pot Life 30 minutes
Cure Time 4 hours
Tensile Strength 120 psi
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Fig. 3-11- a) Proposed custom-made 3D printing setup, b) Syringe-tube-nozzle system, ¢) 175 mm 3D printed circle, and €) 175 mm
3D printed square.

3.4.3 Process parameters- Literature review

Attributed to the reason that additive manufacturing of silicone structures is an emerging
manufacturing technology, the scientific literature is scarce on process parameters: few studies
correlating process parameters to output variables (such as mechanical properties, surface finishes,
and dimensional accuracy, among others) have been conducted, in comparison to more established
AM technologies such as FFF [58] and SLA [121].



The primary efforts made to correlate process parameters to printing outputs as in printing accuracy,
printing force, intralayer adhesion, and mechanical properties are critically analyzed in this section:
the significant process parameters, measurement units, and abbreviations are listed in Tab.3.7.

Tab. 3-7- Main process parameters for silicone 3D printing studied in scientific literature

Process parameter Measurement unit Abbreviation
Build plate temperature °C T,
Printing speed mm/s Sp
Deposition Rate D,

mm/mm

Flow rate mL/s Q
Layer height mm h
Nozzle diameter mm d
(Pressure)? KPa P
Raster width mm R,
Curing temperature °C T.
Compressed factor X
Number of outlines 0
Infill angle ° 1,

Colpani et al. [122] studied the effect of three parameters (T}, Sy,and D,.) on the final accuracy of

silicone samples by determining the average width and variability of fabricated structures. They
conducted a DoE plan and determined that i) T;,, mainly affects the line width average: as T}, increases,
the silicone's solidification time decreases, resulting in far less material spreading during printing and
a higher degree of accuracy in the extruded structure. Furthermore, they found that the highest limit
of T, was about 100°C: above that point, they encountered nozzle obstruction. ii) The D, linearly
influences the width average value confirming that the material solidification is under control and iii)
The three process parameters analyzed by the authors have no impact on the variability of the width.
Plott et al. [123] studied a crucial aspect in extrusion-based silicone: the relationship among process
parameters and voids (number, dimension, and effect on tensile strength). They observed that i) when
Xisequal to 1 and 0.97 and I, is equal to +/- 45° and 90 °, high level of tensile strength is obtained:
even though some small voids are present when X is equal to 0.97, high tensile strength was
maintained because the voids were able to orient themselves along the direction of force. ii) the 0°
infill specimens were found to be the worst performing in tensile strength due to the internal tangency
voids. Similar considerations have been highlighted in Miriyev et al. [124] who correlated I, to
mechanical properties (and extruder silicone formulation). They discovered that maximum strain was
reached when 1, is equal to 90°, while the maximum tensile force was reached by setting I, equal
to 0°.



Walker et al. [125] performed an intriguing study in which they examined the relationship between
T, and intralayer adhesion using a peeling test. This work is interesting because it analyzes intralayer
adhesion in this manufacturing field for the first time. Inadequate crosslinking between layers can
result in anisotropy and premature failure: this is a significant issue because this manufacturing
technology is frequently used to fabricate soft robots (which are frequently actuated by compressed
air) and prosthetic and rehabilitation devices with a long cycle life and the ability to withstand specific
loads. The key to increasing the strength of silicone structures is to maximize the interfacial adhesion
between two printed layers. In theory, when a printed layer cures, the number of cross-linkable groups
available for bonding to the subsequent layer lowers. Their work results in a negative correlation
between Tc and intralayer adhesion: as T, increases, intralayer adhesion (and thus part strength)
decreases. Thus, in large-scale silicone 3D printing, a trade-off must be considered: if the layers are
over cured, the structure's tensile strength will be reduced, but if they are under cured, tall structures
cannot be printed due to the structure collapsing.

The topic of large-scale extrusion-based silicone is extremely appealing since it has the potential to
lead the way for molding replacement, resulting in an automated process that requires few human
interventions and saves time and money. Plott et al. [126]established a precedent in this field by
correlating process parameters to additive manufacturing forces that occur during fabrication. The
ability to fabricate tall and thin structures requires an understanding of how to minimize extrusion
forces. They evaluated three process parameters: h,d, and Q in a parametric study, linking them to
normal force (F,) and tangential force (F;). They determined that depending on the process

parameters used, four different configurations of printing forces can occur (see Fig. 3.12)
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Fig. 3-12- Four different force scenario occurring when silicone is extruded in Plott et al. [126] . From (a) to (d) Q is constantly
increased leading to the four different printing scenarios explained in the text.



They emphasized that the optimal configuration for minimizing printing forces is the one depicted in

Fig.3.12 a): as a matter of fact: i) F; increases if its major component F,,, (tangential force caused by

the nozzle dragging through the deposited silicone) increases as well, resulting in an order of

magnitude increase in F, when present, ii) F, increases when the nozzle comes into contact with the

recently extruded filament and F,,,, (the normal force caused by the normal interaction between the

nozzle and the extruded silicone) increases F, by an order of magnitude when present, iii) to reduce

the total printing force F (F, + F,) it is necessary to reduce @ and increase h and this conclusion is

consistent with the work of Percoco et al. [31], who established a relationship between the h

parameter and extrusion force for FFF technology. iv) When a small nozzle (d) is used, the force-

deflection ratio becomes more favorable: the force-deflection ratio also becomes less dependent on

Q and t.

A summary of each cited work on silicone modeling is provided in Tab.3.8.

Tab. 3-8- Summary of the cited works

Reference Method Process Response output Conclusions
parameters variable
[122] DoE e T, e Width e T}, increases - accuracy increases
e S average(mm) e D, increases - accuracy decreases
Colpani et al. e D, e Width e Process parameters don’t affect
(2019) Variability width variability
[123] Parametric e X o Number of e X=land]I,=+/-45°and 90 °
study o I, voids -> high tensile strength
Plott et al. e Dimension of e X =0.97 - voids orient
(2018) voids (mm) themselves along the direction
e Tensile of force
strength (MPa) e [,=0 - worst tensile strength.
[124] Parametric o I, e  Strain (%) e [, =90 - maximum strain
Miriyev et al. study e Tensile force e I, =90 > maximum tensile
(2019) (N) force
[125] Parametric o T, e Intralayer e T, increases - intralayer
Walker et al. study adhesion (N) adhesion decreases
(2021)




[126] Parametric e h e  Extrusion force e  Best printing scenario to
Plott et al. study e d (F, and F;) (N) reduce extrusion force is
(2018) e 0 shown in Fig S1 (a)

e F, increases when by nozzle
dragging through the deposited
silicone

e F, increases when the nozzle
touches the recently extruded
filament

e ( decreases and h increases >
extrusion force decreases
Small d
- favorable force deflection
ratio occurs

e Smalld-> Q and h don’t
influence the force deflection
ratio

3.4.4 Process parameters- Experimental analysis to improve the final accuracy

One of the most important relationships to study in silicone additive manufacturing is the correlation
between process parameters and final part accuracy. Here in this work, two process parameters were
studied: build plate temperature, henceforth T,, (°C) and printing speed (mm/s), henceforth P,. For
each process parameters, three levels were varied: low (50 °C and 10 mm/s), medium (75 °C, and 20
mm/s) and high (100 °C and 30 mm/s).

A factorial plan with 3 repetitions was computed (see Supplementary S2 for details) printing a single
layer, single line silicone bead (see Fig.3.13 a) and b)) and two outputs were experimentally
measured: bead width and bead height. For the measurements, an optical benchtop microscope
(PSM1000, Motic), equipped with a vertically positioned camera (Moticam 3+, Moticom) for
photographing the magnified sample, was employed.

The most important results in terms of bead width and bead height are shown respectively in Fig3.13

¢, d. With regards to the bead width investigation, the following conclusions can be drawn:

e For each build plate temperature, increasing the print speed (from 10 to 20 to 30 mm/s) results
in a decrease in line width, resulting in a sample width value close to the theoretical value of
1.2 mm: awidth of 1.8 mm, 1.61 mm, and 1.57 mm was measured for a built plate temperature
of 50 °C, 75 °C, and 100 °C, respectively, when a constant print speed of 30 mm/s was set.
This conclusion is particularly intriguing when compared to its FDM counterpart: for that

technology, it is well known from literature [55] that there is a negative correlation between



printing speed and accuracy: in this case, the correlation is positive. To understand why this
behavior occurs, it is imperative to analyze the setup and take into consideration that the flow
value was constant for every experiment: the silicone inside the syringe is pushed by a
mechanism activated by a stepper motor and let it flow through a PETF tube and finally into
the plastic nozzle, both of which are vertically adjacent to the reservoir silicone syringe.
Gravity plays a significant part in this process, as silicone is less viscous than melted plastic
filaments. Even though the volumetric flow is constant for each printing speed, when a low
printing speed is being used, a greater amount of silicone flows out of the nozzle due to the
gravity effect. The printing speed mitigates the unwanted extra silicone generated by gravity
in the following way: when the build plate temperature is set to 50 °C, 75 °C, and 100 °C,
switching from the low level (10 mm/s) to the medium level (20 mm/s), the sample width is
reduced by 45 %, 31 %, and 42 %, respectively. The sample width is reduced by less than 5%,
13%, and 7.6%, respectively, when the build plate temperature is 50 °C, 75 °C, and 100 °C,
while the speed is increased from medium (20 mm/s) to high (30 mm/s).

The build plate temperature produces an effect on the sample line width. The T, affects the
width of the sample in the following way when the best printing speed (namely 30 mm/s) in
terms of accuracy is set: switching from 50°C to 75 °C and from 75°C to 100 °C, the sample
width is reduced respectively of 10.5 % and 2.48 %. The authors explain the following results
in this way: increasing the build plate temperature, the curing time of the silicone is abruptly
reduced. It means that the expansion of the recently extruded silicone is reduced as well
because as soon as the silicone flows out from the nozzle it got cured: this behavior is more
noticeable when the build plate temperature is increased from 50 °C to 75 °C than when it
increased from 75°C to 100 °C.

Measured width w;=1.77 mm
Measured height = 103 um

Measured width w,=1.99 mm
Measured height =97 um
Measured width w; = 1.83 mm
Measured height = 101 um
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Fig. 3-13- a) 3D printed samples in the slicing software (Ultimaker Cura), b) Actual 3D printed sample manufactured setting P, = 20
mm/s and T,= 75 °C, c) Effect of T}, on the measured line width, d) Effect of T}, on the measured line width when Ps = 30 mm/s, e)
effect of T, on measured line height, and f) effect of P, on the measured line height.

With regards to the sample height, the following conclusion can be pointed out (see Fig.3.13 e), f)).

e When the build plate temperature is set to 50 °C, the printing speed does not affect the sample
height, which is nearly 50 um (150 pm less than desired height). The authors explain the low
values of layer height obtained when the build plate temperature is set to 50 °C (and the
insensitivity to print speed) as follows: when the material does not receive enough heat to get
instantly cured, it collapses (in fact, the line width is significantly larger when the build plate
temperature is set to 50 °C), resulting in a reduction in the layer height. When the build plate
temperature is 75°C and 100 °C, the printing speed produces an interesting effect: as the
printing speed increases, the layer height decreases. Because the amount of silicone flowing
out at 10 mm/s is more than the one at 20 mm/s, which in turn is more than the one at 30

mm/s (gravity effect) and because the build plate temperature is sufficiently high to suddenly



cure the extruded silicone, the measured layer height is greater when a low printing speed
value is set. For both the build plate temperature (75°C and 100 °C), the behavior is quite
similar: roughly 130 um at 10 mm/s, 100 um at 20 mm/s, and 50 um at 30 mm/s.

In summary, the cross-section study yielded the following significant findings: gravity has a
significant effect on the precision of silicone extrusion-based 3D printing (Ecoflex 00- 10). If the
printing speed is too slow (10 mm/s), the amount of silicone that flows out of the nozzle becomes
excessive, resulting in a "collapse” (bigger line width than the one set and smaller height than the one
set). 20 and 30 mm/s provide a better outcome in terms of width accuracy, while only 20 mm/s provide
a good result in terms of height accuracy. In terms of build plate temperature, both the medium (75
°C) and high (100 °C) values produce nearly identical results in terms of width accuracy and layer
height. In conclusion, among the parameters tested, the ones that should be selected to achieve a
suitable balance between width and height accuracy are: i) printing speed set at 20 mm/s and, ii) build
plate temperature set at 75 °C.

The most frequently employed approach for extrusion-based additive manufacturing techniques
consists of using a heated build plate to cure the extruded silicone, allowing the fabrication of layered
structures. This curing approach has a significant constraint in terms of the maximum structure height:
layer after layer, the heat generated by the build plate is insufficient to cure the silicone structure. As
a result, the heated build plate method is unable to be utilized to fabricate the tall 3D printed structure.
The current section examined the drop in heating after each layer using an infrared thermal camera at
different build plate temperatures. The printed sample is depicted in Fig.3.14 a), and it has a
rectangular shape with a square length of 25 mm and an 8 mm in height. It was determined arbitrarily
to use a 0.4 mm nozzle and a layer height of 1 mm for the slicing: in this manner, every manufactured
layer correspond to 1mm. The plots with infrared images are shown in Fig.3.14. The experiment was
performed at two different build plate temperature (55°C and 70°C): the linear regression equation
(equation (20), and (21)) calculated on the experimental data is respectively,

T = —1.78h + 55.8 (20)

T = —1.35h + 70.9 (21)

Where T (°C) is temperature measured at the top of every recently extruded layer and h (mm) is the

height of every layer. For both experiments, the temperature drop is quite similar: 1.78 ﬁ for the

55°C build plate and 1.35 # for the 70°C build plate, this slight drop in temperature can be attributed

to room conditions; indeed, the custom-built setup is based on an open-chamber design, making it

sensitive to its surrounding environment. In the experiment with the 55 °C build plate temperature,



the structure began collapsing at the 7th layer (after reaching 7 mm of height). When the temperature
read from the Thermal camera reached 44 °C, it collapsed completely and the temperature at the next
layer (8th layer) was 43.2 °C. See Fig.13.4b).

Furthermore, when 70°C was set as build plate temperature, it was not possible to create an 8 mm tall
structure in this situation (not due to the structure collapsing, as was the case with the 55 °C build
plate temperature), since the silicone was cured inside the tube-nozzle due to the build plate's high
temperature. Around the 7th layer, the silicone began to cure; indeed, as illustrated in Fig.13.5d), the
final printed layer (8th) is affected by the under-extrusion problem.

To address this issue, the tube-nozzle assembly was thermally insulated using a commercially
available thermal insulator spray (Loctite Insulating Spray Foam), as illustrated in Fig.13.4 c). Using
the new insulated tube, we fabricated taller structures: setting the build plate temperature at 70 °C, 18

mm tall structure was fabricated, finding a temperature drop of 1.51 ﬁ . In this case, at the 18™ layer

when the measured temperature over the recently extruded layer was around 44 °C the structure
collapsed, as expected. The advantage of the proposed approach consists of the possibility to increase
the height of 3D printed silicone (Ecoflex 0010) structures from 7 mm to 17 mm.

It is important to point out that higher build plate temperature than 70 °C was found to be not suitable
for the following application: when the higher temperature (from 75 °C to 100 °C) is set, the first
layer gets cured too fast and adhesion between the first one and second one is not good enough
involving accuracy problems. For this reason, we claim that using only the build plate temperature as
heating source to cure the extruded silicone (Ecoflex 0010) the maximum height of structure that can
be reached avoiding any collapse is around 17 mm (if the nozzle-tube system is thermally insulated).
To overcome this issue an additional heating source was added near the calibrated nozzle, to locally
cure the recently extruded silicone: in this way tall structures almost 30 mm were fabricated showing
that with the proposed method, the only constraint is related to the curing process inside the syringe,

after 2hr and 20 min the silicone starts getting cured.
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Fig. 3-14 Build plate heating study: a) 3D printed sample, b)Drop in temperature when the build plate temperature was set equal to
55 °C, ¢) ) tube-nozzle system thermally insulated,d) Drop in temperature when the build plate temperature was set equal to 70 °C,
and e) Drop in temperature when the build plate temperature was set equal to 70°C and the tube-nozzle system was insulated.

3.4.5 Application in soft robotics: silicone skin with embedded SMA

In recent years, there has been a lot of interest in the fabrication of bio-inspired soft structures with
embedded actuators[127] [128] : the ability to achieve several types of movement in extremely soft
elastomeric parts is appealing for various applications. In the current state of the art, silicone is poured
into a mold (typically a 3D printed mold) having certain slots for the manual integration of shape
memory alloy (SMA) actuators in the form of wires or springs[129]-[136].

For the first time, the whole process of fabricating a silicone skin has been automated in this research
article, using the proposed 3D printer setup and a custom-made cartesian pick and place robot
(CPPR). The stop and go method [137] has been employed: the silicone print has been paused through
g-code instructions, the SMA spring has been placed into the manufactured channel utilizing the
CPPR and, after that, the print has been resumed .Fig.3.15 a) shows the CPPR using two
electromagnets to embed the SMA inside the 3D printed silicone structure.



SMA springs (Dynalloy, USA) were employed (see Tab.3.9): it is important to point out that the
Austenitic Start Temperature (Ag) of the spring is equal to 90 °C, while the constant heat provided
locally by the additional heating element was 50 °C, preventing the SMA activation during the

manufacturing process.

Tab. 3-9- Shape Memory Alloy (SMA) spring properties

Characteristic Value
Composition Ni-Ti (55-45)
Overall length 110 mm
Overall thickness 3.45 mm
Single coil thickness 0.51 mm
Austenitic start temperature 90 °C
Density 6.46 g/cm?®
Specific heat 0.2 cal/g °C
Melting Point 1300 °C
Thermal Conductivity 0.18 W/cm °C
Martensite resistivity 80 pQcm
Austenitic resistivity 100 pQem

Using the following approach, it is possible to automate the integration of SMA springs into 3D
printed soft structures during the fabrication process: this goal has never been achieved in the
scientific literature because i) the melting temperature of the filaments used in material extrusion
processes is higher than A, and ii) silicone additive manufacturing is still in its early years. Two
types of silicone skins have been manufactured: traditional and patterned, as shown in Fig.3.15 b)
and c). In particular, three different skins were fabricated for the traditional group: "Middle™ (An
SMA positioned in the middle), "Diagonal” (An SMA positioned diagonally), and "Dual" (two SMA
positioned linearly); for the patterned group, a single SMA was placed at the center of each structure
and three different patterns (0.4 mm tall) were fabricated for each silicone skin: "Chess", "Crown",
and "Three Lines". The aim of the proposed artificial skin manufacturing is multipurpose:

¢ Improve the traditional manufacturing process for the artificial silicone skin by increasing the
degree of automation.

e Demonstrate that the proposed 3D printing custom-made setup is capable of fabricating
patterned structures that are impossible or difficult to fabricate employing traditional
fabrication methods.

e Demonstrate that structures capable of performing complex motions mimicking animals can

be fabricated with the proposed inexpensive setup.
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Fig. 3-15- a) CPPR used to automatically embed SMA into silicone skins, b) Traditional silicone skins, and c) Patterned silicone skins.

A digital camera (CANON EOS 400D) was used to take video of the silicone skins motions in the x-
y plane, 6 markers have been placed on the side of every silicone skin and a software (Tracker) was
used to analyze every video.

Three different current inputs (3A, 3.5A, and 4A) were provided to the SMA springs to examine the
motions in the x-y plane for each silicone skin. The identical testing protocol was utilized for
traditional and patterned silicone skins: each current input was applied for 2 seconds followed by a

20-second off period; the cycle was repeated ten times in total. Although there exist several more



sophisticated approaches to achieve a more precise activation of SMA, for the scope of this work a
simple activation with direct current has been preferred to guarantee complete activation and verify
the deformed shape of the silicone structure. The silicone skin characterization demonstrates that
extremely high repeatability is achievable, with a standard deviation of less than 0.1 mm per point
(each marker) and all graphs representing the average of ten measurements. Regarding the three
silicone skins belonging to the traditional group, the increase in the applied current results in an
improvement in the silicone skin motions, which mimic the animal domain: when 4A was applied,
the Middle, Diagonal, and Dual (applied current to both the SMA actuators) structures recalled the
elephant trunk, cuttlefish, and caterpillar behavior, respectively (see Fig3.16 a),b),c) and d)).
Fig.3.16 a) shows the trajectory of the points in the skin samples at different input current to SMA,
showing the final morphed shape in X and Y plane.

As regards the patterned structures, the main outcomes for each structure are here summarized:

e When 3 Ais applied to the "Chess" structure, a slight deformation occurs (mostly on the left
side of the structure); increasing the applied current to 3.5 A results in a completely different
motion: the structure keeps contact with the base only on the left and right sides and is
elevated by the base nearly 15 mm. When 4 A current is used (see Fig. 3.17a), and b), a
similar behavior happens (left and right sides remain in contact with the base), but the central
portion of the structure is elevated about 35 mm from the base.

e For the "3 lines" structure, depending on the applied current, radically different movements
are accomplished: by applying 3A, a deformation mimicking the inchworm is achieved (see
Fig 3.17 a), and c)). When 3.5 A and 4 A current is applied, an out-of-plane deformation
occurs: the skin base in contact with the setup’s flat base jumps from the x-y to the x-z plane.
To the author's knowledge, this outcome has never been shown in silicone skin and is only
achievable because of the additional pattern fabricated by employing the 3D printer. Fig
3.17 e) illustrates the leap dynamic (t=0s, t=1 s, t=1.5 s, and t=2 s).

e For the “Crown” structure, no motion has been achieved at 3A; when the current was
increased to 3.5 A, a bending deformation is achieved (see Fig 3.17 a), and d)), while at 4A
an out-of-plane motion (from x-y plane to x-z plane) was achieved as shown in Fig 3.17 d).
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Fig. 3-17- a) Patterned silicone skins motions in x-y space at three different current inputs (average on 10 measurements), b) Chess
structure motions at 3 different current inputs, c) Three lines structure motions at 3 different current inputs, and d) Crown structure
motions at 3 different current inputs, e) Dynamic of the Three lines out of plane deformation.

The achieved results demonstrate how soft robotics can benefit from silicone-based material extrusion
combined with a pick and place robot capable of embedding active actuators during the
manufacturing process autonomously without direct human intervention; additionally, the future
work will focus on mathematical modeling of patterned structures in order to predict their motions
during the fabrication process. Numerous intriguing applications are feasible with the proposed 3D
printed artificial skins, including soft grippers ("Middle" at 4A), walking robots ("Chess" at 4A), a
soft robot capable of carrying objects ("Chess" at 3.5 A), and jumping robots ("3 lines" at 3.5 A and
4 A).

3.4.6 Conclusions

In this work, a custom-made inexpensive 3D printer capable of extruding silicone Ecoflex 00-10
through a calibrated nozzle was presented and characterized: specifically, circular, and square objects
with maximum dimensions of 175 mm were fabricated. Two process parameters (printing speed and

build plate temperature) were studied and correlated to the dimensional accuracy of single layer



printed beads, discovering an interesting relationship: increasing the printing speed, increases the
accuracy, which is opposite behavior realized in FFF technology. The authors attribute this behavior
to the gravity effect that occurs during printing: at low printing speeds, more materials flow out of
the nozzle due to gravity, resulting in a decrease in accuracy. Another critical component is the
silicone curing mechanism: the conventional technique of curing 3D printed silicone relied on the
heat generated by the build plate, which permitted the construction of structures up to 17 mm in height
(under certain conditions, such as the use of thermal insulation for the system nozzle-tube). Another
curing technique employs installing an additional local heating source from the top to provide heat
directly to the recently extruded silicone which results structures with a maximum height of 30 mm.
Finally, the proposed custom-made 3D printer was employed to manufacture multiple types of
"silicone skin™ with embedded SMA actuators in a single manufacturing step autonomously without
direct human intervention. The whole manufacturing process was automated using a cartesian pick
and place robot that embedded the SMA using the start and stop approach. The proposed structures
were tested at different current inputs and demonstrated complex motions that recalled the behavior
of several animals, including an elephant trunk, cuttlefish, and caterpillar; additionally, the patterned
structures demonstrated unique behavior and out-of-plane deformations. The present work paves the
way for huge exploitation of silicone-based 3D printing in soft robotics, especially for the fabrication
of bio-inspired structures which can potentially be fabricated monolithically, resulting in cost,
fabrication time, and assembly step reductions.



3.5 Additive manufacturing for bioinspired structures: experimental study to improve
the multi-material adhesion between soft and stiff materials

3.5.1 Introduction

The fabrication of bio-inspired structures has recently gained an increasing popularity: mimicking the
way in which nature develops structures is a vital prerequisite in soft robotics to achieve multiple
benefits. Stiff structures connected by soft joints (recalling, for instance, human bones connected by
cartilage) are highly appealing: several prototypes have been manufactured and tested, demonstrating
their full potential. In the present research, the material extrusion (MEX) additive manufacturing
technology has been used to manufacture stiff-soft bio-inspired structures activated by shape memory
alloys (SMA) actuators. First, three commercially available stiff composite plastic materials were
investigated and linked to different 3D printing infills. Surprisingly, we found that the "gyroid™ infill
was correlated to the mechanical properties, demonstrating that it produces better results in terms of
Young’s modulus and Ultimate Tensile Strength (UTS) than the widely studied "lines" infill. The
primary focus of the research is an experimental study aimed at improving the adhesion at the
interface between stiff and soft materials using inexpensive method (i.e MEX). Three different
variables that have significant effects on the interface bonding were studied :(i) the interface geometry
between stiff and soft parts, (ii) the mesh overlapping process parameter, and (iii) the annealing post-
treatment . By optimizing the three variables, a Young’s modulus of 48.8 MPa and an UTS of 3.8
MPa were achieved, when Nylon + glass fiber (a stiff material) and thermoplastic polyurethane (a
soft material) were 3D printed together. In particular, the 3.8 MPa UTS is 48 % higher than the highest
adhesion between soft and stiff material (TPU and ABS) reported in literature. Finally, taking
advantage of the improved stiff-soft adhesion, a bio-inspired robotic finger has been fabricated and
tested using a SMA actuator, showing an enormous potential for the proposed additive manufacturing

approach in realizing bioinspired systems.

3.5.2 Materials and methods

The objective of the present research is the monolithic manufacturing of bioinspired structures
employing Fused Filament Fabrication (FFF) additive manufacturing technology extruding two
materials with completely different material properties in the same printing cycle: a very stiff material
and a soft material. The study on the adhesion mechanism between the two materials is a crucial
aspect to take into consideration to create functionalized 3D printed structures activated by an external
actuation system such as spring shape memory alloys. The research objective is illustrated in Fig.3.18.
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Fig. 3-18- Summary of the research and bioinspired joint: a) Human bone (example of the combination of stiff-soft materials found in
nature), b) Study of the interface between stiff and soft materials, ¢) Main elements of the proposed stiff-soft structure, and d) Proposed
finger actuated using coiled shape memory alloy actuator at 3.4 A.

A commercial-grade dual extruder 3D printer was employed throughout the whole research (Tenlog
3D) and commercial materials were used: specifically, three composite materials and a soft material
were tested. The authors investigated the composite materials as stiff materials to identify the material
with the best mechanical properties and they are:

e Nylon + glass fiber (GF), henceforth NGF,

e Polyethylene terephthalate glycol (PETG) + carbon fiber, henceforth PETGCF, and

e Polycarbonate (PC) + carbon fiber, henceforth PCCF
As a soft material, a commercial thermoplastic polyurethane (TPU) (Ninjaflex, Ninjatek, CA, USA)
was used, which is widely recognized as one of the softest materials on the market (shore hardness
equal to 85 A, elongation at break equal to 660%, and ultimate tensile strength equal to 26 MPa).
After studying which composite commercially available material has the best mechanical properties
in conjunction with different printing patterns, a method for improving its adhesion with the TPU soft
material has been studied. An investigation was performed on three interface geometries and two

parameters (a process parameter and a post-processing parameter).



In scientific literature, several studies have been conducted to correlate the mechanical properties of
FFF dog bones and process parameters such as layer height, printing orientation, and printing speed.
In this research, three different printing patterns were studied: lines (well known in the scientific
literature for providing an increase in the mechanical properties when a 45° orientation is set), gyroid
(a new infill pattern available on slicing software that has been proved to provide good results in
terms of compressibility [32]), and cross 3D (a printing pattern based on the 3D fabrication of cruxes
and not studied in scientific literature). All the infill patterns have been generated by the slicing

software Ultimaker Cura 4.11.

3.5.3 Stiff materials study

The three composite materials (NCF, PETGCG, and PCCF) were employed, and for each material, a
total of nine dog bones (3 samples for each printing pattern) were fabricated and tested under tensile
loading using a universal testing machine (INSTON Inc., Model 5969, Norwood, MA). Standard
ASTM D638 was utilized for the fabrication and testing of dog bones. Each material's process
parameters are described in Tab.3.10 in detail. Fig. 3.19 a) and b) depicts three different printing
patterns and 3D-printed samples. In Fig 3.19 c) the obtained results in terms of Young’s modulus are

shown.

Tab. 3-10- Process parameters for every composite material tested.

Layer thickness Top/bottom Printing Build plate Printing speed
(mm) layers temperature temperature (mm/s)
(°C) 0
PCCF 0.15 0/0 250 80 40
NGF 0.15 0/0 280 50 40
PETGCF 0.15 0/0 230 70 40
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Fig. 3-19- a) Three different printing patterns, b) Manufactured dog bones using three different composite materials (PCCF=
polycarbonate + carbon fiber, NGF= nylon + glass fiber, PETGCF = Polyethylene terephthalate glycol + carbon fiber), and c)
Young’s modulus vs infill pattern for every material obtained experimentally. The sample size is 165 mm along x-axis and 19 mm
along y-axis.

In particular, considering the material composition (plastic + carbon fiber or glass fiber), a brass
nozzle with a diameter of 0.6 mm was chosen; in this way, problems related to nozzle clogging have
been avoided. It is noted that the use of smaller nozzles (i.e., 0.4 mm) is allowed if a particular
attention is paid to the careful selection of process parameters (i.e., high extrusion temperature),
nozzle material (i.e., hardened steel and ruby tip), and nozzle geometries (i.e., 50 mm long nozzle
volcano version). The same nozzle diameter (0.6 mm, brass nozzle) has also been used for the
extrusion of TPU, in Section 3.5.4.

The results obtained from the tensile test are summarized in Tab.3.11, as well as the following
conclusions can be drawn:

e As a function of the printing pattern, the behavior of every material is the same: the lowest
mechanical properties (E, and UTS) are obtained for the Cross-3D patter, while the highest
mechanical properties are obtained for the gyroid pattern. Because of the lack in scientific
literature about the effect of gyroid pattern studies, the present result might pave the way for
more investigations to create mathematical models.

« Considering the gyroid pattern (the pattern with the best mechanical properties), it is evident
that the NGF material has the best mechanical properties, with a Young’s modulus of 1.45
GPa and a UTS of 57.48 MPa.

e The manufacturing process is robust: for each material and pattern three samples were

fabricated, resulting in a standard deviation calculated on the Young’s modulus less than 5%.



Tab. 3-11- Infill pattern impact on the three different stiff materials.

MATERIAL Pattern E (MPa) UTS (Mpa) Elongation at
break (%0)

PC+CF Lines 720 27 0.082
Cross 3D 421 8 0.028
Gyroid 845 30 0.047
Nylon + GF Lines 1116 49 0.11
Cross 3D 622 18 0.05
Gyroid 1455 58 0.066
PETG+ CF Lines 952 39 0.07
Cross 3D 620 16 0.035
Gyroid 1335 49 0.06

In conclusion, the best composite material in terms of mechanical properties is NGF, printed using a
gyroid pattern: it will be employed throughout the present research as a stiff material in conjunction
with the soft TPU.

3.5.4 Stiff-soft adhesion

Several studies have been performed to improve the adhesion between two materials: in particular,
Yin et al. [14] mathematically described the material strengths between two materials in multi-

material FDM printing:
0assl t=t, = R(O)| t=t, * 04 (22)

Where gy 5 is the interfacial bonding strength (ultimate tensile strength) between the two materials
(A and B), t, is the total printing time, R(t) is the average strength ratio of the whole interface
between the two materials, and o, is the ultimate tensile strength of the material A.

In particular, R(t) can be explained as recurring to the intermolecular diffusion theory occurring at
the interface between two polymers. Treating the FFF interfacial bonding as a two dimensional and
grown process; considering £ a certain domain at the interface and that once contact of two polymers
occurs, areas with inter-molecular diffusion (wetted area) are nucleated at random locations, thus the
strength of domain 2 will be the sum of all the inter-molecular diffusion initiated within £.

In this way, R(t) can be written as follows:



R(t) = f Rs(t — T; T(t, X))dA(z, X) (23)

where R; is the strength ratio, dA(z, X ) indicates the wetted area at the position X, attime z,and 4 is
total wetted area.
In the present research, three different adhesion geometries among the stiff and soft materials were
studied: a wave geometry, a T-shape geometry, and a sandwich geometry (See Fig 3.20 a),b) and
c)). The three geometries have been designed in accordance with the results obtained in [138]. For
each geometry, two different parameters have been studied, to understand if there is a correlation
between them and the mechanical properties of the dual material structures:
e A process parameter called “Mesh Overlapping”, refers to the overlapping at the interface
among the two parameters. Two levels of the following parameter were studied: low level (0
mm of overlapping), and high level (0.4 mm of overlapping). In Fig 3.20 e) and f) the Mesh
Overlapping parameter is depicted.
e A post-processing parameter, namely the Annealing Temperature: three levels were studied,
no annealing (“As printed”), 50 °C, and 70 °C. The samples were annealed for 1 h in a furnace
at the desired temperature and after they were cooled down in the air for 1 h.
A total of 54 dogbone-shaped samples were fabricated (3 repetitions for every combination) and
tested, with the Young’s modulus chosen as a measure of the material's adhesion (See Fig.3.20 d) and

g)). In Tab.3.12 the results in terms of E, and rupture zone are listed.
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Fig. 3-20- : a) Three different adhesion mechanism (white= stiff, pink=soft), b) Manufactured dog bones with three different adhesion
mechanism (grey=stiff, black= soft), c) Side view of the sandwich mechanism, d) T-shape dog bone during the tensile test, €) Mesh
overlap equal to 0 mm, f) Mesh overlap equal to 0.4 mm, and g) manufactured dog bones, repetition 1.



Tab. 3-12- Results of the stiff-soft materials adhesion analysis

Sample Mesh Annealing
Name Geometry | Overlapping | Temperature E (MPa) Rupture
(mm) (°C)
Al-AP wave 0 As Printed 31.2 Interface
Al1-50 wave 0 50 29.8 Interface
Al1-70 wave 0 70 27.2 Interface
A2-AP wave 0.4 As Printed 28.1 TPU
A2-50 wave 04 50 32.55 TPU
A2-70 wave 0.4 70 34.2 TPU
B1-AP T-shape 0 As Printed 47.5 TPU
B1-50 T-shape 0 50 47.1 TPU
B1-70 T-shape 0 70 34.3 TPU
B2-AP T-shape 0.4 As Printed 32.2 TPU
B2-50 T-shape 0.4 50 475 TPU
B2-70 T-shape 0.4 70 48.8 TPU
Cl-AP sandwich 0 As Printed 41.8 Interface
C1-50 sandwich 0 50 39.8 Interface
C1-70 sandwich 0 70 39.8 Interface
C2-AP sandwich 0.4 As Printed 351 Interface
C2-50 sandwich 0.4 50 35.7 Interface
C2-70 sandwich 0.4 70 421 Interface

As shown in Fig.3.21, the main results can be summarized as follows:

The annealing post-processing has a remarkable effect when the mesh overlapping parameter
is set to 0.4 mm: for each geometry, switching from no annealing (as printed) to 50°C and
then to 70°C increases material adhesion (increase in Young’s modulus). Specifically, the E
increase for the wave, T-shape, and sandwich from “As printed” to 50°C annealing is 15.91%,
47%, and 2%, while the E increase for the same geometries from “As printed” to 70°C is
21.9%, 51.6%, and 19%. The opposite behavior (reduction of E when the annealing
temperature increases) occurs when the mesh overlapping parameter is set to 0 mm: in this
case a reduction of E of 7%, 5% and 4.5% occurs for wave, T-shape and sandwich switching
from “As printed” to 50°C, whereas switching from “As printed” to 70°C the reduction is
respectively of 12.8%, 31% and 4.7%. At the state of the art, some preliminary studies have
been conducted to correlate the annealing process with the mechanical properties of FFF parts,
and it has been determined that the annealing process improves the mechanical properties of

several materials, such as PLA and ABS. Due to a lack of scientific literature regarding the



correlation between annealing and dual materials bonding, the following results are difficult
to explain: according to the authors, when the overlap parameters are set (0.4 mm), annealing
increases the mechanical properties because heat facilitates intramolecular diffusion and the
number of wetted areas is higher [14] (equation (22) and (23)). It is worth mentioning that the
complexity of the problem is also related to the composition of the studied materials: the stiff
material is a composite material made up of Nylon and glass fibers which in turn contribute
to the interfacial bonding. While the obtained results are clear, their explanation from a
chemical/material point of view requires more tests and examination considering multiple
variables.

e For every geometry, when no annealing is performed (as printed), the best results in terms of
E are obtained when the mesh overlapping was set as 0 mm. On the opposite side, after
annealing at 70°C, all samples fabricated with a mesh overlapping of 0.4 mm had a higher E
than the "As printed" structures fabricated with a mesh overlapping of 0 mm. Considering
Table 2, E of A2-70 is higher than E of A1-AP; E of B2-70 is higher than B1-AP, and E of
C2-70 is higher than E of C1-AP. In conclusion, for every geometry, the highest value of E
was achieved by setting a mesh overlapping of 0.4 mm and annealing the sample at 70°C for
1h.

e The rupture position is a powerful tool for comprehending the adhesion dynamics between
the stiff and the soft material. Regarding the T-shaped sample, the geometric interlocking
mechanism was robust enough to produce a rupture every time within TPU and not at the
interface. For the sandwich geometry, rupture always occurred at the interface between the
two materials, whereas for the wave sample, a rupture occurred within the TPU when the
overlapping parameter was set to 0.4 mm and never at the interface (unlike for the case in
which the mesh overlap was set to 0 mm).

e In conclusion, the best geometry and combination of process parameters for improving the
adhesion between the stiff and soft material is respectively T-shape (in accordance to [138]),
0.4 mm of mesh overlapping, and 70°C of annealing. For the following configuration a UTS
of 3.85 MPa was achieved, this value is 48.05% higher compared to the highest one found in
the scientific literature when a combination of stiff and soft materials was extruded (Yin et al
[14] obtained 2 MPa employing ABS and TPU).

Moreover, as shown in literature [139], material affinity is an important factor to consider to improve
the multi-material adhesion: if two materials (stiff and soft) having similar chemical composition are

jointly extruded, the following results in terms of adhesion can be improved. The development of



materials having different degrees of stiffness, but similar chemical composition will provide many

benefits to the 3D printing field.
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Fig. 3-21- Annealing effect on mesh overlapping a) 0 mm overlapping, and b) 0.4 mm overlapping

The outcomes of the present work can also be used as benchmark to improve the multi-material
adhesion in several AM technologies able to process more materials at the same time such as material
jetting [140] and hybrid AM technologies [8].

A B2 sample, the best one in terms of adhesion, was examined using a Nikon X-ray micro-computed
tomography (LCT) C1 system with a scanning energy level of 65 kV at 115 pA current, and a cubic
voxel size of 28.733 um. After reconstruction from the uCT scan, the volumetric images were
visualized in ORS Dragonfly software to observe and analyze the internal structure of the 3D-printed
structure made of stiff-soft materials. Inspection of the volumetric images determined that the printed
sample has no internal defects within the scanning resolution used. In particular, the following two
observations are made (Fig.3.22): i) at the interface between the two materials (0.4 mm overlap), a
straight region in which the two materials are completely bonded together is clearly seen,
demonstrating the effectiveness of the proposed approach; and ii) after sectioning the sample, a weak
adhesion in the TPU material among the external perimeters and the gyroid infill is revealed, as the
gap circled in red in Fig.3.22 d) shows. Therefore, the future research will focus on the bonding

improvement in TPU to further increase the overall mechanical properties.
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Fig. 3-22 -X-ray uCT volumetric images of the proposed sample: a) 3D printed sample scanned using the X-ray uCT apparatus, b) 3D
rendering of the entire B2 sample from the uCT scan, ¢) closeup view showing the overlapping between the two materials, and d) 3D
rendering revealing the weak wall-infill adhesion.

3.5.5 AM of soft-stiff bioinspired structures

Soft robotic, and the biomedical field in general, can benefit from the proposed manufactured
approach in several ways: the fabrication of bio-inspired structures comprised of very stiff and soft
materials is very appealing due to the possibility to achieve complex motions employing 3D printed
structures recalling biological structures.

Setting the mesh overlap parameter equal to 0.4 mm, annealing the stiff-soft structure at 70 °C for 1
h, and using the T-shape interface geometry, a remarkable improvement at the interface was achieved
(UTS of 3.8 MPa and E of 48.8 MPa), making structures manufactured in accordance with the
proposed approach more reliable, improving the span life as well.

To demonstrate the potentialities of the stiff-soft (Nylon + glass fiber and TPU) additive
manufacturing approach, two bio-inspired structures were designed and fabricated: a robotic finger
and a multidirectional bender. For both the objects the working mechanism is the same: the joints
fabricated using TPU are connected to the passive structure (made up of NGF) recurring to the T-
shape interface. After the fabrication, the proposed structures were annealed for 1 h at 70 °C, to

improve the interfacial adhesion in accordance with the results obtained in Section 3.5.4



It is worth mentioning that no assembly tasks were involved for the fabrication of the proposed
bioinspired structures, leading significant advantages when compared to the traditional stiff-soft
structure, which requires multiple assembly steps and different manufacturing technologies or
expensive additive manufacturing setup [19].

The proposed finger was designed in accordance with Mutlu et al. [141], as shown in Fig.3.23. It has
the following properties: i) it is equipped with a 4 mm hole for a shape memory alloy (SMA) actuator
insertion after the annealing process, ii) made up of three TPU joints, namely MCP, DIP, and PIP,
iii) it is equipped with a terminal block to fix it to the experimental setup.

The SMA actuator was provided with 3.4 A current for 2 s (in accordance with the SMA datasheet),
and an off period of 20 s was set to cool the SMA down, in addition during the cooling period a
deadweight of 100g was attached to the SMA crimp to fully restore its original position.

Actuation was done for 5 cycles, and it was found to be highly repeatable, among the 5 cycles the
standard deviation for the MCP, DIP, and PIP joint was in the (x, y) space respectively (0.18 mm,
0.19 mm), (0.2 mm, 0.25mm), and (0.33mm, 0.29 mm). An average finger bending angle of 120° was
found, and a very low standard deviation of 0.5° was calculated over 5 consecutive cycles. The
proposed finger recalls human fingers not only because is it made up of stiff and soft materials but
also in terms of flexibility and performed motions (see Fig .3.23.b)), paving the way for the
fabrication of 3D printed stiff robotic hands equipped with soft joints for the biomedical field.

As regards the multidirectional bender, it was designed and fabricated to demonstrate that the
proposed manufacturing approach can be applied to multiple fields, including surveillance, and
walking/crawling soft robots.

The multidirectional bender is shown in Fig.3.23 d) and e) and it is made up of four different
elements: i) stiff passive structure made up of NGF, ii) soft TPU joint connected to the stiff structure
by means of the T-shape mechanism, iii) two terminal plates where the stiff structure is anchored and
the SMA actuators are positioned, and iv) 8 SMA springs actuators.

The SMA actuators were placed in a square configuration and labelled from 1 to 8, as shown in
Fig.3.23 e). Each SMA actuator was individually activated (3.4 A for 2 s), and eight different bending
motions were achieved due to the soft joint geometry, as shown in Fig3.23 e).

The proposed multidirectional bender is the first prototype that demonstrates how many motions a
single 3D-printed object can achieve: by changing the design and connecting more benders together
an extremely wide range of motions can be obtained, and several kinds of robots can be easily

manufactured.
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Fig. 3-23- a) Proposed finger, b) Finger position in x-y space, c) bending angle, d) proposed multidirectional bender, and e) motions
performed by the bender as a function of the activated SMA.



3.5.6 Conclusions

In conclusion, the present research focuses on the multi-material extrusion of stiff-soft structures and
reports a method for improving their interfacial adhesion. Using the "gyroid" infill, the Nylon + glass
fiber composite material was found to be the stiffest commercially feasible material (among the three
analyzed) having Young’s modulus (E) of 1.4 GPa and tensile strength of 58.48 MPa. The stiff
material was extruded in conjunction with a commercial soft TPU to fabricate bioinspired structures.
Three different interface geometries were studied along with a process parameter (mesh overlapping)
and a post-processing (annealing). The optimal combination (maximizing the Young’s modulus) of
the three variables was determined to be as follows: T-shape, 0.4 mm, and 70°C for 1 h. Tensile tests
were performed for all the manufactured dog bones as a measure of the interface adhesion, and in the
best case, E of 48.8 MPa and UTS of 3.8 MPa was achieved. In particular, the latter is 48 % higher
than the highest adhesion value between soft and stiff materials available in scientific literature.
Finally, a bio-inspired robotic finger actuated employing SMA actuators was fabricated and tested,
mimicking very well the human finger motion. The subsequent results in terms of stiff-soft adhesion
pave the way for enormous exploitation of AM material-extrusion technology for the fabrication of
soft robots: humanlike biomimetic joints, such as prosthetic hand and arm-wrist systems for
humanoid robots, and other biomedical applications. Moreover, future works will focus on the
application of the findings on several baseline materials (such as PLA and ABS, widely used for
hobbyist aims) in conjunction with soft TPU, to provide a 3D printing guideline useful at different

levels, from makers to researchers.



3.6 One shot 3D printed soft device actuated using Metal filled Channels and sensed with
embedded strain gauge

3.6.1 Introduction

In the present work, a fully 3D printed soft electromagnetic (EM) actuator, based on internal channels,
filled with soft liquid metal (Galinstan) and equipped with an embedded strain gauge is presented,
for the first time. The proposed actuator has been fabricated by taking full advantages from the multi-
material extrusion (M-MEX) additive manufacturing (AM) process by employing a soft
thermoplastic material and a conductive thermoplastic material in the same cycle. At the state of the
art, M-MEX techniques result underexploited for the manufacturing of EM actuators: only traditional
manufacturing approaches are used resulting in many assembly steps. The main features of the present
work are: i) one shot fabrication, ii) smart structure equipped with sensor unit, and iii) scalability.
The actuator was tested in conjunction with a commercial magnet, showing a bending angle of 22.4

° degree (when activated at 4 A), a relative error of 0.7 % and a very high sensor sensitivity of 49.7

Tdegree’ Two more examples, showing all the potentialities of the proposed approach, are presented:

a jumping frog-inspired soft robot and a dual independent two-finger actuator. The present paper aims
to push the role of Extrusion Based AM for the fabrication of EM soft robots: several advantages
such as portability, no cooling systems, fast responses, and noise reduction can be achieved by
exploiting the proposed actuation system if compared to the traditional and widespread actuation
mechanisms (shape memory polymers, shape memory alloys, pneumatic actuation and cable-driven

actuation).

3.6.2 Materials and methods

The main idea underlying the following research is the one-shot fabrication of a soft EM actuator
based on internal channels (filled with Galinstan) and equipped with an embedded sensors by using
M-MEX technology.

The soft EM actuator, shown in Fig.3.24 a), b) and c) is composed of the following parts: i) a main
flexible body, ii) a flexible joint to improve the bending performance, iii) a bottom strain gauge to
obtain real time feedback, and iv) a total of 9 internal channels. In particular, the latter element is
crucial to exploit the Lorentz force. The channels have a square profile (0.8 * 1.3) mm have been
filled up with liquid soft Galinstan (a liquid alloy composed of 68% wt. gallium, 22%indium and

10%wt tin), well known for its good electrical performances. After the Galinstan injection, two metals



pins have been assembled over the 3D printed connection in order to hook up the electrical wires.
The Galinstan has been purchased by Peguys, Israel.

The M-MEX machine Ultimaker 3 (Ultimaker, The Netherlands) in conjunction with two
thermoplastic materials have been used. A soft thermoplastic polyurethane (TPU) with a shore
harness of 85 A and Young’s Modulus of 20MPa has been employed for the flexible parts (main
body, joint and connections for the metal pins), while a conductive polylactic acid (CPLA) with a
resistivity of 15 Q - cm along the layers and 20 Q - cm perpendicular to the layers has been employed
for the sensor fabrication.

The TPU (commercial name “TPU 80A LF”) and CPLA (commercial name “AlfaOhm’) materials
have been purchased respectively by BASF SE, Germany and FiloAlfa, Italy.

The overall actuator dimensions along x-, y-, and z-axis are (40 * 73 * 4.7)mm, while the strain
gauge results in 6 tracks and a thickness of 0.4mm.

The main process parameters set during the manufacturing process are listed in Tab.3.13. Moreover,
printing speed and infill percentage have been found to be crucial variables for the channels
fabrication. If the channels are not fabricated properly, a Gallistan leakage could occur involving
problems during the soft device actuation (impossibility to be activated). Using a trial-and-error
approach it was found a printing speed of 25 mm/s and an infill percentage of 100% to ensure a solid
channel structure, avoiding Gallinstan leakage.

In particular, the relationship among strain gauge extruded single layer thickness (It) and total number

of layers (tl) has been considered.

As shown in [32] the reduction of ¢t/ implies a reduction of the final strain gauge resistance and
standard deviation: in this way electrical power losses will be minimized.
Being the overall strain gauge thickness (SGT) fixed to 0.4 mm, the only way to reduce tl is

increasing the single extruded layer thickness (It) in the slicing software, as shown in equation (24).

SGT = 1t - ¢l (24)

A value of [t equal to 0.2 mm was set, it means that the whole strain gauge is composed of 2
consecutive layers in order to minimize the welding effect (number of voids between adjacent
extruded layers) found in [32]. Moreover, further characterizations about the CPLA viscoelastic
behavior will be carried out to improve the dimensional accuracy of 3D printed sensors.

The total printing time and cost is respectively 1h37min and 3.75€.



The main advantages of the proposed manufacturing approach, compared to the main works using
MEX technique to exploit the EM actuation system found in scientific literature and discussed in the
introductions are:

)] The EM actuation is achieved by employing a soft metal liquid metal instead of rigid
copper wires: in this way soft devices can be fabricated without recurring to rigid
external elements [142][143]

i) The EM actuation is achieved by employing a soft metal liquid metal instead of
extruding thermoplastic composite materials loaded with magnetic fillers[144][145]. The
main issue related to magnetic thermoplastic materials is their low processability: the
magnetic fillers make the whole filament brittle and difficult to be extruded, generally
problems like nozzle coggling and breakage of the filaments between the 3D printers
pushing gears occur. Using the proposed manufacturing approach, all the problems
above described have been overcome.

The proposed 3D printed soft EM actuator filled with soft liquid Gallinstan is shown in Fig.3.24 d).
The working mechanism of the used M-MEX machine (Ultimaker 3) is shown in Fig.3.24 e).

Tab. 3-13- Process parameters

Process Parameter TPU Conductive PLA
Nozzle size (mm) 0.4 0.8
Layer thickness (mm) 0.2 0.2
Extrusion temperature (°C) 240 260
Printing speed (mm/s) 25 20
100(for the channels)
Infill percentage (%) 100(for the joint) 100
25(for other parts)
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3.6.3 EM actuator characterization

The proposed 3D printed soft EM actuator was characterized to evaluate i) bending performance as a
function of the applied current and, ii) the embedded strain gauge performance. A permanent magnet
(purchased by Supermagnete.de, Germany) was used to generate a magnetic field of 1.29T.

In accordance to [146],the equilibrium Lorentz force equation shown in equation (25) is:



F = M (25)
Zi+Ziyq
where Z (mm) is the distance between the permanent magnet and the channels, i is the number of

the channel (i = 1,2,..,9), and M (m? * A) is the total magnetic moment as shown in equation (26)

where B (T) is the magnetic field, 1 is the input current (A) and L (mm) is the length of the main
channels.

Three different current inputs (2A, 3A, and 4A) were tested evaluating the final EM soft actuator
bending angle: 10 cycles for every current input were performed.

The testing protocol is the following: the current is provided to the Galinstan channel for 1 s (because
of the Lorentz force the EM soft actuator result in bending motion), after the current is set to 0 A for
1 s (rest time) and the actuator get backs to its initial position, subsequentially the current is provided
again for 1 s, the whole cycle is repeated for 10 times.

The current input providing the best bending performance is 4A: a bending angle of 22.4 ° is obtained,
resulting, respectively, 35.4% and 46.9% higher than the bending angle obtained at 3A and 2 A. The
standard deviation has been calculated on 10 cycles, resulting really low for every current input
(standard deviation of 0.21 ° at 2A, standard deviation of 0.16 ° at 3A, and standard deviation of 0.17
°at 4A). See Fig.3.25 a), b) and c).

When a current input of 4A is provided, a relative error (e), a good metric to evaluate the accuracy in
terms of bending of the proposed actuator, was found to be 0.7 %. The low relative error makes the
proposed EM soft device appealing for applications requiring high accuracy, such as biomedical and
industrial devices.

The strain gauge performance has been analyzed: the best current input, namely 4A, has been
provided to the EM actuator for a total of 100 consecutive cycles. The current is provided for 1 second,
followed by an off period of 5 second, for a total of 100 times. Two electrical wires have been welded
to the strain gauge pads and connected to the benchtop multimeter (GW Instek, GDM-8341) which
in turn was connected to the laptop to collect data.

From the testing phase it stands out that the strain gauge change of resistance is characterized by two
phases: an initial phase in which the change in resistance tends to grow and a second phase where it
is stable (see Fig 3.25 d)). The authors explain the two different phases as follows: during the first

phase the overall change in resistance constantly grows for the first 28 cycles because of the i) Mullin



effect, and ii) material (TPU) hysteresis. After the 28 th cycle, a stabilization in the material hysteresis
and mitigation of the Mullins effect occur and the change in resistance of the embedded strain gauge

result stable. In particular, the sensitivity (s) of the strain gauge throughout the second phase (stability

0

phase) is 49.7 - degree

and R? is equal to 0.96. In particular, the high sensitivity allows the exploitation

of the proposed EM actuator without relying on any resistance amplifier. The following results
suggest that the proposed 3D printed soft EM actuators need to be trained for 28 cycles before the
usage, in order to obtain consistency in the bending behavior.

It is worth mentioning that the training phase (28 cycle) mostly depends on two factors: i) size of the
device (changing the size, the amount of training cycles can change), and ii) material properties: every
material (even different kinds of TPU) is characterized by different viscoelastic properties, affecting
the bending behavior of the EM soft device. Every soft EM device fabricated with the proposed
approach needs to be initially tested to understand when the stabilization phase (in terms of
consistency in the bending behavior) occur. Further works will focus on the fatigue analysis of the
proposed soft EM device, paying particular attention at the interface adhesion among CPLA and TPU
when the device is subject to repetitive cycles.

The embedded strain gauge has been used to obtain real-time feedback, in future it can be used to

create closed control loops, improving the automation degree of the proposed EM soft actuator.
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Fig. 3-25 Characterization of the EM soft actuator; a) Working principle of the soft EM actuator with current input of 4 A; b) Observed
bending angle as a function of the current inputs; c) Comparison of the bending angle at the current input variation versus number of
cycle; d) Embedded sensor behavior: resistance variation at 4 A current input.



3.6.4 Applications: bio-inspired frog robot and independent dual actuator (IDA)

To prove the potentialities of the proposed manufacturing approach, two different applications have
been developed: a jJumping bio-inspired soft frog and an independent dual actuator (IDA).

The bio-inspired jumping soft frog was used to demonstrate that the proposed EM soft device can be
employed for soft robotics applications: a challenging topic concerns the fabrication of animal-based
soft robots capable of crawl, jump and swim [147][77][148]

The frog-inspired soft EM robot (see Fig.3.26 a))is based on a core main body equipped with internal
channels filled with Galinstan (the same of the EM soft actuator shown in section 3.2) and four legs
(one for each corner of the main body) designed with flexible TPU joints to improve jumping motions.
TPU was used to manufacture the soft frog setting the same printing parameters listed in Tab.3.14.
The jumping performance of the soft EM frog have been evaluated, in terms of position in the x-,y-
space and repeatability.

The soft EM frog body was placed parallel to the permanent magnet on the horizontal plane: the
center of the magnet is fixed as the zero of the axis-system for each orientation. Four different
orientations were tested: Nord-, Sud-, Est, and West-orientation.

The following testing protocol was used: for each orientation, one by one, a single input current of 4
A is provided to the Galinstan channel, and the soft EM frog results in jumping movement.
Subsequentially, the current is set to 0 A for 10 seconds and the frog soft robot is placed at x = 0,
and y = 0. The whole cycle is repeated 3 times for each orientation.

A virtual marker for each leg was used to evaluate the x- and y-position (Fig 3.26 b)) of the soft frog:
the jumping movement is substantially repeatable, and in Tab.3.14 the standard deviation of each leg
(1 to 4), for every orientation (Nord, Sud, Est, West), is listed. The standard deviation has a random
behavior: for the x-position, the standard deviation ranges from 1 mm to 5 mm and for y-position it
ranges from 1 mm to 10 mm. The mean (X-; y-position) standard deviation for Nord-. Sud-. Est-. and
West-orientation is respectively (3.72; 3.69) mm, (4.79; 7.53) mm, (3.14; 3.76) mm, and (3.01; 7.16)
mm. The following outcomes (see Fig.3.26 c)) indicates that the presented EM bio-inspired soft robot
can be employed as jumping robot, moreover future works will focus on the modelling, simulation,

and control aspects of the jump motion.



Tab. 3-14-Jumping motion evaluation

Mean position

Standard deviation

Orientation
X (mm) y (mm) x (mm) y (mm)

Legl -23.15 80.51 4.61 1.34
Leg 2 52.36 68.17 4.34 5.91

Nord
Leg 3 42.49 5.35 3.24 5.64
Leg 4 -43.25 7.58 2.71 1.90
Legl -99.73 -35.49 2.39 11.70
sud Leg 2 -57.24 39.02 6.80 7.79

u
Leg 3 26.21 0.470 2.56 6.03
Leg 4 -23.86 -78.45 7.42 458
Legl -15.47 37.84 3.01 1.08
£ Leg 2 22.56 -0.58 2.29 2.29
st

Leg 3 0.14 -8.05 1.43 7.13
Leg 4 49.89 -75.22 5.83 453
Legl -104.02 34.56 1.39 3.23
Leg 2 -23.51 64.64 3.38 9.27

West
Leg 3 8.64 -16.98 2.74 10.87
Leg 4 -76.22 -46.96 4,54 5.28
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Fig. 3-26 Bio-inspired EM soft Frog: a) CAD of the soft Frog; b) Rest position (at 0 A); ¢) characterization of jumping motion at four
different frog orientation: Nord-, Sud-, Est, West-direction.

A great advantage offered by M-MEX technique and in general by AM methods concerns the
possibility to fabricate assembly-free device that can be scaled up and down [13].



To demonstrate that the proposed fabrication method is suitable for small size, non-assembly EM soft
actuator, an independent dual actuator (IDA) was designed and fabricated. The EM-based IDA takes
inspiration from human fingers: they are connected to the hand, and they can be activated both
independently and simultaneously. The proposed IDA device (Fig.3.27 a), and b) is composed of
two TPU fingers connected each others to a base: each finger is 50 mm long and 23 mm wide and
composed of nine internal channels (which will be filled up with Galinstan after the fabrication step)
and one bottom strain gauge sensor. The distance between the two fingers is 4 mm.

The possibility to selectively choose which finger will be activated is really appealing (see Fig. 3.27
c),d), e) and f)) and can find applications in many fields such as i) on-off switching devices for button
without human intervention, and ii) swimming robot (mimicking fish fins).

Another important aspect of the proposed IDA is related to the presence of two different strain gauges
(one for each finger) which provide feedbacks (change in resistance) when the fingers are activated.
The IDA device was characterized to evaluate i) bending performance and, ii) the embedded strain
gauge performance: only a 4 A input current was used for the tests.

The current input has been provided for a total of 10 cycles (single cycle: current on for 1 s and off
for 1 s) in three different configurations: i) only the finger 1 has been activated (Fig 3.27 €)), ii) only
the finger 2 has been activated (Fig 3.27 1)), and iii) both the finger 1 and 2 have been simultaneously
activated (Fig.3.27 d))

A mean bending angle of 15.5 ° (standard deviation of 0.4 °), and 15.4 ° (standard deviation of 0.6
were found when only the finger 1, and the finger 2 where separately actuated.

As shown in Fig 3.28 a) and b), the strain gauge sensitivity of the finger 1 when activated (finger 2

not activated) is activated is 3.67 °di<;ree (R? = 0.96) while the strain gauge sensitivity of finger 2
when activated (finger 1 not activated) is 3.84 - d:;ree (R? = 0.93).

The whole IDA device has been fabricated in a single step cycle resulting, respectively, in a
manufacturing time and cost of 1h12min and 3,06 €: it consists of two strain gauges (CPLA material)
and two soft (TPU material) bodies.

Full advantages have been taken from the M-MEX approach: a comparison is here provided with the
same IDA device fabricated in a modular way (two separate soft bodies, two separate strain gauges,
a connection structure). In this case the 3D printing cost is 4.57€ (1.68 € for every soft body, 0.54 €
for every strain gauge and 0.13 € for the connection structure), and the manufacturing time is 2h 20
min (48 min for every soft body, 27 min for every strain gauge and 7 min for the connection structure).
On top of that, four manual assembly tasks are required: assembly of the two soft bodies with the
connection part (2 tasks), and assembly of the two strain gauges in the bottom part of each soft body

(2 tasks). The authors assumed a total manual assembly time of 30 min for a total manufacturing cost



and time of 4.57€ and 2h 30 min. It is important to point out that the human operator cost/minute has
not been considered.

The exploitation of the M-MEX approach, in this specific case, lead to a reduction in cost and time,
respectively of 14.65 % and 55.2 %, proving all the potentialities of the proposed 3D printing method.
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Fig. 3-27: Independent Dual soft EM Actuator (IDA) and characterization: a) CAD of the proposed IDA: b) Bottom view of the
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3.6.5 Conclusions

This work demonstrates the advantages offered by the multi-material extrusion (M-MEX) additive
manufacturing (AM) process for the fabrication of soft electromagnetic (EM) actuators: even though
this class of actuator is really appealing for soft robotic applications, it results, at the state of the art,
still underexploited.

The main benefit of the proposed manufacturing approach consists in the monolithic fabrication of
the soft EM device equipped with i) internal channels (filled up with liquid metal Galinstan) and ii)
with an embedded strain gauge sensor. As a matter of fact, manufacturing steps and assembly tasks
have been abruptly reduced making M-MEX technology suitable for the fabrication of the proposed
soft EM devices.

A soft EM actuator used for bending purpose has been characterized showing a bending angle of 22.4

°and a very low relative error of 0.7 %, while the 3D printed embedded strain gauge sensitivity was

0

found to be 49.7 .
°degree

Two more examples have been presented: a soft frog-inspired EM robot and

a dual finger independent actuator (IDA) equipped with two separate strain sensors. The latter, can
be used for industrial application such as electromagnetic switcher. It was also proved that the usage
of the M-MEX approach for the fabrication of the dual independent actuator (IDA) with embedded
sensors resulted in a reduction of 14.65 % and 55.2 % in manufacturing time and cost, compared to
a modular MEX approach. In conclusion, the outcomes of the present research lay the foundation for
a huge exploitation of M-MEX technology (and AM technologies, in general) for the fabrication of
EM devices equipped with sensors.



4. CHAPTER 4: ONE SHOT-ADDITIVE MANUFACTURING OF ROBOTIC
FINGER WITH EMBEDDED SENSING AND ACTUATION

4.1 Introduction

Recently, Additive Manufacturing (AM) technologies have started gaining a lot of interest in the soft
robotics and biomedical field [1], due to several intrinsic features such as the possibility to: i) employ
soft materials, ii) easily create complex structures, iii) use more materials in the same manufacturing
cycle, and iv) fabricate smart structures [2]-[6]. Among the different material extrusion techniques,
Fused Filament Fabrication (FFF) technology, seems to fit well with soft robotics requirements: in
particular, as pointed out by Shintake et al [149], several researchers focused on the study (design,
optimization, simulation, fabrication, and control) of soft grippers. It is possible to classify the
contribution of FFF into the soft robotic field as a function of the actuation mechanism underlying
the fabricated soft robot, as follows: pneumatic actuation, shape memory polymers and tendon driven.
3D printed pneumatic actuators consist of a main body made up of soft material actuated by means
of compressed air. The main body can be patterned in different ways to achieve several kinds of
deformations (such as bending, twisting, elongating, and shortening). The bending actuator is the
most widespread class fabricated by means of FFF [150]. Some examples of bending pneumatic
actuators equipped with strain sensors (fabricated using a dual extruder machine) are provided in [25],
[151], [152]. Several results have been achieved in this field such: i) a way to improve the object
grasping capability, ii) the possibility to fabricate embedded air connectors [153] and iii) the
possibility to obtain helicoidal motion [40]. Shape memory polymers actuator is based on phase
change of the materials such that the change of Young’s modulus when the switching temperature
(Ts) is reached resulting in a change of material softness. FFF has been largely employed for the
fabrication of structures based on this actuation method [154]-[157] proving how printing parameters
(infill and pattern) affect recovery time and recovery quality [158]. A new and promising way to
exploit the shape memory effect in FFF structures is the creation of structures made up of at least two
parts: joints made of shape memory polymers and links made of non-shape memory material. This
design choice implies several advantages: i) the time required to activate only the joint is just a couple
of seconds (compared to more than 30 s to activate the whole structure), ii) it is possible to take full
advantage of multi-material 3D printing, and iii) complex movements are enabled [159]-[163] [164].
Finally, tendon-driven-based FFF robots have been largely exploited over the past few years and it
consists of creating structures (for example fingers) actuated utilizing cables connected to motors. In

[141] a soft manipulator has been fabricated using a custom-made FFF machine enabling the bonding



strength when different materials (hard and soft) are extruded. The authors studied the best hinge
geometry providing a new finger version (reducing the phalanges dimension) to improve the finger
conformability around unknown objects for grasping tasks . Mohammadi et al. demonstrated that this
approach can be used to fabricate a fully 3D printed hand (34 h for the manufacturing) costing 200
USD and characterized by at least 1 year of lifetime which can be employed as prostheses [165].
Shape memory alloys (SMAs) are a very promising class of actuators, largely employed in soft
robotics to actuate soft structures: they are smart materials able to change their crystalline structure
from martensite to austenite when thermally activated, leading to a change of Young’s modulus.
Compared to the above-mentioned actuation methods, SMAs do not require heavy systems to work
such as pneumatic compressors or motors and their actuation is faster and less power-consuming than
shape memory polymers. Silicone molding is the most used fabrication technique to embed SMAs
into elastomeric matrices to achieve several kinds of motion such as bending and twisting [130]-
[133].

Recently, AM has been used to fabricate structures activated by SMA, showing at the same time: i)
all the potentialities of AM technology (capability to create complex structures, capability to obtain
complex motion paths using two materials with different stiffness in the same printing cycle), and ii)
a huge problem related to the manual embedding of SMAs wires after the fabrication [166], [167]
The accurate placement of SMAs into 3D printed structures is a big challenge and addressing this
requirement would abruptly increase the impact of FFF in soft robots manufacturing, as a matter of
fact solving this problem would i) reduce the manual tasks leading to a completely automated
manufacturing process, ii) increase the accuracy of the SMAs placement and iii) allow the placement
of SMAs into complex structures. Although several interesting solutions have been discovered in the
field of FFF fiber reinforcement [168]-[170] and wires placement [143], they cannot be applied to
SMA: s integration due to the high extrusion temperature of the common FFF filaments (180 to 250
°C), far above the austenitic start temperature threshold of SMAs.

In the present work, the authors propose a flexible manufacturing approach to solve the problem of
the automated SMASs placement into FFF structures, using a commercial and inexpensive (300 USD)
dual extruder FFF machine and a pick and place robot. The key enabler of the present research is
related to the use of a material characterized by a printing temperature (T,) lower than the SMA
austenitic starting temperature (Ay): polycaprolactone (PCL) filament (extruded temperature of 70°C)
in conjunction with a SMA spring, having A, equal to 90°C has been employed. After studying
process parameters and compliance behavior of PCL, the stop and go method [171], [172] has been
used to automatically embed the SMA spring during the printing process with the help of a custom

made cartesian pick and place robot.



To the best of the authors’ knowledge, despite huge exploitation of FFF for the fabrication of sensors
(such as force [42] [15], strain [43] pressure, [16][173] and accelerometer [174][175]) and 3D printed
actuators, there is a lack in the literature, concerning 3D printed structures with embedded sensors
and actuation systems, fabricated in a single step manufacturing process[176]. In the present research,
for the first time, an FFF-made soft robot with embedded two sensors (based on two different
principles: piezoresistive and capacitive) and an actuator (SMA spring) has been manufactured in a
monolithic way. To demonstrate the potentialities of this fabrication method and to take full
advantage of multi-material FFF 3D printing, a soft finger was manufactured, employing 3 different
materials (conductive, flexible, and the above-discussed PCL). The goal of this research is to show
that, exploiting the proposed manufacturing approach (FFF + pick and place robot), it is possible to
create smart active structures closing the loop between actuation and sensing without recurring to any

post-process and assembly task.

4.2 Materials and methods

The main goal of the present work, shown in Fig.4.1, is the one-shot additive manufacturing of a soft
robotic finger equipped with sensing systems (a strain gauge for the bending sensing and a capacitive
force sensor for the object detection) and a SMA spring actuator. To achieve this goal, a low-cost
multi material extrusion machine and a custom-made cartesian pick and place robot (to automatically
embed the SMA spring) were employed. The proposed manufacturing approach aims to push the role
of AM into a new dimension: structures having the capability to provide real-time feedbacks and with
embedded actuation systems can be fabricated in a fully automated way without relying on assembly

tasks.
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Fig. 4-1- Main goal of the proposed research: one-shot 3D printing of a smart device equipped with sensor and actuator units.

Apparently, a huge temperature incompatibility issue occurs when SMAs have to be embedded,
during the fabrication process, into FFF parts: generally, flexible materials such as common
thermoplastic polyurethanes (TPUs) are characterized by a printing temperature (7,,) above 220 °C,
far above the A of Nickel-Titanium SMAs (ranging from 70 to 90 °C). The aim of automating SMA
embedding into 3D printed parts motivated us to pause and restart the print after inserting the SMA
using a pick and place robot. This task has been made possible by using polycaprolactone (PCL)
filament: a non-conventional material, mainly used in the biomedical field for scaffold manufacturing
[177]-[180] . PCL material is characterized by T, ranging from 70 °C to 110 °C, being compatible
with SMAs’ A, without affecting its thermal memory. PCL is also well-known for getting softer when
locally heated up to a temperature close to T,. This behavior will take place when the SMA will be
activated through the Joule effect. PCL (eMate-PCL, eSun, China) was used in this study, while a
Dynalloy Inc. SMA spring with A equal to 90 °C was employed.

The main process parameters to consider for our application are i) printing temperature (7,), ii)
printing speed (s), nozzle size (d) and layer height (h). Regards to T,, the authors decided to set the

minimum range as suggested by the filament manufacturer [70, 110] °C, because the need to avoid



any interaction to A, (equal to 90°C) is a crucial requirement for the integration of SMA. As well-
known from scientific literature [58], s mainly affects the printing quality (dimensional accuracy and
surface roughness): with a trial and error approach, we found 15 mm/s and 10 mm/s around the
corners to be the best s values to set ensuring a good printing quality.
PCL material is stiffer than classic TPU (used for the fabrication of soft robots such as fingers) but
softer than PLA. The PCL structure should be easily deformable by the SMA actuators: a study on
the stiffness has been conducted. To address this requirement, the relationship among d, h and weight
of PCL structures was studied using a factorial plan 22,
From the plan, several considerations can be drawn:

e The two factors (namely d and h) affect the weight (g) of the structure while the interaction

among the two factors does not affect the weight

e The way in which the two main parameters affect the weight of the PCL structures is:

i) nozzle size: switching from a 0.4 mm to a 1 mm nozzle size, the weight increases.

ii) layer height: switching from 0.2 mm to 0.4 mm, the weight increases.

e The residual analysis shows the consistency and robustness of the computed factorial plan.

.
In summary, the 22 factorial plan provides the best d and h value to set, to create a lightweight
structure which is found to be 0.4 mm, and 0.2 mm respectively. The four most important process

parameters for the proposed application have been analyzed and listed in Tab.4.1.

Tab. 4-1- Summary of process parameters for PCL

Parameter Value Expected advantage
Printing temperature (T,) 70°C Avoid affecting SMA programming
Printing speed (s) 15 and 10 (near the corner) mm/s Increase printing quality
Nozzle size (d) 0.4 mm Reduction of weight
Layer height (h) 0.2 mm Reduction of weight

In this section, the relationship between PCL compliance and local heating using a resistive wire is
studied. To address this goal, several PCL samples with embedded resistive wire (Nichrome wire,
diameter 0.5 mm) have been fabricated. The sample dimensions were 70, 35, and 10 mm in size along
the X, y, and z-axis. The printing process was stopped manually to embed the resistive wire and later

resumed to incorporate the resistive wire into the PCL structure (see Fig 4.2 a) and b)). The resistive



wire has the function to mimic the SMA actuator: it was heated up in the same range of SMA

temperature (up to 110 °C) which will be used for actuation later.
The compliance of a structure is calculated as follows:

1
Cm=—

Where Cm [mm/N] is the compliance and S is the stiffness, calculated as follows:

Where F is the applied force [N] and d is the sample displacement [mm].

(27)

(28)

An ad hoc set-up was used to evaluate the change of compliance, it consists of i) a power supply to

heat up the embedded resistance, ii) a thermal imaging camera to evaluate the actual temperature of

the wire, iii) a calibrated weight (2.5 N) connected to the sample (see Fig4.2 a) and b)), and iv) a

digital camera to take pictures at each increment of temperature in order to calculate the displacement.

The applied force was the same for each temperature increment and the only variable to measure was

the displacement of the tip (see Fig.4.2), which allowed us to deduce the change in overall

compliance.
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Fig. 4-2- a) Tested sample when Twire = Troom, @and b) Twire = 100 °C. ¢) ACm/CmO0 vs T for PCL and TPU, d) absolute compliance vs

T for PCL and TPU.



Starting from T,.,,m, the temperature of the embedded resistive wire was incrementally increased and
a picture was taken from 70 °C up to 110 °C with a step of 10 °C. Three PCL samples were analyzed,
with three tests done for each sample, resulting in a statistically insignificant standard deviation. (see
Tab.4.2).

Tab. 4-2- PCL samples: change in compliance AC,,/C, vs Temperature

Samplel Sample2 Sample3
ACm/CmO ACm/CmO ACm/CmO0
[mm/N] [mm/N] [mm/N]
T[°C] mean Std.dev mean Std.dev mean Std.dev
70 0.229 <0.001 0.209 <0.001 0.241 <0.001
80 0.659 <0.001 0.665 <0.001 0.672 <0.001
90 1.09 0.02 0.98 0.01 1.18 0.03
100 2.05 0.04 212 0.03 2.17 0.06
110 2.99 0.11 3.08 0.16 297 0.14

A significant change in compliance AC,,, compared to the initial compliance Cm, of almost 3 times
occurs when the resistive wire is heated up to 110 °C (the maximum temperature that will be reached
from the embedded SMA) making this material suitable for our application (see Fig 4.2 ¢)). To have
a direct comparison with TPU, the same identical tests were performed on TPU showing a maximum
change in compliancedCm/Cm, of 0.4 (86% less than PCL): these data refer to the mean among 3
samples for PCL and TPU. From these tests, it is possible to get a comparison in terms of absolute
compliance: when PCL is locally heated up to 110 °C, the temperature that will be reached by SMA,
its absolute compliance, as shown in Fig 4.2 d), is almost 7 mm/N (when the resistive wire
temperature is equal to Ty, C is less than 2 mm/N) not that far from the compliance of TPU at
Tyoom(almost 9 mm/N).

In conclusion, PCL material appears to be the right candidate to match with SMA integration, not
only because of its low printing temperature but also because its compliance abruptly increases when
it is locally heated up, making PCL soft when SMA will be heated to be actuated.

For the current study, a shape memory alloy (SMA) spring with the following properties was used: i)
T, equal to 90 °C, ii) internal diameter equal to 0.51 mm, and iii) external diameter of 3.45 mm. This
selection was made to obtain a higher displacement and sufficient force for flexing the finger joints.
It is important to note that the printing temperature of PCL equal to 70 °C helped the integration of
the SMAs, otherwise, it would have been impossible to integrate SMA with lower A without

adversely affecting its thermomechanical behavior.



The length of the SMA spring depends on the finger dimensions (see next Section 4.3), being the
finger length equal to 122 mm, an overall spring length (in its extended state, including the two
terminal-crimps as well) bigger than that threshold value is required.

The length of the only SMA spring in its extended state (in its pretension state) was 92 mm: 20 mm
shorter than the finger length, in fact after crimping it with terminal metal crimps, it reached 140 mm
in length. The choice of the right crimp size is crucial to be perfectly embedded into the two anchor
points during the manufacturing process by means of the extruded filament. With a trial-and-error
approach, the right dimension of the crimp was selected.

Before embedding the SMA into the 3D printed structure, it has been characterized using a custom-
made setup (detailed in [181], [182] ) to determine the relationships between input and output. The
following time-domain properties: applied current, voltage, displacement, temperature and force were
obtained. Three different current inputs were provided (2.8 A, 3.2 A and 3.6 A) for 2 s, followed by
an off period of 50 s (corresponding to a frequency of 0.02 Hz): for each current input the following
protocol was applied for a total of 5 cycles. The characterization results are summarized in Fig 4.3a)
and b). From the SMA characterization, it stands out that the best current value to apply is 3.2 A, for
the following reasons:

e By applying 3.2A input current, the SMA temperature values reached from 110 °C up to 120
°C, this range corresponds to the highest compliance in PCL material. The other two current
inputs, 2.8 A and 3.6 A, provide respectively inadequate temperature to take full advantage
of the PCL behavior and a too high-temperature value (around 160 °C) which would melt the
PCL finger.

e The average displacement obtained providing 3.2A is 11.2 mm, while the one obtained at 3.6
A is 11.5mm: these two values are very close but using only 3.2 A it is possible to reduce the
power consumption.

e The same observation can be seen with the force values: almost identical force values are
reached providing 3.2A and 3.6 A. Also, in this case, providing 3.2A, the power consumption

IS going to be reduced.
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Fig. 4-3- SMA characterization of 0.51 mm wire diameter ,3.45 mm coiled diameter, 92 mm length spring: a) overall results for five

consecutive cycles at different current inputs, and b) relationship temperature-displacement for the first cycle (time 0 to 13 seconds
corresponding to the peak of temperature) at 3.2A.

4.3 Design and sensor analysis
4.3.1 Design of the proposed robotic finger

To prove the potentialities of the proposed manufacturing approach, a soft finger (with embedded
sensors and an SMA spring actuator) was fabricated. We followed the design rules pointed out by
Mutlu et al [141] for this work while using FFF based approach. They pointed out two major
outcomes, summarized as follows:
i) They experimentally studied different finger joints finding the best one named
“nonsymmetric elliptic”.
i) To improve the finger behavior in terms of conformability around objects, the finger
design should not exactly replicate the human finger geometry: shortening the proximal
phalanx length, motion mimicking real human fingers is allowed and the grasping

performance is improved.

The proposed finger (see Fig.4.4) can be subdivided into two portions: the active finger and a terminal
block equipped with 4 holes to fix the finger to a custom-made platform during the tests. The hole in
which the SMA spring will be embedded during the printing process is one of the most important

parts of the finger. It has been drawn with the following features: i) diameter of 3 mm (with a trial-



and-error approach, this value was found to be the best diameter to ensure a complete and full
embedding of the SMA spring) and ii) above the neutral axis of the structure to provide a better
bending when the SMA is activated.

The finger is equipped with two sensors which will be manufactured in the same printing cycle as the
finger. At the bottom of the finger, a strain gauge sensor has been drawn which consists of two pads
(15 mm x 5 mm) where electrical wires will be welded. There are 4 tracks that have an active length
of 84 mm, a width of 1.2 mm, and a distance between two adjacent tracks of 1.2 mm. Also, end-loops
(3.6 mm x 4 mm) were included to reduce stress sensitivity in the axis perpendicular to the
deformation axis and to improve the measurement quality. The strain gauge geometry is shown in
Fig.4.4 c)).

The second sensor is on the tip of the finger, and it is used as a force/contact sensor. The sensor is
based on the capacitive principle, and it has been fabricated using the same conductive material
employed for the strain gauge and a different insulator material from PCL named NinjaFlex, well
known for being one of the softest commercially available filaments. More details about the two just

discussed sensors are provided in the next lines.

(a) Hole for SMA capacitive (D) (c)
Shortened placement NP suscor getve End loop
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PCL finger
passive structure

122 mm plastic coverage Pad
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s /

Fig. 4-4- proposed finger: a) finger dimensions, b) finger components, and c) embedded strain gauge

4.3.2 Piezoresistive strain gauge sensor and capacitive touch sensor

Here in this section, the two manufactured sensors are analyzed and studied, showing all the
potentialities of the dual extruder FFF technology in the manufacturing of embedded sensors. It is
important to point out that the two proposed sensors are based on two different working principles:
piezoresistive (change in electrical resistance) and capacitive (change in capacitance). In this work,
we are showing for the first time, to the best of the authors’ knowledge, two sensors based on different
principles are 3D printed and embedded in the same structure and evaluated in a fully functional

robotic/ prosthetic finger.



The dimensions of the proposed strain gauge sensor are above described. The length and the width
are the same as the “active finger”. Exploiting the piezoresistive effect (equation 26), the strain gauge
will provide a change in resistance when the finger will be actuated. The goal of embedding the strain
gauge is to correlate the finger bending angle to the change of resistance and to have direct and real-
time feedback.

l
R=p—
A (29)

Where R(£2) is the strain gauge electrical resistance, p (nf—m) is the material resistivity (a constant
value which does not depend on the geometry), I (mm) is the track length, and A(mm?) is the track
surface area. When a stimulus is applied (i.e., bending, compression, tension and so on), only theﬁ

ratio changes, leading to a change in the final strain gauge resistance R. FFF-based strain gauges [17]
have been largely employed and several experimental and theoretical studies have been performed to
improve the scientific knowledge in this field under different points of view (i.e. dynamic
piezoresistivity [42], thermal effects [183] [33] and modelling of anisotropic electrical conductivity
[44]).

The sensors were manufactured in a conductive thermoplastic polyurethane (CTPU), namely
NinjaTek Eel, NinjaTek, USA, to address severe bending that would break conductive polylactic acid
(henceforth CPLA). One of the problems related to the fabrication of resistive sensors through FFF
is the high electrical resistance (low conductivity) [35] involving electrical losses: as a matter of fact,
these kinds of filament are made up of a polymeric matrix doped with conductive fillers (such as
carbon black, carbon nanotubes and so on). To minimize the electrical resistance, it is important to
study FFF process parameters to find out a correlation between them and the increase of conductivity.
So far, in scientific literature, it has been proved that layer height and printing orientation affect the
final electrical resistance in 3D printed strain gauges [32]. In the present work, two more process
parameters have been studied, correlating their effect to the final electrical resistance of the 3D printed

samples: printing pattern B, and printing temperature T,.
Considering B,, the only 3 different patterns allowed by the combination between active strain gauge
width (1.2 mm) and employed nozzle size (0.4 mm) were studied. The three B, analyzed are 3 lines

(called “A”), line-zigzag-line (called “B”) and only zigzag (called “C”). The idea underlying the study
of the best printing pattern is to investigate if it is possible to manufacture an optimal path for the
current.

Considering T, 2 different values were changed, 230 °C (called “X”) and 240 °C (called “Y™): the

minimum and the maximum value suggest by the filament manufacturer. The idea, in this case, is to



investigate if the temperature affects the final electrical resistance. The studied process parameters

are listed in Tab. 4.3.

A manufactured plan based on a total of 3 repetitions for each combination (fabricated in a random

order to reduce the impact of external factors) was followed, and two outputs were measured for each

combination: i) mean final electrical resistance (using a benchtop multimeter) and ii) standard

deviation. The 3D printed samples consist of a 0.4 mm substrate of TPU and the proposed strain

gauge (same dimension as section 3.1). In Fig.4.5 a) and b), the sample CAD model, the theoretical

printing pattern generated by the slicing software (Ultimaker Cura 4.11) and the actual 3D printed

tracks are shown.

Tab. 4-3- Process parameters studied for resistance minimization

Printing pattern (B,)- Name
Printing temperature (T},)
3 lines(Fh,) A
Line- zigzag- line(B,) B
Zigzag (B,) C
230 °C (Ty,)
240 °C (T,) Y
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Fig. 4-5- a) CAD model of the studied strain gauge, and b) theoretical printing pattern and actual 3D printed tracks c) mean resistance
vs printing temperature, and d) standard deviation vs printing temperature.



The results of the parameter investigation are shown in Fig 4.5 c¢) and d).

From the results, the following conclusions can be drawn:

Both the studied process parameters, statistically affect the electrical resistance of the
proposed strain gauge.

For each printing pattern, the increase of the printing temperature from 230°C up to 240 °C
involves a huge decrease in the final electrical resistance respectively of 27,6 %, 36.5% and
32,1 % for A, B and C. Also, the standard deviation decreases respectively of 35.1%, 39.2%
and 52.2% for A, B and C, when T, switches from X (230 °C) to Y (240 °C). In the authors’
opinion, this behavior is related to the melting process of the conductive filler (carbon black)
scattered into the TPU matrix: in accordance with the percolation theory, the conductivity of
conductive polymers is due to the creation of conductive network in which the electrical
current can flow. Because the size of carbon black nanoparticles scattered into the TPU matrix
is not uniform (the melting point of conductive fillers depends on its size[184]), increasing
the printing temperature (namely the melting point of the carbon-black), the probability that
more carbon black is melted increases, and also the probability to create a stronger conductive
network for the current flow increases too. For this reason, for each pattern when the printing
temperature increases, the mean electrical resistance and also the standard deviation (a total
of 3 repetitions for each pattern) decreases (see Fig. 4.5 d)). For a good understanding of the
percolation theory the authors suggest referring to [185] ).

AtT, = 240 °C, the best printing pattern in terms of minimized electrical resistance is B (line-

zigzag- line) providing a mean resistance of 106,7 k2 and a reduction of electrical resistance
of 11.9 % and 142% compared respectively to A (lines) and C (zigzag). This result can be
portrayed in the following way: pattern B provides the best current path [186] compared to
the other two possible patterns, resulting in low electrical resistance.

The combination of the printing pattern and printing temperature that minimizes both electrical

resistance and the standard deviation is “line-zigzag-line” and ‘“240°C”, which will be used for the

embedded strain gauge fabricated into the finger.

Over the tip of the finger, a capacitive sensor has been manufactured to obtain direct and real-time

feedback (change in capacitance), when the tip of the finger touches objects.

The proposed capacitive sensor design is shown in Fig 4.6a). It is made up of 4 main elements: a

bottom electrode (0.6 mm thick), a separator layer (1 mm thick), a top electrode (0.6 mm thick) and

a top plastic coverage (0.2 mm thick), for an overall thickness of 2.4 mm and the length and width

are 21 mm and 14 mm.
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Fig. 4-6- a) Capacitive sensor b) contours vs no contours, c) different infill percentage, d) capacitive sensor during the manufacturing
process, and e) magnification of the manufactured sensor, it is possible to appreciate the air gaps into the separator layer.

The equation governing the proposed sensor is:

C = g £ (30)

Where C is the capacitance of the sensor (nF), A is the surface area of the electrodes (mm?), d is the

electrode distance (also known as separator layer thickness) (mm), g, is the vacuum dielectric
constant (%) and &, is the relative dielectric constant of the separator layer, in particular, the latter

can be expressed as

& = Eqir * YoViy + €. * %l (31)

Where ¢,;,- Is the air relative dielectric constant, ¢, is the relative elastomeric dielectric constant
(pF /mm) while %V,;,. and %V, are respectively the percentage of volume of air and elastomeric
material (it is important to point out that &,;, = 1 and that €, > ;).

As well-known from scientific literature [187] [188], the separator layer needs to be a porous-based

structure with air gaps due to the following reasons:



e When a force is applied, it shows more flexibility (with the same applied force, the distance
among the electrodes will be greatly reduced in the case of a separator layer with air voids
compared to a full separator structure) resulting in a greater capacitance change

e The percentage of the volume of air gaps (%V,;-) will be reduced under a force/pressure
stimulus whereas the percentage of the volume of the elastomeric material (%V,) will increase

resulting in a greater capacitance change ( &, > €4;,-)-

The separator layer has been designed (Fusion 360, Autodesk) as a full structure: the porous structure
(air gaps) has been generated into the slicing software (Ultimaker Cura 4.11.0) using gyroid infill
(well known in the scientific literature for providing a good response when it is compressed [10]).

It is important to point out that the separator layer needs to be fabricated without any contour,
otherwise the structure would be more rigid, and a huge amount of force will be required to compress
the solid contours resulting in less sensor sensitivity (see Fig 4.6 b)). To achieve this goal, three
process parameters have been successfully set: wall line count, top layer and bottom layer,
respectively as 0, 0 and 0.

For the fabrication of the separator layer the TPU 85 A NinjaFlex (henceforth TPU), (NinjaTek,
USA), was used due to the need to produce a separator layer as flexible as possible, to obtain a good
sensor sensitivity.

As shown in Fig.4.6 c) four different infill percentages of the gyroid separator layer were studied:
20%, 30%, 40% and 50%. In Fig.4.6 d) a 3D printed sensor during the fabrication is shown. In Fig.4.6
e), a magnification of the pourous separator layer is provided.

2 different conductive materials were used, conductive TPU (CTPU) and conductive PLA (CPLA),
to study the best one in terms of sensor sensitivity.

After printing the capacitive sensors with different infill percentages of the separator layer and

conductive material for the electrodes, the following conclusions can be drawn-

e Using CPLA and printing the separator layer setting 20% infill, 8 prints out of 10 have failed,
showing manufacturing inconsistency: the separator layer act as “support structure” during
the manufacturing process and being not dense enough the top electrode collapse when
printed. The top electrode comes into contact with the bottom one: no capacitance values can
be read (instead resistance values were read).

e Using CPLA and increasing the separator layer percentage (30%, 40% and 50%) the previous

issue has been solved



e Using CTPU, it was possible to print the separator layer setting 20% infill (10 prints on 10)
unlike for the CPLA. The authors justify the following behavior as follows: being CTPU made
of TPU (82% TPU and 18% carbon black) the adhesion between the previous substrate (TPU)
and the first electrode layer is abruptly increased if compared to CPLA.

e Increasing the infill percentage (from 20% to 50%) for both conductive materials, the
capacitance value of the final sensor (after wiring, at rest) increases too because the percentage

of TPU volume increases while the percentage of air volume decreases.

After connecting electrical wires to the pads, the sensors have been characterized. The measurement
protocol used is the following: calibrated weights have been placed over the capacitive sensor and
the capacitance value has been recorded using a digital multimeter.

In particular, the applied weight has been increased in the following way: 0, 200, 400, 800, 1000,
1500, 2000, 2500, 3000, 3500 g. A force sensor has been placed under the proposed capacitance
sensor to record actual applied force values.

Results are shown in Fig. 4.7.
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Fig. 4-7 - Capacitive sensors results a) CPLA sensitivity, b) CTPU sensitivity, and ¢) CTPU stability

From the characterization of the capacitive sensors, it stands out:

e Increasing the infill percentage, the performance (sensitivity) of the capacitive sensor
decreases both for CTPU and CPLA.



e At the same infill percentage (30, 40 and 50%) the behavior of the CPLA and CTPU sensors
is the same showing that the only reason to choose CTPU instead of CPLA is because of its
composition allowing it to be 3D printed setting the separator layer at 20% infill.

e Every curve has in common an initial straight line in which the capacitance changes with a
small amount of force and a second phase characterized by a sort of saturation in which a huge
force is required to slightly change the capacitance (i.e., in 20%CTPU to achieve a 23% in
AC/CO0 almost 10 N are required while to switch from 23% to 25 % (2% increase) almost 15
N are required).

e CTPU 20% infill is the best sensors in terms of sensitivity, calculated as the ratio of

incremental output to incremental input.

AC (32)
S=IF

And it has been calculated in the linear region of the curve (from ON to 16,6 N correspondingto  Og

pF
F,

to 1000 g applied on the sensor) and is: S = 0.53 with a minimum detectable change of

capacitance force of 1.9 N.

e Also, 20% infill is the best solution not only for the higher sensitivity but also because the

amount of material used during the fabrication is reduced (and the time too).

One more test has been performed to evaluate the stability of the best sensor (see Fig 4.7c)): a 200g
weight (which corresponds to the minimum force detectable from the sensor) was applied for 2
seconds, removed for 2 seconds, and applied again for the same amount of time, for a total of 50
cycles. The sensor shows high stability, and it can be used as an ON/OFF sensor to detect a minimum
applied weight of 200g (force of 1.9 N).
In conclusion, although the sensitivity of the sensor is almost 2/3 order of magnitude less than the
ones fabricated using traditional approaches, it can be used as ON/OFF sensors: the following
advantages have been achieved using this manufacturing method-

e Only one fabrication method is involved (in the traditional approach at least 3)

e 0 assembly tasks are required (in the traditional approach at least 3)

e Itis possible to create smart structures embedding the following sensor in the same printing

cycle.



4.4 Additive Manufacturing

For the manufacturing of the proposed finger with the two embedded sensors and the integration of
the SMA spring, a commercial low-cost (350 $) dual extruder machine based on the IDEX
(independent dual extrusion) mechanism was used (Tenlog TL D3 Pro, Tenlog 3D Solutions, USA).
Three different filaments were extruded from 2 nozzles: PCL (for the finger, nozzle 1), CTPU (for
both the sensor’s active parts, nozzle 2) ad TPU (for the separator layer and top coverage of the
capacitive sensor, nozzle 1).

Several g-code modifications have been made, due to the following reasons: i) to set print temperature
equal to 70 °C, ii) to stop the print at a certain layer number to embed the SMA spring and iii) to stop
the print at a selected layer height to change the filament (from PCL to TPU) to print the separator
layer and the top cover of the capacitive sensor.

The most important process parameters used are summarized in Tab.4.4: two 0.4 mm nozzles were

employed, and 0.2 mm was set as layer height parameter (same value for each material).

Tab. 4-4- Process parameters used for the finger for the finger fabrication

Parameter PCL CTPU TPU
Printing temperature 70 240 225
0
Line width (mm) 0.4 0.4 0.4
Printing speed (?) e 15 20 25
e 10 (near the
corner)
Flow (%) 110 120 107
Retraction (mm) 4 25 6
Infill percentage (%) 20 100 e 20% (separator
layer)
e 100 (top
coverage)
Infill pattern lines e Line-zigzag-line lines

(strain gauge)

e Line (capacitive

electrodes)

In the slicing software, the 3D Printer was instructed to pause immediately following a critical layer:
this layer represented half of the diameter of the holes in which the SMA nickel-titanium spring would

be placed. Along with this instruction, the 3D Printer was also made to maneuver its axes to present



the partial-completed print to the Cartesian Pick and Place Robot (CPPR): a custom-made machine
developed as a small-form-factor alternative to larger, more industrial, and expensive versions. As it
is composed of a 400x330 mm aluminum framework and 3D printed components, the design is highly
modifiable and easily integrated with other machines. It is controlled with an Arduino Uno, as well
as three A4988 Bipolar Stepper Motor Drivers, and utilizes a custom-written G-Code interpreter. The
CPPR (see Fig.4.8 a)) has been able to use two electromagnets to manipulate the steel crimpled SMA
actuators into the desired position. These electromagnets are simultaneously activated through an
Omron relay module, which is controlled by the Arduino using G-Code over a serial connection to
the host computer. This method enabled precise delivery of the SMA actuators without direct action

from the user.
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Fig. 4-8- a) Custom-made cartesian pick and place robot (CPPR) for SMA spring placement. b) Infrared image during the 3D printing
process: the central marker (temperature of 36.6 °C) refers to the just extruded PCL filament over the embedded SMA spring, proving
that the temperature of the filament in contact with the SMA is less than its austenitic start temperature

After placing the SMA spring, the print was resumed and the PCL filament was extruded above to
spring to completely embed it into the finger: as discussed before, it is crucial that the temperature of
the extruded filament above the SMA is lower than A, to avoid SMA activation. The PCL temperature
above the SMA was measured by means of infrared thermal imaging: as shown in Fig.4.8 b), as soon
as the filament flows out from the nozzle, due to the interaction with the air its temperature abruptly
decreases from 70 °C (printing temperature) to 36.6 °C: the temperature of the just extruded PCL
bead over the SMA is 36.6°C, ensuring the preservation of the SMA martensite structure and avoiding
any SMA activation.

In Fig.4.9, the manufacturing steps and the final finger are shown.



The total cost of the proposed finger, computed by the slicing software as a function of the amount
of material employed during the manufacturing process, is 1.2 $, while the total printing time was 2h

and 51 min, which needs to be increased of almost 10 min to embed the SMA using the CPPR and to
change material (from PCL to TPU).
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Fig. 4-9- Manufacturing process: a) first PCL layer, b) manufactured strain gauge, c) PCL coverage above the strain gauge, d) CPPR

using electromagnets to insert the SMA into the channel, e) SMA into the channel, f) manufactured finger top view, and g) manufactured
finger bottom view.

4.5 Characterization

The proposed finger has been characterized with several tests to evaluate: i) PCL material behavior

in terms of hysteresis, ii) bending angle of the finger and its motion, iii) correlation among change in



resistance (embedded strain gauge) and bending angle, and iv) usage of the capacitive sensor as
ON/OFF sensor when the finger touches objects.
For the characterization test, a custom-made setup shown in Fig 4.10 a) was used.
It consists of the following elements:
)] A custom-made bracket where the terminal block of the finger has been attached used
screws, nuts, and bolts
i) A digital camera (Canon EOS 70D) to take video, to calculate bending angle and joint
position in the 2D space.
iii) Two digital multimeters, to take measurements of resistance and capacitance.
iv) A power supply (BK Precision 9116) to provide current input to the SMA in accordance
with the desired frequency.

V) A custom-made circuit to calculate the voltage when current is provided to the SMA.

The following protocol was employed to characterize the finger: a current input of 3.2 A (chosen in
accordance with the previous SMA characterization, section 4.2) was applied to the SMA for 2 s
followed by a cooling time of 50 s (in that period a dead weight of 100g was applied to the finger to
get it back at its rest position) for a total of 10 cycles.

Furthermore, two fingers were characterized: the one described so far (SMA spring completely
embedded) and one more fabricated by embedding the SMA spring only into the two end parts (SMA
partially embedded) shown in Fig.4.10 b), to understand the best SMA spring position.

The bending angle and the position into the 2D space of each phalanx were measured as shown in
Fig.4.10 c).

The results in terms of bending angle are shown in Fig.10 d) and e) for both versions of the finger:
“SMA completely embedded” and “SMA partially embedded”, as well as the finger tracking into 2D
space for the “SMA completely embedded”.
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Fig. 4-10 a) Characterization setup for bending b) Finger with partially embedded SMA spring (embedded only into the two end parts)
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The following considerations can be pointed out:

e For both configurations, the initial cycles (only cycle one for “SMA completely embedded”
and cycle one and two for its counterpart) are characterized by a smaller bending angle,
subsequentially the bending angle increases becoming constant in a certain range: for the
“SMA completely embedded” the mean bending angle from cycle 2 to cycle 10 is 37.3° with
a standard deviation of 0.13 °, for its counterpart the mean bending angle from cycle 3 to cycle
10is 33.9 ° with a standard deviation of 0.99 °. The change in the bending angle from the first

cycles to the last ones can be addressed to the Mullins effect, affecting thermoplastic
materials.

e The “SMA completely embedded” version is better than its counterpart not only because the

mean bending angle is 9.1 % higher but also because the standard deviation is less.



e From the finger tracking diagram, it stands out that the finger movement (the movement of
each phalange) mimics very well the human finger motion, proving how the Mutlu et al [141]

design rules are important to achieve this goal.

The change in bending angle has been correlated to the change of resistance provided by the
embedded strain gauge: the measured data were fitted, obtaining the following linear regression
equation:

33
y = 0.6748 a + 390.79 (33)

With R? =0.93

From equation (33), the sensitivity of the strain gauge is found to be 674.8 OhTm.

Fig.4.11 shows that for the first cycle the change in resistance is less, in accordance with a smaller
bending angle, while from cycle 2 to cycle 10 the change in resistance is almost constant. Moreover,
from cycle 5 up to cycle 10 the resting point is slightly higher than the one obtained for the previously
cycles: this behavior is attributable to the PCL hysteresis, as a matter of fact from cycle 5 the finger
does not get back in its original rest position (the bending angle between the bottom part of the finger

and the support is 2,5° instead than 0°)
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Fig. 4-11- Strain gauge characterization

The capacitive sensor (already characterized in section 4.3.2) having a sensitivity of 0.53 ’;V—F, has

been used in conjunction with different objects (adhesive tape, calibrated weight, lollipop, glue, and
coffee cup) placed randomly into the 3D space, mimicking a real scenario. As shown in Fig.4.12 the
capacitive sensor provides fast feedback as soon as it gets into contact with target objects, getting
back to its initial capacitance value when the finger is no longer pushing against the object. The
following result suggests that this kind of sensor can be used at least as ON/OFF sensor to provide



direct feedback about the presence/absence of objects: to achieve this aim, more characterization steps
are required( for example a deep study about the interaction among the material surface of the object
and the capacitive sensor). As shown in [189], the benefits due to the exploitation of force sensors

over the soft finger tip are many and can potentially make these devices really appealing for the

biomedical field.
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Fig. 4-12 -Capacitive sensor embedded into the finger in contact with different objects.

4.6 Conclusions

In this research, a new manufacturing approach to embedding actuators (SMA springs) into 3D
printed structures has been presented: the main pillars of the proposed approach are: i) the usage of
PCL material because its printing temperature is less than the austenitic start temperature of the
embedded SMA, ii) the exploitation of the stop and go method to embed the SMA, and iii) the usage
of a custom-made cartesian pick and place robot to reduce manual tasks and increases the placement
accuracy. To take full advantage of the proposed manufactured method (based on material extrusion),
a soft finger with 2 embedded 3D printed sensors (based on two different mechanisms: capacitive and
piezoresistive) and an integrated SMA spring actuator was manufactured in a single shot fabrication
cycle (for the first time, at the best of the author’s knowledge). Furthermore, two process parameters
were studied to reduce the strain gauge electrical resistance, which has been reduced by 142%

compared to the worst parameters set, in order to reduce power losses during its usage. Several tests



were carried out to characterize each element of the proposed finger: i) the best current input for the

activation of the SMA was found to be 3.2 A, ii) the capacitive sensor sensitivity was found to be

0.53 ':V—F and iii) the strain gauge sensitivity that was used to detect the finger bending angle, was

674.8 OhTm . The proposed fabrication method paves the way for huge exploitation of the inexpensive

FFF technology for the embedding of SMA, or other kinds of thermally activated actuators, like
twisted coiled polymers (TCP), into complex FFF structures reducing human tasks and increasing
placement accuracy. Moreover, several soft robots and gripper systems can be manufactured by
embedding both sensing elements and actuators, resulting in assembly-free structures.



5. CHAPTER 5: DISCUSSION AND CONCLUSIONS

The aim of the present PhD thesis was to demonstrate that Material Extrusion (MEX) Additive
Manufacturing (AM) technology is a suitable fabrication approach for the manufacturing of soft
robots and sensor. Thanks to work done at the Interdisciplinary Additive Manufacturing (IAM) Lab,
Politecnico di Bari, Italy and Humanoid Bio-Robotic and Smart materials (HBS) Lab, University of
Texas at Dallas, USA, the goal of the thesis was achieved: several sensors, soft robots, and smart
structures were 3D printed and characterize.

MEX technique, well known for being a low-cost technology, is very widespread both in the makers
domain and research field: unique advantages can be obtained when a scientific/engineering approach
is applied.

As shown in the present work, the main benefits that MEX technology can offer for the fabrication
of soft robots are: i) reduction in cost and manufacturing time, ii) possibility to fabricate smart
devices, iii) multi-material extrusion of stiff and soft material, iv) possibility to embed actuation
systems during the fabrication, v) possibility to obtain assembly-free objects.

The usage of inexpensive commercial MEX machines allowed the development of complex solutions,
such as bending actuators, stiff-soft robotic finger, capacitive and piezoresistive sensors and robotic
fingers equipped with actuator and sensing units. Moreover, a low-cost custom-made machine based
on the silicone-extrusion working principle was developed (250 $) to extrude material much softer
than the one allowed from commercial FFF machines. It has also been shown that the usage of a
cartesian pick and place robot, can increase the automation degree of the whole fabrication cycle:
Shape memory alloys (SMA) spring actuators have been placed into 3D printed parts during the
fabrication by taking advantage from the stop-and-go method.

Another achievement reported in the following work concerns the improvement in the multi-material
adhesion when soft and stiff materials are jointly extruded: an increase of the 48% was achieved by
studying several parameters (process parameters, post-processing and design parameters).
MEX-based machines are also easy to customize, generally two ways have been followed, in
scientific literature: i) customization in order to monitor process parameters, and ii) customization to
improve the fabrication performance. Both the approaches can bring many benefits for the fabrication
of soft smart robots: new materials (i.e. magnetic materials) can be processed having the real-time
full control of the process parameters.

In the author’s opinion, MEX technology will be widely used over the next years for the fabrication

of soft smart structures, from one hand soft robotics domain will take advantages from AM techniques



(assembly and manual tasks will be reduced), from the other hand AM will become more popular
thanks to soft robotics and more widespread in industry environments for mass-production.

In conclusion, despite MEX technology has not reached a full level of maturity, it seems to be the
perfect fit for the soft robotics domain: new advances in simulations, functionalized materials,
stretchable electronics, and multi-extrusions machines will push MEX technology beyond the current
limitations. The author envisions a bright future for Additive Manufacturing technologies (MEX
technology, in particular) in the field of smart structure: when the benefits brought from soft robotics
(over its counterpart) will become common knowledge, industries will extensively use Additive

Manufacturing technologies, saving cost and time.
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