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ABSTRACT  
Additive Manufacturing (AM) has become a key technology for Industry 4.0 due to its cost-

effectiveness, low environmental impact, automation, high-level of freedom in fabrication and 

customization. Particularly, Material Extrusion (MEX), a widely used AM technology, is gaining 

tremendous interest for the fabrication of smart structures, that can be self-actuated, self-sense, and 

self-heal, such as soft actuators, sensors, and stimuli-responsive devices. MEX has been employed 

for its high level of customization, fitting it to extrude non-conventional materials such as functional 

inks, conductive polymers, and silicone. MEX is ideal for applications in soft robotics, sensors, and 

even 3D-printed batteries, allowing for advanced integration of multiple functionalities of the printed 

structures. 

In this PhD thesis, MEX technology was used to fabricate several smart structures, such as actuators 

with embedded sensors, self-healing sensors, and electro- and magnetic-driven structures: a 

remarkable reduction in fabrication cost, improvement of mechanical and sensing performances, were 

achieved through innovative fabrication approaches and custom-made 3D printing setups. 

First, 3D printed actuators and soft robots with embedded sensors and metal filled channels, actuated 

via electrical current and magnetic field, were investigated, proving the potentiality of one-shot 

fabrication of ready-to-use smart structures. Mullins effect of the smart actuators was decreased 

studying the vibration behavior during of the bending movements: a reduction of 16% was achieved 

incorporating geometrical ribs in the bending area (joint). Afterwards, the joint was studied and 

implemented to fabricate a multi-material and multi-actuation finger actuated using: i) shape memory 

polymer (SMP) heated via embedded electrical Nichrome wire, and ii) tendon driven, resulting in 

complex movements combining both actuation methods.  

To develop and fabricate innovative smart structures, several 3D printing setups and non-

conventional materials were studied: a method to improve the printability of silicone (such as pure or 

with magnetic nano particles) was discovered, implemented a custom-made IDEX 3D printing setup 

able to extrude at the same time silicone and thermoplastic polymer in the same printing cycle. This 

setup leverages the electrical Lorentz force in the silicone extrusion head to: i) reduce the printing 

force (21.08%) enabling thin walled and accurate structures extrusion, and ii) fabricate self-actuated 

multi-material structures that can move using external stimuli (such as magnetic field).  Moreover, a 

custom-made setup was implemented for increasing the sensitivity of 3D printed multi-material 

sensors employing rolling technics and studying ironing printing parameters: the latter increased the 

sensitivity of the 3D printed sensors of 83%, due to 50% void reduction. A new approach to fabricate 

self-healing smart structures was also explored: a custom-made 3D printing machine capable of 

extruding both filament- and ink-based self-healing materials was developed. An innovative Separate 



Heating System (SHS) was implemented to better control pre-extrusion and extrusion temperatures 

via PID, resulting in improved mechanical, geometrical, healing (95%), and sensing performance of 

the 3D printed sensors. 

Finally, a comprehensive review of MEX 3D printed batteries was presented, highlighting problems, 

challenges, and advancement in this new field. The literature review envisions the futuristic 

possibility of one-shot 3D print devices composed of sensors, actuators and batteries, ready to be used 

after their removal from the 3D printing platform.  

 

 

 

KEYWORDS: Additive Manufacturing, Material Extrusion, Multi-Material Extrusion, Soft Robots, 

Smart Structures, 3D printed sensors, Bioinspired structures, Self-healing sensor, silicone Extrusion, 

custom-made 3D printing setups, Electromagnetic Actuation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. CHAPTER 1: INTRODUCTION 
 

1.1 Introduction 
 

In recent years, Additive Manufacturing (AM) technologies have started gaining a lot of interest in 

the industrial fields becoming one of the Key Enabling Technologies (KET) for Industry 4.0 (I4) [1].   

As one of the manufacturing processes of the I4.0, AM or three-dimensional (3D) printing presents 

several features such as flexibility, automation, digitalization, cost reduction, and low environmental 

impact, which align with the fundamental pillars of the I4.0 [2]. In point of fact, AM offers several 

benefits in term of industrial “smart” manufacturing: reduction in post-processing and human 

interventions [3], multidisciplinary and compatibility with other technologies (production systems or 

internet) opening several opportunities and the challenges in the soft-robotics, sensor, energy, and 

medical sectors [4]–[6].  

 

In this PhD thesis, the advancement of AM MEX technologies was explored to fabricate smart 

structures based on the use of electrical and magnetic actuation with embedded sensing systems.  

The main idea of the following work is to overcome the classical fabrication of electrical motors and 

sensors provide ready-to-use 3D printed structures enabling: i) a new class of electrical and 

electromagnetic actuator with self-sensing capabilities, ii) 3D printed sensors able to deform and 

adapt to several devices, and iii) sensors self-healing.  

 

• Traditional actuators and motors: perspective 

The traditional electric motors are electromechanical devices able to convert electrical input energy 

to mechanical movements through the interaction of electric and magnetic field. Direct current (DC), 

alternating current (AC), and brushless motors are the main types of industrial electrical motors 

[7][8]. An advanced type of electrical motors, that differs from traditional ones, are the linear motors: 

the motion is generated not using rotational movement, but direct translational movement. The rotor 

and the stator are linearized along a track, makes them particularly useful in application that required 

precise and controlled motion [9].  

Reliability, high efficiency, and time-life are the main advantages of traditional electrical actuation. 

However, the complexity of their manufacturing and the high production costs lead to study new and 

innovative fabrication approach such as the use of AM technologies. The 3D printed electric motors 

overcome the use of traditional rotary or linear configuration of rotor and stator, optimizing internal 



geometry using conductive or magnetic composites, such as conductive filaments or magnetic inks. 

Moreover, the main advantages include cost reduction, high customization, and rapid prototyping 

(fabrication of all required part in the same printing cycle). At the state of art several 3D printed 

actuators based on the traditional motion-system are presented: Pavone et al. [10] developed a one-

shot 3D printed modular linear motor based on electromagnetic induction and Lorentz force, with a 

sliding rotor powered using internal Galinstan channels. Mansour at al. [11] fabricated a 3D printed 

novel miniaturized dual-axis electromagnetic actuator able to manipulate objects using four degree-

of-freedom structure. De Leon et al. [12] presents a simple method for creating conductive polymer 

for 3D select laser sintering to develop a fully 3D printed electrostatic motor fabricated without any 

metal components. 

 

Table 1.1: Traditional vs 3D printed motors 

 Traditional motors 3D printed motors 

Power efficiency High Low 

Production costs High Low 

Materials 
Permanent magnets, copper, 

steel 

Conductive polymer, custom 

composites 

Customization Low high 

Lifespan Long Not very long 

 

• Traditional sensors: perspective 

The traditional industrial sensors convert detecting parameters into electrical or digital signals [13]. 

The most common sensor classification is based on the measured quantity, such as i) temperature, ii) 

pressure, iii) speed, or iv) humidity sensors, and on operating principles such as i) electrical, ii) 

mechanical, iii) magnetic, or iv) chemical [14][15], [16]. Among these, piezoelectric and -resistive 

sensors are some of the most fabricated, as they allow to detected pressure and mechanical forces 

[17]. Capacitive sensors also play a key role in measuring pressure and applied forces [18], [19]. 

While traditional sensors show notable advantages, including i) high accuracy in measuring 

quantities, ii) durability under extreme environmental conditions, and iii) high lifespan, sensors 

present several advantages. High production costs, complex manufacturing processes, and rigid 

design have driven research into new fabrication technologies for sensors [20]. One of these is 

Additive Manufacturing. Indeed, traditional sensors require numerous manufacturing steps 

(microfabrication, deposition, assembly, and encapsulation) to fabricate a reliable sensor: on the other 

hand, AM requires only a single 3D printing cycle to fabricate and encapsulate the sensor directly 

into the device being analyzed [21]–[23].  

 

 



Table 2: Traditional vs 3D printed sensors 

 Traditional sensors 3D printed sensors 

Design/Customization Low High 

Production costs High Low 

Production steps ≥ 4 ≤ 2 

Materials 
Wide choice, but rigidly 

defined 

Conductive polymer, custom 

composites, high 

customization of materials 

Scalability/Miniaturization Low high 

Lifespan Long 
Long (but linked to the 

materials) 

 

• Additive Manufacturing: perspective 

  According to ISO ASTM 52900 Material Extrusion (MEX) is one of the seven AM process groups 

seems to be most used in several I4.0 fields and is focus of the present thesis. 

The MEX physical and working principle is based on the extrusion from one to more materials 

through a calibrated nozzle to build layer-by-layer a structure. At the state of art, is possible to 

distinguish three different printing approach: i) filament-extrusion, ii) ink-extrusion, and iii) a 

combination of both [24], [25]. The first approach named Fused Filament Fabrication (FFF) is based 

on the extrusion of filament-based materials (solid thermoplastic) using a heated nozzle which 

completely melted the material before the deposition on a (typically) hot surface (build plate). The 

second approach namely Direct Ink Writing (DIW) is based on the extrusion of viscous ink, such as 

silicone-based materials, at room-temperature. The third approach is called hybrid and is typically 

used for Multi-material Extrusion (M-MEX): one printing-head extrudes the filament-based material 

and second printing-head extrudes ink-based material [26], [27].  

  MEX technology is the most widely used 3D printed methods due to several advantages: 

 

i) Possibility to extrude functional materials: the materials used in the MEX range from 

the thermoplastic such as polylactic acid (PLA) or Acrylonitrile butadiene styrene 

(ABS), to soft materials such as soft thermoplastic polyurethane (TPU) and silicone 

[28]–[30]. Recently, a new class of materials, named functional, allows several 

applications in MEX printing: these materials are typically polymer matrix within fillers 

(carbon nanotubes, graphene, magnetic or copper powders, light- and thermal-

responsive elements, self-healing functionalized groups) and semi- o pure conductors 

such as Galinstan and silver-ink.  

ii) Easy customization of the 3D printer machines: the flexibility in modifying the 3D 

printed machine based on MEX technologies enables the researchers to tailor the 



equipment for specific applications, such as extrusion of different materials (silicone and 

thermoplastic using the same machine) [31], [32]. 

iii) Use of innovative fabrication methods: approach such as Start-and-Stop (S&S) allows 

to combine and insert external elements (sensors, magnets, and wirings) [33], [34] during 

the printing process.  

 

As matter of facts, MEX is becoming really appealing for the fabrication of 3D printed smart 

structures able to respond to external stimuli, mimic biological movements, and exhibit self-sensing 

and self-healing capabilities [35]–[37], features typically of the soft-robots and 3D printed sensors. 

Smart structures embedded sensing systems within actuation systems during the same printing cycle, 

enhancing their functionality: 

   

• Actuation systems: from an actuation standpoint, MEX printed soft and smart structures 

mostly based on pneumatic actuation, shape memory polymers (SMPs), shape memory 

alloys (SMAs), cable-driven actuation, or a combination of them have been studied [38]–

[40]. Another actuation method that can bring several advantages to the soft robotic domain 

is the electrical actuation system, based on the use of electrical and magnetic fields, or the 

combination of both. The use of electrical or electromagnetic actuation has demonstrated 

several advantages, such as reduced activation and deactivation times (i.e., return to the 

original shape) compared to systems based on shape memory polymers or alloys. It has also 

been shown to reduce noise levels, unlike pneumatic systems, and offers significantly lower 

energy consumption. The portability, unlike systems that require light sources, heat, or 

compressed air, makes these systems highly advantageous for both every day and industrial 

applications (see Fig. 1.1) [41]–[43]. Cao et al. 3D printed magnetic actuators [44]  using a 

soft thermoplastic material with magnetic particles to create a magnetic filament for fused 

deposition modelling setups. Yan et al. [45] fabricated a bionic swimming fish able of 

underwater operations using electromagnetic driven caudal fin. The latter embedded two 

soft coils (one for side) composed of silver-ink on soft polydimethylsiloxane (PDMS) 

substrate and a permanent magnet, obtaining a flapping angle of 4.2° at applied voltage of 

8V (with 0.3 mT magnetic field. The fish’s body and coils were fabricated through FFF and 

DIW printers, respectively.  

 

 

 



 

• Sensing systems: MEX enables the fabrication of several type of sensors such as 

piezoresistive and force sensors employing filament- or ink-based conductive materials [46], 

[47]. Liu et al. [48] developed a custom conductive-ink (electrical conductivity of 1.75×10 

6 S m−1) for the fabrication of a wearable piezoresistive pressure sensor through DIW 

extrusion. The sensor exhibits high sensitivity over a pressure range from 2.8 to 8.1 kPa.  

Kosir at al. [49] studied the problem of electromagnetic interference (EMI) protection for 

3D printed sensors, developing a printing strategy to reduce the signal-noise: in a single 

printing process sensing element, wiring and connector are including and covers with EMI 

shielding. Moreover, ironing techniques are employed to reduce the voids of the electrode.  

 

Another feature making MEX technologies really appealing for the electrical actuation standpoint is 

the possibility to fabricate 3D-printed batteries [50], [51]. This enables the embedding of the batteries 

into soft robots and wearable devices, offering advantages in integration, customization, energy 

efficiency and portability of the devices.  

 

 

Fig. 1.1: Qualitative comparison between most relevant 3D printed actuation methods in terms of output force, 3D printing fabrication 

efforts, noise during function, fabrication costs, scalability and activation time. 



 

1.2 Storyline of the research 
 

During the Ph.D. research period, which culminates in the present thesis, significant progress has 

been made in advancing the Additive Manufacturing approaches for smart structures.  

Motivated by the aspiration to create innovative solutions in soft robotics, this work has focused on 

demonstrating the potential of 3D printing to fabricate ready-to-use smart structures that seamlessly 

integrate electrical and/or magnetic actuation with real-time sensing capabilities. This thesis 

represents a critical step forward in transforming conceptual ideas into tangible, high-performance 

systems. 

This research begins by presenting the state of art, focusing on recent advancement in the field of 

electro and electromagnetic soft actuator, analysing the limits and the potentialities of current devices 

and the possibility to integrate actuation systems, sensing and energy device in the same 3D printed 

smart structure (Chapter. 1). The research question, “How can this electromagnetic soft device 

function effectively?”, serves as the guiding focus of Chapter 2. In this chapter, multiple approaches 

are explored to advance the development of electrothermal shape memory polymer (SMP) actuators, 

electromagnetic actuators, and bio-inspired soft robots. These efforts aim to demonstrate the efficacy 

of electrically driven systems fabricated using Additive Manufacturing (AM) technologies. The same 

methodology was applied to explore new customized approaches for material extrusion-based 

Fig. 1.2: Graphical main idea of the present PhD thesis. 



fabrication, aimed at developing structures based on magnetic actuation and the use of electrical 

systems to enhance 3D printing fabrication. The question, "How can electric current be utilized to 

improve the printing of unconventional materials?", drives the research in Chapter 3 (e.g., 

investigates the use of Lorentz forces for printing magnetic silicone and thermoelectric control for 

self-healing materials). Moreover, the possibility to embedding sensor in the actuator structure, 

enhancing the sensor capabilities (sensitivity), led to thing about all-in-one structures that include 

energy storage system too (chapter 4).  

In conclusion, the central aim of this research was to address the question: “Why not design smart 

structures that embedded actuation, sensing, and energy storage systems, all integrated within a 

single printing cycle and ready to use when removed from the print bed?” This question has guided 

the development of innovative solutions in AM, culminating in the fabrication of fully functional soft 

robotics and smart structures that are fabricated using unconventional materials and one-shot 

approach. 

 

 

1.3 Scope of the thesis  
 

The purpose of the present thesis is the advancement of Additive Manufacturing MEX technologies 

for the fabrication of smart structures based on the use of electrical and magnetic actuation with 

embedded sensing systems.  

The main idea of the following work is the fabrication (using the design for additive manufacturing) 

of one-shot (ready-to-use) soft robotics structures ready to be activated using electric and magnetic 

external stimuli after remotion from the 3D printer build plate, and to provide real-time feedback 

thanks to the embedded sensing systems (3D printed sensors).  

To achieve these goals, several points have been studied: i) multi-material MEX of actuation systems 

based on electrically driven, ii) multi-material MEX of sensors, iii) customization of 3D printing 

machine in order to fabricated smart structure based on silicone and self-healing extrusion, and iv) 

increasing the fabrication process and the efficiency of actuators and sensors (e.g. increase of 

electrical sensitivity). In Fig. 1.2 the graphical idea of the present thesis. 

 

 

 



1.4 Structure of the thesis  
 

This work is organized as following: 

• Chapter 2 is named “Electro- (and) magnetic actuation” and describes the innovative 

actuation systems used in soft robotics and smart structures based on Additive Manufacturing 

fabrication and electro-magnetic actuation. 

• Chapter 3 named “Custom-made MEX setups and fabrication approaches for processing non-

conventional materials: magnetic-ink, self-healing polymers, and electrically conductive 

polymers” presents the development of custom-made 3D printers modified in order to extrude 

non-conventional materials for innovative fabrication approaches for 3D printing smart 

structures and sensors.  

• Chapter 4 is named “Future trends: energy storage for MEX structures” and describes the 

fabrication of supercapacitors and battery fabricated through 3D printing.  

 

Chapter 1 and Chapter 5 are written respectively as introduction and conclusion for the thesis.  

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. CHAPTER 2: ELECTRO- (AND) MAGNETIC ACTUATION 
 

 

2.1 Introduction of the chapter  
 

In recent years, additive manufacturing (AM) technologies have been largely exploited for the 

fabrication of smart structures (soft robot and sensing) [52], [53]: several advantages such as 

reduction in assembly tasks, fabrication cost, and time can be achieved. 

Particularly, Fused Filament Fabrication (FFF) is one of the most widespread technologies within 

Material Extrusion (MEX) family, for the fabrication of the (soft) actuators [40], [54], [55]. FFF is 

based on the extrusion of thermoplastic material through one or more heated nozzles. This method 

enabling the fabrication of multi-material actuators with embedded sensor in conjunction with i) the 

extrusion of conductive material [46] and ii) one-shot fabrication [56], making FFF very appealing 

for the fabrication of 3D printing soft actuators.  

From an actuation standpoint, three-dimensional (3D) printed soft actuators mostly based on 

pneumatic actuation [57], [58], light and radiation actuation [59], shape memory polymers (SMPs) 

[60], shape memory alloys (SMAs) [61], cable-driven actuation [62], or a combination of them have 

been studied [63]. Another actuation method that can bring several advantages to the soft robotic 

domain and which is innovative and challenging for the fabrication of smart structures is the electrical 

actuation [64]. It is possible consider two possible family of electrical actuation systems: i) pure 

electric [65] and ii) electromagnetic (EM) actuation systems [44], [66] . 

An example of actuation systems is the electrothermal SMP, activated used embedded electrical wires 

[67], [68]. The SMPs are a very promising class of actuators because of i) lower cost, ii) possibility 

to enable greater recovery deformation, iii) biodegradability, and iv) possibility to respond to more 

multiple stimuli [69] (even though one of the most studied domains is the temperature stimulus [70]). 

The SMP working mechanism is here described: its initial shape can be modified to a temporary 

shape, deforming the SMP at a fixed temperature above the glass transaction (𝑇𝑔) temperature of the 

materials, named switching temperature (𝑇𝑠). Cooling down the SMP, the temporary shape will be 

fixed: if the polymer is heated again above the 𝑇𝑔 temperature, the SMP recovers its initial shape 

[71], [72]. The phenomenon of shape memory effect (SME) is a complex transformation observed in 

two types of SMP [73], [74]: (i) traditional one-way SMP, which transition is from original shape to 

a deformed shape and vice versa, and (ii) two-way [75], [76] or more [77] SMP, which can remember 

the original shape and switch between two or more distinct shape, typically between a low-



temperature and high-temperature shapes. On one hand, SMPs do not required particular and 

complicated system to work such as cables, motors or pneumatic compressors, but on the other hand 

their activation is possible through external heat source [78] (often provided via oven and warm 

water) resulting in a lack of feasibility for real-life scenarios. A new challenge in soft robotics is the 

fabrication of SMP smart structures fabricated with embedded resistive wires, to improve SMPs usage 

[31], [79]. The low 𝑇𝑔 (50– 65 °𝐶) of Polylactic Acid (PLA) makes it the most used thermoplastic 

polymers to fabricate SMPs [71] in Fused Filament Fabrication (FFF) technology. In general, FFF 

printing parameters (infill and pattern) that affect recovery time and recovery rate of SMP structures 

has been largely studied [73], [80], [81] . Cesarano et al. [82] analysed the SMP response at different 

time–temperature combinations and programming parameters. Ehrmann et al. [83] performed 

mechanical destructive tests and investigate the recovery rate of PLA sample changing infill patterns 

and percentage. Roudbarian et al. [84] improved the shape memory effect (SME) of PLA by following 

multi-layered and multi-material approaches. Yang et al. [85] improved physical properties of 3D-

printed SMP parts by tuning appropriate process parameters. Moreover, a new way to exploit the 

SME in FFF structures is the fabrication of structures composed of SMP parts and links made of non-

shape memory material actuated with tendon driven [31]. A hybrid actuation system brings several 

benefits such as i) increased bending performance, ii) use of two materials with different stiffness 

degrees in the same printing cycle, and iii) complex movements impossible to achieve using only one 

actuation system [86], [87]. 

On the other hand, the innovative EM actuation system can be achieved several advantages, compared 

to their counterparts such as: 1) portability (only batteries need to be involved), 2) noise reduction 

(making them really appealing for wearable application), 3) fast response (SMPs require some 

minutes), and 4) no need of cooling systems (SMAs and SMPs require cooling systems to speed up 

the actuation cycle) [88]. The EM actuation system is generally based on conductive coils composed 

by copper, gallium, or Galinstan (semiconductive alloy of gallium, indium, and tin). When activated 

by means flow of electrical current through these coils, the Lorentz force makes the whole actuator 

move. The Lorentz force can be described by the following equation (1): 

 

 𝐹 = 𝐼(𝐿 × 𝐵) (1) 

 

where F is the Lorentz force, I is the contribution of the current supplied into the coils, L is the vector 

length of the conductor (coils), and B is the magnetic field generating by the external permanent 

magnet. Thanks to this latter, placed near the actuator, is possible to control the EM actuator for 

bending, propelling, grasping and jumping movements. Several examples of soft EM devices can be 



found in scientific literature: Do et al. [89], fabricated small-scale EM actuators made up of silicone, 

eutectic gallium indium droplets, and magnetic powders obtaining a displacement of 1mm and a 

bending angle of 38°. The proposed device can be employed in the soft robotic field for the fabrication 

of walking robots or small-scale grippers. Kohls et al [90] developed a bio-inspired EM actuator 

mimicking Xenia soft coral: the EM soft robot is capable of soft compliant motions because of its 

architecture: it is based on silicone structures with embedded magnets, which can be attracted or 

repulsed by a magnetic field generated, thanks to soft gallium coils. Mao et al [91]  created a silicone 

EM actuator equipped with channels filled with gallium to obtain several motions: in particular, they 

showed that this approach can be successfully exploited for the fabrication of swimming robots, 

flower inspired robots, and bending structures (a bending of 76° was achieved at 3𝐴). 

AM technologies can be employed for the fabrication of EM actuators resulting in several advantages 

[92], in particular, Material Extrusion (MEX) technology, well known for being the most inexpensive 

approach, seems to be very promising and appealing. At the state of the art, three different ways to 

exploit MEX technologies for the fabrication of EM actuators can be outlined. The first one, called 

fiber encapsulation consists of the integration of long fibers (copper wires) during the extrusion 

of thermoplastic materials [93]–[95]: recent progress in this technique  [96]–[98] could lay the 

foundation for a huge exploitation of the following approach. The second method consists of the 

direct extrusion of a magnetic thermoplastic filament through a calibrated nozzle [99]: Cao et al [44] 

doped a soft thermoplastic material (shore hardness of 70 𝐴) with magnetic particles (50% 𝑤𝑡) to 

create a magnetic filament having a diameter of 1. 8 𝑚𝑚 processable by commercial fused deposition 

modelling setups. Several bio-inspired structures were additively manufactured (gripper, butterfly, 

and flower) and tested in conjunction with a commercial magnet. The last method found in scientific 

literature to exploit MEX technologies for the fabrication of EM actuators consists of the extrusion 

of conductive inks [45]. The direct ink writing technology is used, and the conductive inks are 

extruded through a calibrated nozzle over a flexible substrate (i.e., silicone) to create coils that will 

be activated by means of electrical current to exploit the Lorentz force.  

In conclusion, MEX technologies have become popular for the possibility to create smart structures 

(actuation systems and sensor): the fabrication of sensor units into objects is really appealing for 

several reasons such as 1) reduction of manufacturing costs, 2) reduction of assembly tasks, and 3) 

possibility to obtain feedback from objects. Several examples of smart objects manufactured using 

multi-material MEX technologies can be found in scientific literature: load cell with embedded strain 

gauges [100], multiaxial force sensor [101], universal jamming gripper with embedded capacitive 

sensor [102], 3D printed accelerometer [103], and pressure sensor for prosthetic applications [104]. 



The main chapter is organized as follows: in section 2.2 the embedding Nichrome-Wires to enhance 

performance of 3D Printed Shape Memory Polymers (SMP) is studied. In 2.3 one-Shot 3D printed 

Soft device actuated using metal-filled channels and sensed with embedded strain gauge is analysed, 

and in final section 2.4 un experimental study to reduce vibration of Additive Manufacturing 

electromagnetic soft robots is discussed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2.2  Electric actuation: Embedding Nichrome-Wires to enhance 
performance of 3D Printed Shape Memory Polymers. 

 

In this following study, a new approach based on Star-and-go method have been used to investigated 

how embedded resistive thermal-conductive metal can enhance the shape property of 3D 

manufactured complex shape memory smart structures, thereby improving their actuation capability. 

A multi-material FFF approach in conjunction of start and go method have been used to fabricated 

structures integrating two different actuation systems in a single manufacturing cycle: SMP parts 

coupled to soft parts actuated through a tendon-driven system. To further enhance the performance 

of 3D printed SMP, additively manufactured novel method is introduced: resistive nichrome (NiCr) 

wires have been embedded inside the 3D printed SMP during the fabrication process (using the stop 

and go method), in order to make the SMA activation step easier, more feasible and faster.  

The main steps was fallowed: i) the SMP stiff part geometry was studied to choose the optimal shape 

(five different geometrical shapes were 3D printed and tested), thereby enhancing the electrical-

heating performances before the fabrication of complete complex structures, ii) the compliance of the 

several printed stiff structures was tested to estimate the shape fixity and recovery based on 

consecutive activation (5 cycles) when is applied and not a load (50 or 75 g), iii) the coupling between 

stiff (SMP) and soft (TPU joint) was studied varying several printing parameters, such as mech 

overlapping, infill percentage of the soft parts (0.25mm and 80% respectively were the optimal 

results) and through tensile tests in order to make the SMP-joint interface very strong, vi) finally, 

several complex motions were obtained when the 3D printed structures (SMP and tendon driven) 

were activated, resulting appealing for the fabrication of soft robots mimicking animals, and showing 

that such complex motions are impossible to achieved using only one actuation system. 

 

2.2.1 Materials and methods: Shape Memory Polymers (SMPs) and Tendon Driven characterization 

 

The main idea of the present work is the one-shot fabrication of a complex, hybrid actuated structure 

combining SMP and tendon driven system, in order to obtained bioinspired motions [105]. To achieve 

this goal, a multi-material FFF machine, namely Ultimaker 5 (Ultimaker, The Netherlands) was used. 

the following parts have been fabricated in the same manufacturing cycle: i) stiff parts made up with 

polylactic acid (PLA), with embedded NiCr wire coils (0.6 mm diameter, maximum temperature 1150 

°C), ii) flexible-soft joints made up with thermoplastic polyurethane (TPU). A 0.4 mm nylon tendon 

and a stepper motor were used to enabling the mechanical driven actuation. 



Shape Memory Polymers: Stiff Parts. Before the fabrication of the complete structure, the SMP 

structure was studied to choose the best shape for the fabrication of the complex finger actuator. The 

stiff parts were printed using the process parameters listed in Table 2.1. In particular, as known from 

scientific literature [106], low values of printing speed and layer height (𝑙ℎ) increas the quality of the 

parts: in this work, the printing speed was set at 45 and 25 𝑚𝑚/𝑠 respectively for PLA and TPU, 

and the layer height at 0.1 𝑚𝑚. Moreover, the 45° raster orientation was used to overcome the sinking 

problem of the empty part (channels to embed resistive wires), and a maximum infill percentage of 

100% was used to overcome the low heat diffusivity of the polymer.  

 

Table 2.1: Process parameters 

Printing parameters PLA (Stiff parts) TPU (Soft parts) 

Printing speed (mm/s) 45 25 

Infill percentage (%) 100 - Lines 80 - Lines 

Raster angle (°) 45 45 

Printing temperature (°C) 210 235 

Layer height (mm) 0.1 0.1 

 

 

PLA is characterized by a glass transaction temperature (𝑇𝑔) between 55 and 65 °𝐶 (technical 

datasheet). Moreover, the start-and-stop (S&S) method [33] was used to embedded the NiCr wire 

inside the PLA parts: with a G-code modification it has been possible to pause the print, manually 

embed the wire and finally resume the manufacturing process to cover the NiCr wire, as shown in 

Fig. 2.1.  

Fig. 2.1: A NiCr embedded process: a) 3D printing process stopped when printing of sample channel is finished; b) embedded NiCr 

resistance; c) finale sample with embedded resistance after resumed printed. 



The embedding of NiCr wire during the S&S is a manual process and strongly related to the operator 

skills, however it took the authors an average of 2 𝑚𝑖𝑛 to accomplish that. Five different rectangular-

sample (R0–) SMA structures, with embedded NiCr wires, have been designed and fabricated to 

evaluate the best shape in terms of performance. The different SMP structures have been named R01, 

R02, R03, R04 and R05, respectively with 𝑥– 𝑦 dimensions of 45 × 18𝑚𝑚, 30 × 30𝑚𝑚, 28 ×

10𝑚𝑚, 20 ×  30 𝑚𝑚, 40 ×  10 𝑚𝑚 (see Fig. 2.2), keeping the thickness unchanged (fixed at 

1.8 𝑚𝑚).The dimensions of the five different structures have been arbitrarily selected, in order to 

evaluate i) the repeatability of the embedding process into different geometries, and ii) how the 

dimensions of the structures affect their performance. Every version of the SMP-stiff part has been 

monolithically fabricated in a single step printing cycle, resulting time and cost savings: for example, 

for R01 and R02 the time and cost are respectively 10 and 13 𝑚𝑖𝑛, and 0.076 and 0.098 𝑒𝑢𝑟𝑜. It is 

worth mentioning that the spacing among the channel that housed the NiCr wire, has been set equal 

to 0.6 𝑚𝑚: this value was experimentally found as the minimum value ensuring a good 3D printing 

quality. 

 

2.2.2 SMP-Stiff Part Compliance 

 

For the characterization of the SMP-stiff part, the relationship between PLA compliance and local 

heating was studied. An ad hoc set-up was used to evaluate the compliance factor: a) a power supply 

to heat up the embedded NiCr resistance, b) a thermal imaging camera to evaluate the temperature of 

the NiCr wire, c) weight of 50 and 75 𝑔 connected to the sample, and d) a digital camera to take 

pictures at each increment of temperature to calculate the displacement. The temperature of NiCr wire 

Fig. 2.2: Printed R-sample finished and internal channels. 



was incremented, starting from room temperature 𝑇𝑟𝑜𝑜𝑚, to 𝑇𝑔 and the compliance was calculated 

at 50, 55, 60 and 65 °𝐶: a continuous current of 1.65𝐴 (tension of 6.30 𝑉) was applied. Each R-

sample was tested three times, calculating the standard deviation of the compliance factor for the 

different temperatures setting (see Table 2.2). Moreover, each sample was activated again to test the 

recovery shape, according to the SME. The compliance factor 𝐶𝑚 [
𝑚𝑚

𝑁
] was calculated in according 

to [31], as follows: 

 
𝐶𝑚 =

1

𝑆
      (2.1) 

where 𝑆 is the stiffness of the part, calculated as the ration of the applied force 𝐹[𝑁] and the 𝑑 is the 

sample displacement [𝑚𝑚]: 

 
𝑆 =

𝐹

𝑑
       (2.2) 

 

Table 3.2: PLA stiff R-samples: compliance factor Cm/Cm0 versus temperature and load 

𝑻 (°𝑪) 𝜟𝑪𝒎/𝑪𝒎𝟎 mean (Std. dev) 𝑳𝒐𝒂𝒅 (𝒈) 

R01 R02 R03 R04 R05 

50 2.97 (<0.001) 

2.31 (0.003) 

0.45 (<0.001) 

1.39 (<0.001) 

0.43 (<0.001) 

0.60 (0.05) 

1.01 (<0.001) 

0.12 (<0.001) 

4.92 (<0.001) 

2.68 (<0.001) 

50 

75 

55 4.02 (<0.001) 

2.92 (<0.001) 

1.89 (<0.001) 

2.09 (0.02) 

1.48 (<0.001) 

1.36 (0.05) 

1.22 (0.09) 

1.29 (0.003) 

5.67 (<0.001) 

4.40 (<0.001) 

50 

75 

60 5.89 (0.02) 

3.73 (<0.001) 

4.04 (0.02) 

3.43 (0.01) 

1.67 (0.002) 

2.40 (0.002) 

2.63 (0.15) 

3.17 (<0.001) 

8.23 (0.05) 

5.19 (<0.001) 

50 

75 

65 7.75 (0.12) 

5.12 (0.002) 

6.81 (0.03) 

5.66 (0.02) 

2.24 (0.17) 

4.07 (0.01) 

3.32 (0.02) 

3.98 (0.03) 

9.04 (0.16) 

6.02 (0.06) 

50 

75 

 

 

Starting from 𝑇𝑟𝑜𝑜𝑚, associated to 𝐶𝑚𝑂, for each tested temperature the absolute compliance (𝛥𝐶𝑚) 

was calculated. The sample R05 resulting the best in terms of compliance change, showing the 

maximum absolute compliance factor of 6.02 when 75𝑔 of load is applied, at 65 °𝐶. In Fig. 2.3 the 

absolute compliance for all the samples is shown. Additionally, the testing phase has been used to 

obtain the behavior of the SMP samples at the fist activation (shape transforming phase) and at the 

second activation (shape recovery phase): such as the compliance testing, two loads (50 and 75 𝑔), 

generating two forces respectively 𝐹1 =  0.49𝑁 and 𝐹2 =  0.74 𝑁, were used.  

 



 

For each rectangular sample, the internal NiCr resistance was heated from 𝑇𝑟𝑜𝑜𝑚 to 𝑇65 °𝐶 

switching respectively from the rest position (initial) to final shape position, for each load. After that, 

each sample (after cooling phase), was re-heated from 𝑇𝑟𝑜𝑜𝑚 to 𝑇65 °𝐶, respectively from shape 

position to recovery position (see Fig. 2.4). For the above-mentioned temperature values (50, 55, 60, 

and 65 °𝐶) the displacement 𝑑 was measured for each sample, during each test (see Table 2.2). In 

Fig. 2.3 c is showing the heating propagation inside the R0- samples. 

A current of 1.65𝐴 was used. Moreover, the shaping and recovery time were measured to evaluate 

the actuation time for each sample, as shown in Fig. 2.6.  

 

As shown in Fig. 2.4 e), the R05 sample confirms the compliance factor, resulting the only sample 

with a recovery position almost similar to the initial position. For example, the R05 changes its 

Fig. 2.3: Tested samples: a) compliance variation with 50 g load application during temperature; b) compliance using 75 g load; 

c) thermal camera analysis used to evaluate the heating propagation inside R0- samples. 



displacement from starting position to 𝑑50𝑔 =  31.12 𝑚𝑚 in 6 𝑠 and 𝑑75𝑔 =  36.52 𝑚𝑚 in 8 𝑠 

respectively with 50 and 75 𝑔 load (see Fig. 2.4d). Finally, the R01 and R05 samples was tested in a 

vertical position to evaluate the bending angle with the application of gravity force (G-Force), as 

shown in Fig. 2.5. On the other hand, in Figs. 2.4 and 2.5 non-uniform deformation have been 

obtained: this might lead to unwanted failures during the exploitation of the SMP actuator. Due to the 

extremely huge design freedom offered from Additive Manufacturing, new shapes can be easily 

fabricated to overcome this issue.  

 

In conclusion, R05 sample appears to be the best SMP-sample according to the performances shown. 

The R05 sample results the best in terms of i) absolute compliance factor, ii) SMP behavior with 

integration of NiCr wire for shape-recovery and iii) low activation and recovery time.  

The impact of the manufacturing process on the performance shown by R05 have also been evaluated: 

five replications of R05 have been fabricated and tested. The standard deviation calculated while 

applying 75 𝑔 for the absolute compliance factor 𝛥𝐶𝑚, activation time, and recovery time was 

respectively 0.7 (mean of 6.3 
𝑚𝑚

𝑁
), 1.3 (mean 7.2 𝑠), and 2.1 (mean of 12.8 𝑠). It stands out that the 

fabrication process is repeatable and has a very low impact on the performance shown from the SMP 

Fig. 2.4: Shape memory effect of tested samples comparing activation (using 50 and 75 g load) and 



actuators. Also, from a geometric standpoint the R05 samples shows the highest ratio length/width 

(40 𝑚𝑚/10 𝑚𝑚): this might be related to the improved performances obtained.  

The fatigue life on R05 has been characterized: 10 consecutive activation cycles have been performed 

and the activation position, recovery position, activation time and recovery time were evaluated. In 

particular, all the four outputs shown a very low standard deviation (statistically not significant for 

every output), suggesting more cycles are needed to further study the fatigue behavior.  

Since the R05 appear to be the most promising sample, two more variables such as Shape fixity and 

Shape recovery were evaluated based on 5 consecutive experiments performed on the same R05 

sample: when applying 75 g as load, a mean shape fixity of 51° (standard deviation of 4.8°) and 

shepe recovery of 14° (standard deviation of 1.8°) was found. As shown in Fig. 2.5, the shape fixity 

and shape recovery values were calculated with respect to the origin. 

 

 

 

 

 

Fig. 2.5: Shape Memory Effect of tested vertical samples comparing activation (using 50 and 75 g 

Fig. 2.6: Shaping time of R-sample during the first activation and during the second activation 



2.2.3 Soft Joint: Tendon Driven Actuation 

 

The SMP part, in the final version of the dual-mode actuator, is connected with a soft joint made up 

with TPU 95A, activated via a tendon-driven system (see Fig. 2.8 a). In particular, mesh overlapping 

(𝑚𝑜), infill percentage (𝑖𝑝) and printing temperature of TPU were studied: three values of mesh 

overlapping were tested (0.15, 0.20, and 0.25 𝑚𝑚) combined to 50 and 80% of 𝑖𝑝. In according to 

[107], [108], a T shape of the contact face between PLA and TPU was designed. After printing, the 

mesh 

overlapping and infill percentage were tested with application of three different force of 5, 10, 20 𝑁 

and 0.25 𝑚𝑚– 80% were chosen for the following reasons: 

 

• When a mesh overlapping of 0.15 𝑚𝑚 (at 50 and 80% of infill percentage) is set (Fig. 2.7 

a), the adhesion to PLA and TPU was not complete, and it led to the detachment of the joint 

during the force application. 

 

• Increasing the mesh overlapping to 0.20 and 0.25 𝑚𝑚, the adhesion between PLA and TPU 

increase, although the joint collapse in the range of 10– 20 𝑁 when 50% of 𝑖𝑝 was set (see 

Fig. 2.7 b). 

 

• The 80% of infill percentage is a good compromise between the soft behavior of the joint and 

the adhesion at the interface, setting 0.25 𝑚𝑚 mesh overlapping (see Fig. 2.7 c, d). 

 

Figure 2.7: Interface TPU-PLA tensile test: a) collapsed joint with application of 5 N and mesh overlapping (mo) sets at 0.15 

mm; b) joint dilatation using 50% infill percentage (ip); c) 10 N force application set 80% ip and 0.25 mm of mo; d) 20 N applied 

force. 



With a trial-and-error approach, the printing temperature of TPU was set at 240 °𝐶 to increase the 

adhesion to PLA: it is important to note that when temperature increase, proportional to mesh 

overlapping (set at 0.25 𝑚𝑚) and infill percentage (set at 80%), the joint became very functional and 

this parameters make the interface between PLA and TPU stronger. 

 

 

2.2.4 Characterization of Dual-Activated (SMPs and Tendon-Driven) Structure and future trends 

 

The proposed structure takes advantage of two actuation systems (SMP and tendon driven) resulting 

composed of PLA segments (SMP) and TPU segments (tendon driven) connected each other’s, as 

shown in Fig. 2.8. 

The main reason leading to a dual actuation structure is the possibility to achieve complex motions 

(i.e. bending, twisting) impossible to achieve using a single actuation system. This structure is 

characterized by a manufacturing time and cost, respectively of 21 𝑚𝑖𝑛 and 0.89 𝐸𝑢𝑟𝑜. The 

fabricated finger was tested three times for each kind actuation system: i) SMP actuation, ii) tendon 

driven actuation and iii) both actuation (combination of SMP actuation and tendon driven actuation). 

The tests were performed starting from resting condition (structure laying on the x-axis of Fig. 2.9): 

Figure 2.8: Computer Aided Design (CAD) of complex finger structure: a) representation of whole structure; b) interface 

between soft joint and stiff parts; c) internal channels for NiCr resistance; d) geometrical dimensions of the structure. 



1.68 𝐴 of current (0.72 V of voltage for 5 s) was provided to the NiCr wires to activate the SMP 

actuation, while a stepper motor was used to pull the tendon wire (tendon-driven actuation).When 

both electrical actuation systems were used at the same time, as shown in Fig. 2.9 a, very complex 

motions were achieved: both bending and twisting movements were obtained. It is worth mentioning 

that no damages occurred after the three repetition cycles, however more tests have to be performed 

to quantify the fatigue behavior on soft robotics actuators. 

It is necessary to note that the following limitations were present in this work: 

 

• the number of the tests on the complex actuator are not sufficiently to define a final behavior 

model, to estimate the right repetition of the movements. 

 

• the tendon driven activation is faster than the SMP activation. An important part of future 

studies will be the reduction of the cooling time for the SMP by adding external cooling 

systems such as fan or cold-water channels. 

 

2.2.5 Conclusions 

 

In conclusion, a multi-material FFF approach was used for the monolithic fabrication of a smart 

structure able to perform several unconventional movements, combining two different actuation 

systems: SMP system and tendon-driven system.  

The start and stop method have been successfully used to embed NiCr wires inside SMP structures 

making them more appealing for real-life scenarios, overcoming the high activation time occurring 

when hot water or oven are used.  

Figure 2.9: Motions of complex finger structure actuated using SMP actuation, Tendon driven actuation and both SMP and Tendon 

actuation systems: a) real bending actuation; b) software mapping. 



The present work lays the foundation for:  

 

• An extensively usage of FFF technology to fabricate soft robots performing complex 

motions. 

 

• The fabrication of SMP-based structures with improved performance.  

 

• Further investigation based on modelling the behavior of the proposed SMP actuators in 

relationship with the process parameters set in the slicing software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



2.3  Electromagnetic actuation system: one-Shot 3D printed Soft device 
actuated using metal-filled channels and sensed with embedded 
strain gauge 

 

 

In this section, the multi-material extrusion (M-MEX) technology is used to fabricate, in a single step, 

a three dimensional (3D) printed soft electromagnetic (EM) actuator, based on internal channels, 

filled with soft liquid metal (Galinstan) and equipped with an embedded strain gauge, for the first 

time. 

 At the state of the art, M-MEX techniques result underexploited for the manufacture of soft EM 

actuators: only traditional manufacturing approaches are used, resulting in many assembly steps. The 

main features of this work are as follows: 1) one shot fabrication, 2) smart structure equipped with 

sensor unit, and 3) scalability. The actuator was tested in conjunction with a commercial magnet 

(magnetic field of 1.29 𝑇), showing a bending angle of 22.4° (when activated at 4𝐴), a relative error 

of 0.7%, and a very high sensor sensitivity of 49.7 
𝛺

° 𝑑𝑒𝑔𝑟𝑒𝑒
. 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 (IDA).  

This work aims to push the role of extrusion-based additive manufacturing for the fabrication of EM 

soft robots, based on EM actuation system: several advantages such as portability, no cooling systems, 

fast responses, and noise reduction can be achieved by exploiting the proposed actuation system 

compared to the traditional and widespread actuation mechanisms (shape memory polymers, shape 

memory alloys, pneumatic actuation, and cable-driven actuation). 

 

 

2.3.1 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 embedded sensors by using 

Multi-Material Extrusion (M-MEX) technology. The soft EM actuator, shown in Fig. 2.10 a–c is 

composed of the following parts: 1) a main flexible body, 2) a flexible joint to improve the bending 

performance, 3) a bottom strain gauge to obtain real-time feedback, and 4) 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 𝑥 1.3 )𝑚𝑚 in accordance to Mao et al [91] and they 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 metal pins have been 

assembled over the 3D printed connection 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 has been used. A soft thermoplastic polyurethane (TPU) 

with a shore harness of 85𝐴 and Young’s Modulus of 20 𝑀𝑃𝑎 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 𝛺 ∗ 𝑐𝑚 along the layers and 20 𝛺 ∗ 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 𝑥 73 𝑥 4.7) 𝑚𝑚, while the strain gauge results in 

6 tracks and a thickness of 0.4 𝑚𝑚. The main process parameters set during the manufacturing 

process are listed in Table 2.3. Moreover, printing speed and infill percentage have been found to be 

crucial variables for the channel fabrication. If the channels are not properly fabricated, a Galistan 

leakage could occur, involving problems during the soft device actuation (impossibility to be 

activated). Using a trial-and-error approach, a printing speed of 25 𝑚𝑚/𝑠 and an infill percentage of 

100% were found to ensure a solid channel structure, avoiding Galinstan leakage. An overview on 

the fabrication of leakage-free channels exploiting MEX technology can be found in Zeraatkar et al 

[109], Pavone et al [10], and Zeraatkar et al [110]. In particular, the relationship among strain gauge-

extruded single-layer thickness (𝑙𝑡) and total number of layers (𝑡𝑙) has been considered. As shown 

in Stano et al [111], the reduction of 𝑡𝑙 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 (𝑙𝑡) in the slicing software, as shown in Equation (2.3).  

 

 𝑆𝐺𝑇 = 𝑙𝑡 ∗ 𝑡𝑙 (2.3) 

 

A value of 𝑙𝑡 equal to 0.2 𝑚𝑚 was set; it means that the whole strain gauge is composed of 2 

consecutive layers to minimize the welding effect (number of voids between adjacent extruded layers) 

found in Stano et al [111]. Moreover, further characterizations about the CPLA viscoelastic behavior 

will be carried out to improve the dimensional accuracy of 3D printed sensors. The strain gauge 

geometry proposed in Stano et al [100] was used throughout this work; however, recent works pave 

the way to sinusoidal and wave-based profiles for soft stretchable strain sensors [112].  



Table 2.4: Printing parameters set for the fabrication of the EM Actuator 

Process parameter TPU CPLA 

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 

Infill percentage (%) 100 (for the channels) 

100 (for the joint) 

25 (for other parts) 

100 

 

The total printing time and cost are, respectively, 97 𝑚𝑖𝑛 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 as follows: 

 

1. 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 

[93], [94]. 

 

2. The EM actuation is achieved by employing a soft metal liquid metal instead of extruding 

thermoplastic composite materials loaded with magnetic fillers.19,20 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 clogging 

and breakage of filaments between the 3D printers pushing gears occur. Using the proposed 

manufacturing approach, all the problems described above have been overcome. 

 



The proposed 3D printed soft EM actuator filled with soft liquid Gallinstan is shown in Fig. 2.10 d. 

The working mechanism of the used M-MEX machine (Ultimaker 3) is shown in Figure 2.10 e.  

  

Fig. 2.10: Soft EM actuator: a) CAD model; b) internal channels; c) Bottom view: embedded strain gauge sensor (white = 

TPU, black= CPLA); d) 3D printed EM soft actuator with embedded sensor and channels filled up with Galinstan; and e) 

schematic diagram depicting the basic M-MX extrusion working mechanism of Ultimaker 3. 



2.3.2 Characterization of the EM Soft Actuator 

 

The proposed 3D printed soft EM actuator was characterized to evaluate 1) bending performance as 

a function of the applied current and 2) 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 Mao et al [91], the equilibrium Lorentz force equation shown in Equation (2.4) is as 

follows: 

 

 𝐹 =  
2𝑀

𝑍𝑖 + 𝑍𝑖+1
 (2.4) 

 

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 (𝑚2  ∗ 𝐴) is the total magnetic moment as shown in Equation 

(2.5): 

 

 𝑀 =  ∫ 𝐼𝑖𝐵𝐿𝑖𝑍𝑖 (2.5) 

 

where 𝐵 (𝑇) is the magnetic field, 𝐼 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. It is worth mentioning that when a 

current input of 1𝐴 was provided, the bending motion of the proposed soft EM actuator is neglectable. 

The testing protocol is as follows:  

 

1. the current is provided to the Galinstan channel for 1 𝑠 (because of the Lorentz force, the EM 

soft actuator results in bending motion). 

 

2. After the current is set to 0𝐴 for 1 𝑠 (rest time) and the actuator get backs to its initial position, 

the current is provided again for 1 𝑠, the whole cycle is repeated 10 𝑡𝑖𝑚𝑒𝑠.  

 

The current input providing the best bending performance is 4𝐴 (Fig. 2.11 a): a bending angle of 

22.4° is obtained, resulting in, respectively, 35.4% and 46.9% higher than the bending angle obtained 

at 3𝐴 and 2𝐴. 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) (Fig. 2.11 b, 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 analysed: 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 𝑠, 

followed by an off period of 5 𝑠, 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 (Fig. 2.11 d). It is possible to 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 1) Mullin 

effect and 2) material (TPU) hysteresis. 

After the 28𝑡ℎ 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 phase) is 49.7 
𝛺

° 𝑑𝑒𝑔𝑟𝑒𝑒
 and 

R2 is equal to 0.96. In particular, the high sensitivity allows the exploitation of the proposed EM 

actuator without recurring to 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, to obtain consistency 

in the bending behavior. 

It is worth mentioning that the training phase (28 cycle) mostly depends on two factors: 1) size of the 

device (changing the size, the amount of training cycles can change) and 2) 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) occurs.  

Further work 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 the future, it can 

be used to create closed control loops, improving the automation degree of the proposed EM soft 

actuator. 



 

2.3.3 EM 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 jumping bio-inspired soft frog (Fig. 2.12 a) and an independent dual actuator (IDA) 

(Fig. 2.13 a, b).  

The bio-inspired jumping soft frog was used to demonstrate that the proposed EM soft device can be 

employed for soft robotics applications: nowadays, a challenging topic concerns the fabrication of 

animal-based soft robots capable of crawl, jump, and swim [113], [114]. The frog-inspired soft EM 

robot is based on a core main body equipped with internal channels filled with Galinstan (the same 

of the EM soft actuator shown in EM Actuator Characterization section) 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 Table 2.3. 

 

The jumping performance of the soft EM frog has been evaluated, in terms of position in the 𝑥 − and 

𝑦 − 𝑠𝑝𝑎𝑐𝑒 and repeatability.  

Fig. 2.11: Characterization of the EM soft actuator. a) Working principle of the soft EM actuator with current input of 4A; 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 

cycles; d) Embedded sensor behavior: resistance variation at 4A current input. 



The soft EM frog body was placed parallel to the permanent magnet on the horizontal plane: the 

centre of the magnet is fixed as the zero of the axis system for each orientation. Four different 

orientations were tested: North, South, Right, and Left. 

The following testing protocol was used: for each orientation, one by one, a single input current of 

4𝐴 (the current input providing the best result in Section 2.3.2) is provided to the Galinstan channel, 

and the soft EM frog results in jumping movement. Subsequently, the current is set to 0𝐴 for 10 𝑠 

and the frog soft robot is placed at 𝑥 = 0 and 𝑦 = 0. The whole cycle is repeated three times for each 

orientation. 

A virtual marker for each leg was used to evaluate the x- and y-position (Fig. 3b) of the soft frog: the 

jumping movement is substantially repeatable, and in Table 2.4, the standard deviation of each leg 

(1– 4), for every orientation (North, South, Right, and Left), is listed. The standard deviation has a 

random behavior: for the x-position, the standard deviation ranges from 1 to 5 𝑚𝑚, and for y-

position, it ranges from 1 to 10 𝑚𝑚. The mean (x- and y-position) standard deviation for North; 

South; Right; and Left orientation is, respectively, (3.72;  3.69) 𝑚𝑚, (4.79;  7.53) 𝑚𝑚, 

(3.14;  3.76) 𝑚𝑚, and (3.01;  7.16) 𝑚𝑚, as shown in Fig. 2.12 c. The following outcomes indicate 

that the presented EM bioinspired soft robot can be employed as jumping robot; moreover, future 

works will focus on the modelling, simulation, and control aspects of the jump motion. 

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 [114]. 

 

To demonstrate that the proposed fabrication method is suitable for small size, non-assembly EM soft 

actuator, an 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 is composed of two TPU fingers connected to each other 

at the 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 and can find applications in many fields such as 1) on-off switching 

devices for button without human intervention and 2) 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 feedback (change in resistance) when the fingers are activated. 

The IDA device was characterized to evaluate 1) bending performance and 2) the embedded strain 

gauge performance: only a 4𝐴 input current was used for the tests. 



Table 2.4: Jumping movement evaluation 

 
Orientation 

Mean position Standard deviation 

 x (mm) y (mm) x (mm) y (mm) 

Nord 

Leg 1 -23.15 80.51 4.61 1.34 

Leg 2 52.36 68.17 4.34 5.91 

Leg 3 42.49 5.35 3.24 5.64 

Leg 4 -43.25 7.58 2.71 1.90 

Sud 

Leg 1 -99.73 -35.49 2.39 11.70 

Leg 2 -57.24 39.02 6.80 7.79 

Leg 3 26.21 0.470 2.56 6.03 

Leg 4 -23.86 -78.45 7.42 4.58 

Est 

Leg 1 -15.47 37.84 3.01 1.08 

Leg 2 22.56 -0.58 2.29 2.29 

Leg 3 0.14 -8.05 1.43 7.13 

Leg 4 49.89 -75.22 5.83 4.53 

West 

Leg 1 -104.02 34.56 1.39 3.23 

Leg 2 -23.51 64.64 3.38 9.27 

Leg 3 8.64 -16.98 2.74 10.87 

Leg 4 -76.22 -46.96 4.54 5.28 

 

The current input has been provided (from a rest zero-position, with 0𝐴 for finger 1 and finger 2, as 

shown in Fig. 2.13 c) for a total of 10 𝑐𝑦𝑐𝑙𝑒𝑠 (single cycle: current on for 1 𝑠 and off for 1 𝑠) in three 

different configurations:  

 

1. Only the finger 1 has been activated (Fig. 2.13 e, f). 

 



2. Only the finger 2 has been activated (Fig. 2.13 d). 

 

3. Both the fingers 1 and 2 have been simultaneously activated. 

 

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 were separately actuated.  

As shown in Fig. 2.14 a, the strain gauge sensitivity of the finger 1 when activated (finger 2 not 

activated) is 3.67 
𝑘𝛺

° 𝑑𝑒𝑔𝑟𝑒𝑒
 (𝑅2 = 0.96), while the strain gauge sensitivity of finger 2 (Fig. 5b) when 

activated (finger 1 not activated) is 3.84 
𝑘𝛺

° 𝑑𝑒𝑔𝑟𝑒𝑒
 (𝑅2 = 0.93). 

The whole IDA device has been fabricated in a single step cycle resulting, respectively, in a 

manufacturing time and cost of 72 𝑚𝑖𝑛 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, 

and 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 140 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). 

It is possible to assume a total manual assembly time of 30 𝑚𝑖𝑛 for a total manufacturing cost and 

time of 4.57 € and 150 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. 

 



 

Fig. 2.12: Bio-inspired EM soft Frog: a) CAD of the soft Frog; b) Rest position (at 0 A); c) characterization of jumping motion at four 

different frog orientation: North-, South-, Right-, Left-direction. 



  

Fig. 2.13: Independent Dual soft EM Actuator (IDA) and characterization: a) CAD of the proposed IDA; b) Bottom view of 

the embedded strain gauge sensors; c) zero-current input for fingers 1 and 2; d) 4A current input provided to both the fingers: bending 

of both the fingers; e) bending of finger 1: 4A current input provided to finger 1 and 0A current input provided to finger 2; f ) bending 

of finger 2: 4A current input provided to finger 2 and 0A current input provided to finger 1. IDA, independent dual actuator. 

b) a) 

Fig. 2.14:  Strain gauge sensitivity: a) Resistance variation (strain gauge sensitivity) of Finger 1 when activated (finger 2 not 

activated; b) Resistance variation of Finger 2 when activated (finger 1 not activated). 



2.3.4 Conclusions 

 

This work demonstrates the advantages offered by the M-MEX AM process for the fabrication of soft 

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 1) internal channels (filled up with liquid metal Galinstan) and 2) 

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 found to be 49.7 
𝛺

° 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 EM 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 this 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. Future studies on device failure in terms of delamination and energy consumption will be 

explored.  

 

  



2.4 Electromagnetic actuation system: experimental study to reduce 
vibration of Additive Manufacturing electromagnetic soft robots 

 

The aim of the present section is the study of the bending behavior of the soft EM device, which was 

fabricated using Material Extrusion (MEX) technology and discussed in detail in the previously 

section 2.3. Due to a lack in the scientific literature on the exploitation of MEX technology for the 

fabrication of soft EM-based devices, this section 2.4 seeks to reduce this gab by studying how 

vibration affect the behavior of the presented EM actuator.  

The main contribution of this study is the vibration reduction of additively manufactured soft EM 

robots: the vibration has been reduced of 16% by using a joint composed of soft ribs. A Design of 

Experiment (DoE) approach has been used and ribs orientation, thickness, and spacing has been 

studied (the optimal combination was achieved using horizontal orientation, 2 mm of thickness, and 

1 mm of spacing). The reduction in vibration of soft EM robots, lays the foundation for the usage of 

MEX technology to fabricate this new appealing class of robots.  

 

2.4.1 Background: fabrication of the EM device 

 

In the precedent section 2.3 and in [56] a 3D printed soft Electromagnetic actuator (henceforth, it will 

be referred to as SEMA) was fabricated. As in shown in Fig. 2.10 (see section 2.3.1) and Fig.2.15, 

the SEMA is composed of the following parts: 

 

i) Flexible body made up of Thermoplastic Polyurethane (TPU), a flexible material 

(Young modulus of 205 𝑀𝑃𝑎).  

 

ii) A bottom strain gauge made up to Conductive Polylactic Acid (C-PLA) with nanotube 

of carbon. 

 

iii)  A TPU soft joint to improve the bending performance. 

 

iv) Internal channels filled up with metal liquid soft Galinstan. In this work a copper spiral 

wire was used in substitution of Galinstan coils.  

 

The overall dimensions of SEMA are (40 ∗  79 ∗  4.7) 𝑚𝑚, respectively along x-,y-,z- axis. The 

Multi-Material Extrusion (M-MEX) Ultimaker 3 (Ultimaker, The Netherland) was used to fabricate 



the SEMAs in conjunction with One-Shot fabrication to delete the assembly manual tasks and to 

reduce the printing time and costs. In the past work, with trial-and-error approach, the optimal 

parameters were found: the TPU printing parameters such as speed, nozzle size, infill percentage and 

layer height were set respectively 20 𝑚𝑚/𝑠, 0.4 𝑚𝑚, 100% and 0.2 𝑚𝑚, in order to reduce the 

welding effect and increase the dimensional accuracy of the SEMA.  

The SEMAs were tested using a permanent magnet (𝐵 =  1.29𝑇) and three different current input 

were provided to the coils: 2, 3 and 4 𝐴. The 4 𝐴 current input providing the best bending performance 

obtaining an angle of 22.4° with a good accuracy and repetition: only 0.7% relative error was found 

for a total of 100 tested cycles. From a testing phase it is stand out a sensitivity of 49.7 
𝛺

° 𝑑𝑒𝑔𝑟𝑒𝑒
 value 

of resistance, provided to the strain gauge printed sensor. Moreover, a scalability was tested, designed 

and fabricated an independent dual actuator, obtaining the same results in term of bending and 

resistance sensitivity of the above-mentioned SEMA. 

During the tests of the first design of SEMAs, a flexural vibration was noted: the present work aims 

to studied and minimized the vibration during the bending, working on the geometry joint part.  

 

2.4.2 Joint Characterization 

 

To minimize the joint vibration, the geometrical upgrades were performed: first, joint thickness (𝑆𝑔) 

and joint length (𝐿𝑔) were studied and tested (see Fig. 2.16 c) in order to choose the best joint 

dimension to increase the bending performance. Secondly, two different configurations (horizontal 

Fig. 2.15: Soft Electromagnetic Actuator (SEMA) with embedded strain gauge: a) Computer Aided Design (CAD) model of SEMA; 

b) bottom view of embedded strain gauge sensor. 



and 45°) of structural ribs were designed and tested (see Fig. 2.16 a, b) to minimize the bending 

flexural vibration. Each geometrical variation was evaluated using the Design of Experiment (DoE). 

The setup used in [115] was added of a slow-motion HD video cam, used to capture the bending of 

the tested SEMAs: the single frames (using 240 fps sampling) were processed by the software Tracker 

in order to evaluate the bending vibration during time variation. 

 

2.4.2.1 Joint dimensions characterization 

 

Nine different SEMA samples were printed combining three values of joint length (6, 8, and 10) 𝑚𝑚 

with three values of joint thickness (1, 2, and 3) 𝑚𝑚: 23 factorial plan provides the best values of 𝐿𝑔 

and 𝑆ℎ, respectively 10 𝑚𝑚 and 1 𝑚𝑚. In the Table 2.5 the DoE factors were shown. 

The bending was measured fixed the vertical axis (𝑌), and the applicated force was considered 

impulsive. The Tracker measured points (photograms of the bending) were interpolated with a spline 

curve such as in Fig. 2.17 c, b, respectively with (𝐿𝑔 =  10 𝑚𝑚 and 𝑆ℎ =  1 𝑚𝑚), and (𝐿𝑔 =

 10 𝑚𝑚, and 𝑆ℎ =  3 𝑚𝑚). From the graphs it is possible to point out the value of the regime bending 

(𝜃_𝑟), that is 12.82° for the optimal configuration of the joint (𝐿ℎ =  10, and 𝑆ℎ =  1), that results 

0.91 than the worst case, like shown in Table 2.6. 

 

 

 

Fig. 2.16: Joint geometry: a) Computer Aided Design (CAD) of horizontal ribs add to joint; b) CAD of 45° ribs add to joint: c) SEMA 

and joint without ribs. 



Table 2.5: Factorial plan of fist DoE for choose the optimal joint dimensions. 

Factors 
Levels 

-1 0 +1 

Lg (joint length) [mm] 6 8 10 

Sh (joint thickness) [mm] 1 2 3 

 

Table 2.6: Regime bending θr [deg] correlated to the different Lg and Sh combination. 

Combination Lg Sh θr [deg] 

1 -1 -1 8.31 

2 -1 0 1.70 

3 -1 +1 1.04 

4 0 -1 11.91 

5 0 0 1.83 

6 0 +1 0.96 

7 +1 -1 12.81 

8 +1 0 2.47 

9 +1 +1 0.91 

 

 

Finally, the bending was evaluated studying the taper index (λ) in Eq. (2.6): 

 

 
𝜆 =  

𝐿𝑔

𝑠ℎ
 (2.6) 

 

where 𝐿𝑔 is the joint length and 𝑆ℎ is the joint thickness. Fig. 2.17 a shown the variation of regime 

bending (𝜃_𝑟) compared to the taper index. When 𝑆ℎ is fixed to 1 𝑚𝑚 and 𝐿𝑔 to 10 𝑚𝑚, the 

following conclusion can drown: 

 

• The maximum tape ratio was achieved (red marker) between the several tested SEMA 

samples. 



• Fixed 𝐿𝑔 to 10 𝑚𝑚, when the 𝑆ℎ decrease the joint vibration decrease and the tail curve in 

Fig. 2.17 a fades out. 

 

2.4.3 Ribs characterization 

 

The optimal geometrical configuration of the soft joint that maximize the bending angle was achieved 

in the previously paragraph. Although, the joint vibration was higher: two different type of ribs was 

design and tested to decrease the vibration. Using the one-shot fabrication, the ribs was added to the 

joint, re-designed the same: the main idea is that when the joint is fitted with a solid part (ribs) the 

vibration fall down. To evaluate this idea, two different design was tested: i) horizontal ribs (Fig. 2.18 

a) and ii) 45° ribs (Fig. 2.18 b). 

Fig. 2.17: bending behavior of SEMA at:  a) variation of regime bending (θ_r) compared to the taper index; b) bending vibration 

vs time (case Lg = 10 mm and Sh = 3 mm); c) bending vibration vs time (case Lg = 8 mm and Sh = 1 mm). 



For the first type of ribs configuration, 22 DoE was done: the ribs height (𝐻) and ribs gap (𝐷) were 

choose like a factor, respectively each one with two levels (2 and 3) 𝑚𝑚 and (0.5 and 1) 𝑚𝑚. The 

same factors and levels were used to the second ribs configuration (45°). See Table 2.7. 

 

Table 2.7: Factorial plan of DoE to evaluate the optimal combination of Horizontal and 45° ribs. 

 Factors 
Levels 

-1 +1 

Horizontal ribs 
H (Ribs height) [mm] 2 3 

D (Ribs gap) [mm] 0.5 1 

45° ribs 
H (Ribs height) [mm] 2 3 

D (Ribs gap) [mm] 0.5 1 

 

 

2.4.3.1 Horizontal Ribs Characterization 

 

Three samples for each combination of level and factors were printed in order to evaluate the regime 

bending means and the standard deviation (see Table 2.8). In Fig. 2.18 the individual values measured 

experimentally, using interpolation curve (spline), are shown: each graph includes 3 curves for the 

three tested sample for each DoE configuration (combination). 

The distance (𝐷) between the ribs is the most influent parameter, such as shown to the Pareto Chart 

(Fig. 2.19 a). Moreover, the factor 𝐻, passing to level −1 at level +1, has a very small influence 

respect to the factor 𝐷. Indeed, in Fig. 2.19 b is show the negative slope line the results in decrease 

passing from level −1 to level +1, while a positive slope line leads to an increase in the value from 

the level −1 to level +1.  

From the plan, several conclusions can be draws: 

 

• Using H = 2 mm and D = 1 mm the lower banding variation (−2.4%) was achieved. 

 

• The vibration was reduced in according to the reduction of log decrement (+16%) 

 

• The D factor is the most influent value for the reduction of the joint vibration. 

 

 

 



 

  

Fig. 2.18: Bending vibration vs time for different values of H and D respectively: a) (2 and 1) mm;b) (3 and 1) mm; c) (3 and 0.5) 

mm; d) (3 and 0.5) mm. 

Fig. 2.19: Design of Experiment (DoE) Horizontal ribs results: a) Pareto Chart; b) Main effects plot. 



Table 2.8: Regime bending and Log decrement for each combination and repetition tested using Horizontal ribs. 

 Combination A 

(H) 

B 

(D) 

Replication [deg] μ 

[deg] 

σ 

[deg] 

∆θr, 

% 

σ/μ% 

n1 

[deg] 

n2 

[deg] 

n3 

[deg] 

Regime 

Bending 

1 -1 -1 8.77 10.82 12.57 10.72 1.9 -16.4 17.8 

2 1 -1 6.12 7.62 8.28 7.34 1.11 -42.8 15.1 

3 -1 1 13.45 11.45 12.64 12.51 1.01 -2.4 8.1 

4 1 1 15.39 14.36 12.81 14.19 1.3 10.6 9.2 

Log 

decrement 

1 -1 -1 8.77 10.82 12.57 10.72 1.9 -16.4 17.8 

2 1 -1 6.12 7.62 8.28 7.34 1.11 -42.8 15.1 

3 -1 1 13.45 11.45 12.64 12.51 1.01 -2.4 8.1 

4 1 1 15.39 14.36 12.81 14.19 1.3 10.6 9.2 

 

 

2.4.3.2 45° Ribs Characterization 

 

Likewise, to the study of the previously paragraph, the 45° ribs were studied printing three sample 

for each factorial combination (𝐻 =  2, 𝐷 =  0.5), (𝐻 =  2, 𝐷 =  1), (𝐻 =  3, 𝐷 =  0.5), and 

(𝐻 =  3, 𝐷 =  1) 𝑚𝑚. The regime bending vibration was evaluated for each combination (Fig. 2.20) 

and repetition in order to evaluate the means and the standard deviation, like shown in Table 2.9. 

In contrast to the results of the horizontal ribs, the 45° do not minimize the joint vibration during the 

bending: the third combination (𝐻 =  2, 𝐷 =  1) mm presents the minimum value percentage of the 

log decrement (+8.9) but is 50% lower than the horizontal reduction vibration. 

From the factorial 22 DoE, 𝐻 and 𝐷 factors exceed the threshold of the alpha level (𝛼), the red dotted 

line in Fig. 7 a: this has a statistically important effect on the variation of the regime bending; the 

term mixed AB has not relevant. Using the 45° ribs, the impact on the vibration bending is similar 

for both 𝐻 and 𝐷 factors: passing from level −1 to level +1, H factor has an influence comparable 

to the factor 𝐷 (higher slope curve determines a significant variation on the response). Negative slope 

line means a decrease in the value of the response (in this case the speed bending) when 𝐷 passing 

from level −1 to level +1. See Fig. 2.21 b. 

Concluding, the plan shows that the 45° ribs like geometrical solution does not minimize the bending 

vibration: any combination of levels, does not improve the degree of bending compared to the 

previously DoE. The degree of bending achieved for all combinations of levels is therefore much 

worse cause the inclination of such ribs tends to stiffen the joint for the friction between the ribs. 



 

 

 

 

 

 

 

Fig. 2.20: Bending vibration vs time for different values of H and D respectively: a) (2 and 1) mm; b) (3 and 0.5) mm; c) (3 and 

1) mm; d) (2 and 0.5) mm. 

 

Fig. 2.21: Design of Experiment (DoE) 45° ribs results: a) Pareto Chart; b) Main effects plot. 



 

Table 2.9: Regime bending and Log decrement for each combination and repetition tested using 45° ribs. 

 Combination A 

(H) 

B 

(D) 

Replication [deg] μ 

[deg] 

σ 

[deg] 

∆θr, 

% 

σ/μ% 

n1 

[deg] 

n2 

[deg] 

n3 

[deg] 

Regime 

Bending 

1 -1 -1 4.21 5.22 4.68 4.7 0.5 -63.3 10.71 

2 1 -1 2.87 3.62 3.2 3.32 0.38 -74.8 11.76 

3 -1 1 6.65 6.84 6.04 6.51 0.42 -49.2 6.45 

4 1 1 5.32 4.06 5.01 4.8 0.66 -62.6 13.71 

Log 

decrement 

1 -1 -1 0.521 0.532 0.354 0.469 0.1 16.6 21.3 

2 1 -1 0.367 0.508 0.737 0.538 0.187 33.7 34.7 

3 -1 1 0.473 0.44 0.401 0.438 0.036 8.9 8.3 

4 1 1 0.588 0.435 0.505 0.51 0.077 26.7 15.1 

 

 

2.4.4 Conclusions 

 

In conclusion, in the present work soft EM devices by employing TPU and a commercial grade MEX 

machine have been fabricated and characterized. The main problem of EM soft robots is the high 

vibration during their usage making them unreliable for accurate tasks. For this reason, the vibration 

behavior has been studied and a way to reduce it without recurring to any external damper has been 

provided. Taking full advantage of the huge geometric freedom related to AM technologies, some 

ribs have been fabricated to reduce vibration. According to the implemented DoE, ribs orientation 

(horizontal and 45°), thickness (2 and 3 𝑚𝑚) and spacing (0.5 and 1 𝑚𝑚) have been studied and a 

reduction of vibration of 16% was obtained using the optimal combination of horizontal orientation, 

2 𝑚𝑚 of thickness, and 1 𝑚𝑚 of spacing. This result makes additively manufactured soft EM robots 

very appealing for grasping operations: future works will be focused on the fabrication of gripping 

systems based on EM actuation systems. 

 

 

 

 

 

 



3. CHAPTER 3: CUSTOM-MADE MEX SETUPS AND FABRICATION 
APPROACHES FOR PROCESSING NON-CONVENTIONAL MATERIALS: 
MAGNETIC-INK, SELF-HEALING POLYMERS, AND ELECTRICALLY 
CONDUCTIVE POLYMERS 

 

3.1 Introduction of the chapter  
 

As discussed in the previously chapter (chapter 2), Material Extrusion (MEX) technique has emerged 

as a leading technology for fabricating complex polymeric structures that are challenging to produce 

using traditional methods. These include non-assembly mechanisms, smart structures with embedded 

sensors [116], [117] and soft robots [43], [52]. Conversely, the complex polymer structures and the 

development of novel composite materials requires the study of innovative MEX setups (such as 

machine modifications of hardware and/or software parts) and advanced fabrication approaches (such 

as 3D printing strategies, printing parameters, and post-process) [118]. Indeed, recent studies have 

highlighted the importance of optimizing MEX setups to enhance the rheological, mechanical and 3D 

printing properties of such innovative polymers [21], [119]. 

Particularly, this chapter focuses on the novel MEX setups and fabrication approaches for non-

conventional materials such as magnetic-ink, self-healing polymers, and electrically conductive 

polymers. 

 

• MAGNETIC-INK 

Novel applications based on the extremely high design freedom owing to the leveraging of silicone-

based MEX include traditional and variable stiffness artificial muscles [120], [121], bio-inspired 

robots [122], soft robots capable of out-of-plane motions [123], meniscus implants [124], and 

electrothermally actuated 4D printed silicone robots [125]. Numerous researchers have successfully 

sought to enhance the potential of silicone-based MEX technology. Hamidi and Tadesse [126] studied 

an innovative way to create supports by employing carbohydrate glasses to fabricate hollow 

structures. After the fabrication process, the sacrificial support was dissolved, and the silicone 

structures were pneumatically actuated with a bending angle of 70°. However, the fabrication of the 

tall silicone structures is still underexploited because the heat used to cure the extruded silicone only 

comes from the building plate. The most viable solution to overcome this issue is by assembling the 

external heating elements near the nozzle to locally cure the extruded silicone, thereby enabling the 

fabrication of the tall structures [127]–[129] . The exploitation of silicones characterized by different 



curing mechanisms, such as moisture curing and UV light, is another method for fabricating tall 

structures [130]–[133]. Manufacturing structures with external elements integrated during the 

fabrication process to enhance the functionality of 3D printed objects has made the MEX technology 

extremely appealing [31], [33], [134], [135]. Bodkhe et al. created a custom-made setup to jointly 

extrude silicone and incorporate shape memory alloy (SMA) wires [61] to create structures with 

embedded actuation systems. A new wave based on smart materials capable of performing motions 

(walking, bending, and crawling) in response to external stimuli has recently emerged [136]–[139]. 

It reduces the assembly tasks required to fabricate structures, thereby resulting in reduced 

manufacturing time and cost savings. A novel approach employed to fabricate extremely soft smart 

structures capable of reshaping and reprogramming their architecture involves creating custom-made 

silicone mixed with magnetic fillers (i.e., NdFeB), which is extruded using MEX technology and 

actuated by an external magnetic field. The flexibility of the MEX technology and the high degree of 

customization of the extrusion setups permit the integration of an external electromagnet (or 

permanent magnet) assembled near the nozzle tip, thereby generating a magnetic field acting on the 

extruded silicone [119], [140], [141]. The magnetic fillers inside the silicone are oriented based on 

the direction of the magnetic field, thereby creating magnetic anisotropy. It is noteworthy that the 

magnetic field affects only a limited amount of silicone inside the syringe (only the material flowing 

out from the nozzle tip, thus not producing any remarkable effect during the fabrication). Owing to 

the magnetic anisotropy, different parts of the structure exhibit different behaviors while exposed to 

an external magnetic stimulus, thus resulting in complex and unconventional motions of the overall 

structure [118], [140], [142]. To push silicone MEX technology towards a new mass-production 

dimension, besides simulation works aimed at understanding the rheological behavior of the extruded 

silicone [143]–[146], numerous studies correlating process parameters to silicone performance have 

been performed. Colpani et al. found that the final accuracy of the extrudate silicone strands was 

positively and negatively linked to an increase in the build plate temperature and deposition rate 

[147], respectively. Plott et al. correlated the printing strategies (infill line direction) with the 

formation of voids in the silicone samples, and the mechanical performance. They pointed out that 

orienting the extruded lines at 0◦ had the worst performance owing to the tangency voids and poor 

edge surface finish [148]. Walker et al. performed a peeling test to correlate the interlayer adhesion 

with the single extruded bead cure percentage and found that the degree of adhesion between the 

consecutive layers increased at low curing rates [149]. The layer height parameter (also known as 

layer thickness), as for the widespread filament- MEX [150], plays a key role in determining the 

overall printing forces involved during the extrusion of silicone. Low values of the layer height 

parameter (0.1 𝑚𝑚) are required to increase the layer adhesion and thereby the mechanical 



properties, decrease the number of intralayer voids, fabricate structures with a very high level of detail 

and accuracy, and fabricate thin-walled structures. However, by setting low values for the layer 

height, the force involved in the 3D printing process abruptly increases, thereby resulting in numerous 

problems, such as over-extrusion, poor accuracy, and the impossibility of printing non-rounded 

toolpaths [146], [151]. 

 

• SELF-HEALING POLYMERS 

Polymer structures are susceptible to damage in various applications: overloads, impacts, or sharp 

objects can cause cracking, ruptures, or cuts, while cyclic loading can induce fatigue, ultimately 

leading to failure. In 3D printed structures, these damages often occur faster due to the presence of 

defects (e.g. air pockets or contaminants), insufficient interlayer adhesion or porosity, hereby 

resulting in limited structural integrity and lifespan  [152], [153]. In this context, extrudable self-

healing polymers could potentially overcome these problems, by introducing self-healing capabilities 

in 3D printed structures [35], [37], which can be extrude using custom-made setups. 

Self-healing polymers are smart materials having the unique ability to self-repair damages, cracks, 

and cuts by means of a self-healing mechanism which is either extrinsic or intrinsic [154]. Extrinsic 

self-healing polymers are not able to heal themselves: the incorporation of healing agents (capsule-

base or vascular-based) triggers the healing process after damage [155]. 3D printing has been 

leveraged on to create these extrinsic self-healing polymers, enabling to incorporate microchannels 

or pockets that hold healing agent [156]. Alternatively, intrinsic self-healing are based on reversible 

bonds [157], [158], including dynamic covalent bonds such as the dissociative Diels-Alder reaction 

or the associative transesterification reaction, or physic-chemical bonds such as hydrogen bonds. 

Consequently, the healing capability is intrinsic to the polymer, excluding the need for a healing 

agent. Unlike for extrinsic self-healing polymers, their intrinsic self-healing capability can be 

completely recovered after healing, allowing for multiple damage-healing cycles on the same 

location. Self-healing polymers based on the Diels-Alder reaction, like those resulting from the cyclo-

addition reaction of furan and maleimide, are well-known for combining mechanical strength and 

stability, with self-healing at moderated temperatures [159]–[161]. For example, Li et al. [162] 

developed a shape memory and self-healing materials incorporating thermoplastic polyurethane in 

the covalent adaptative networks epoxy, based on Diels-Alder reactions, for enhance both the 

material’s strength (35 𝑀𝑃𝑎) and the healing properties. Safaei et al. have illustrated that by using 

off-stoichiometric maleimide-to-furan ratios leads to an acceleration of the self-healing process due 

to an excess of furan, enabling autonomous self-healing in ambient conditions (e.g. at 25 °𝐶) with 

near perfect recovery of their mechanical properties and this in a reasonable time frame (e.g. a couple 



of hours) [163]. They have used this approach to construct self-healing soft robotic structures, 

including a soft bionic hand, that heal from macroscopic damages without any external intervention 

while recovering their full performance [164]. 

Moulding-based fabrication techniques, also referred to as formative manufacturing, have been 

largely employed for the fabrication of self-healing polymeric structures since such process results to 

be fast to implement [159], [165]; on the other hand, these techniques are characterized by several 

drawbacks: i) lack of design flexibility, ii) lack of scalability, iii) many assembly tasks for the 

fabrication of multi-material structures [166]. Material Extrusion (MEX) 3D printing, especially 

filament-based and ink-based methods, has emerged as a viable solution for overcoming these issues 

[71], [167]. Roels et al. [168] presented a novel filament-based MEX approach to 3D print self-

healing elastomers based on Diels Alder reaction. The authors fabricated and tested several 3D-

printed grippers and concluded that using Diels-Alder polymers in 3D printing leads to parts with 

increased isotropy in their mechanical properties (isotropy in fracture stress as high as 86%). This 

improvement is results from a reduced porosity due to the low viscosity of the Diels-Alder polymer 

in its liquid state, as well as from interlayer covalent bonding between print layers. In another work, 

Li et al. [169] developed a series of poly(urethane-ureaamide) elastomers with self-healing and shape 

memory capabilities for filament-based MEX: the reduction of warpage and increasing of mechanical 

properties (tensile strength and Young’s modulus) were studied and optimized by means of process 

parameters and material properties. Considerable efforts have been made towards the increase of 

mechanical properties, the reduction of anisotropy, and enhancement of layers adhesion for self-

healing structures processed through MEX [170], [171]. As a matter of fact, Wang et al. [172] 

customized a commercial filament-based MEX machine by adding near-infrared (NIR) light, to heat 

the freshly extruded layer: in this way the temperature of every extruded layer was increased, thereby 

enhancing interfacial bonding strength between consecutive extruded layers. 

Despite the tremendous interest gained from filament-based MEX for processing self-healing 

polymers, a new wave based on the leverage of ink-based MEX is becoming very popular due to 

some intrinsic features such as i) the possibility of extruding soft inks doped with different fillers 

[90], [173], ii) the possibility to couple soft inks with rigid materials [119] and iii) the fabrication of 

thin-walled structures [27], [174]. Another great advantage of ink-based MEX is the overcoming of 

a huge problem negatively affecting filament-based MEX, namely the filament breakage between the 

pushing gears (feeding mechanism) [42], [150], [175]. Such behavior results to be predominant when 

custom-made materials, with no additives, are prepared and extruded. Lastly, ink-based MEX 

excludes the need for extensive pre-processing of the polymer in a high-quality filament, which is 

both economical and ecologically beneficial. For all these reasons, ink-based MEX could potentially 



be an excellent fit for the extrusion of self-healing structures. Another advantage of intrinsic self-

healing polymers based on thermoreversible bonds, such as those utilizing the Diels-Alder reaction, 

is their thermo-mechanical reprocessability. They degel above their degelation temperature (𝑇𝑔𝑒𝑙) 

allowing them to be reshaped and reprocessed [176]. Diels-Alder-based self-healing polymers, in 

particular, exhibit exceptionally low viscosity in their degelled liquid state, making them ideal 

candidates for recyclable ink for ink-based MEX [177]. However, this requires customized ink-based 

MEX, equipped with an adequate heating system that liquifies the Diels-Alder polymer prior to 

extrusion and deposition. Moreover, this additional temperature control during the deposition of ink-

based materials enhances the mechanical properties of the printed parts, such as the layer adhesion 

and isotropy [149], [178], [179]. As a matter of fact, Yuan et al. [180] embedded a heating element 

around the syringe barrel to keep a constant extrusion temperature of 120°𝐶: in this way, the ink 

viscosity was controlled, and self-healing structures have been successfully fabricated. Furthermore, 

the printed parts exhibited a tensile strength of 77 𝑀𝑃𝑎 and healing rate after damages up to 85%. 

Similarly, a syringe wrapped with a heating element (70°C) for a custom-made UV-light-assisted ink-

based MEX setup was used by Kuang et al. [35]. They 3D printed a shape-memory and self-healing 

structures with semicrystalline thermoplastic incorporated inside semi-interpenetrating polymer 

network elastomer, demonstrating the potential of 3D printing for creating stretchable structures with 

in-plane isotropic properties, capable of reaching elongations of up to 600%. High-precision 

extrusion control was achieved by Yang et al. [181]: they extruded a custom DA-based ink was by 

utilizing a modified syringe equipped with a heating element (130 − 138°𝐶) and an additional 

cooling mechanism, such system resulted to be extremely effective to reduced anisotropy and 

simultaneously improve printing accuracy across various printing directions.  

 

• ELECTRICALLY CONDUCTIVE POLYMERS (for piezoresistive sensors) 

Both custom-made setup and multi-nozzle extrusion commercial machines has been used to create 

assembly-free structures with embedded sensors capable of detecting various kinds of external stimuli 

[182], and conductive element for 3D printed batteries (see Chapter 4). 

Despite recent advances in the fabrication of piezoelectric [49], [183] and capacitive sensors [102], 

[184], [185] manufactured via the MEX technique, MEX piezoresistive sensors continue to have the 

potential to impact the sensor community at large due to (i) the possibility to sense multiple variables 

(i.e. force, strain, bending, torque and so on) and (ii) the possibility to be embedded inside 

thermoplastic-based components with ease [186]–[188]. Piezoresistive sensors operate based on the 

change of electrical resistance when deformed and are typically manufactured by either employing 



commercial or custom-made conductive materials composed of a thermoplastic matrix doped with 

conductive fillers (i.e. carbon black, carbon nanotubes, etc.) [189]–[194]. 

The multi-material MEX approach has been used to fabricate several robotic systems capable of 

detecting multiple stimuli. Wang et al. [195] fabricated a foldable magnetic soft robot with an 

embedded piezoresistive sensor in a single manufacturing process, capable of changing electrical 

resistance every time the robot was folded. Other works have developed 3D printed gripper systems 

with embedded sensors [196]. Stano et al. fabricated a polycaprolactone (PCL)-based finger with an 

embedded strain sensor capable of detecting the position in the x-y space [31]. Singh et al. [197] 

fabricated a bellow with a piezoresistive ring-shaped sensor providing displacement feedback through 

a change in its electrical resistance. Matharu et al [198] employed 3D printed piezoresistive flexible 

sensors to obtain feedback from a jellyfish-like soft robot while swimming. 

Piezoresistive sensors have been studied as a means to bridge the gap with other sensors manufactured 

with traditional technologies in terms of performance. Maurizi et al. experimentally validated a quasi-

static model to calibrate 3D printed piezoresistive sensors integrated inside polylactic acid (PLA) 

structures [199]. Arh et al. [200] used the Bridgman model to determine the dynamic piezoresistivity 

coefficients in different orientations, allowing future modelling regardless of the orientation of the 

embedded sensor inside the dielectric structure. 3D printed piezoresistive sensors capable of detecting 

bending angle are extremely attractive and have risen as one of the most promising application points 

for multi-material MEX. Such sensors have been embedded inside (i) soft structures used as grippers 

to manipulate fragile objects, (ii) rehabilitative and wearable devices [6], [201]–[204]. Despite all the 

aforementioned benefits, piezoresistive sensors prepared via MEX technique still suffer of poor 

sensitivity and conductivity. At the state of the art, three main strategies have been employed to 

address such problem. The first strategy relies on the sensor geometry optimisation: as shown in 

[205]–[207] the sensor design can be actively used to improve the sensor sensitivity by concentrating 

the bending in small sections. The second way to improve the sensitivity in 3D printed piezoresistive 

sensors is based on the material modification: the creation of 3D conductive networks inside the 

thermoplastic matrix [208] and the usage of different conductive fillers such as graphene 

nanoplatelets and silver nanoparticles [209] has been proven to greatly increase sensor sensitivity. 

The third method to improve the sensitivity of 3D printed piezoresistive sensor is based on the 

optimisation of printing process parameters [111], [210]: Stano et al. [21] studied two fabrication 

approach to increase the sensitivity of the 3D printed sensors. They use first a custom-made roll setup 

applied at the extrusion head and secondly used a ironing printint parameter. Palmic et al [211] 

demonstrated that the conductivity can be improved by setting a layer height value ranging between 

0.15 and 0.3 𝑚𝑚. Goh et al [212] demonstrated the direct correlation between infill type and 



sensitivity of piezoresistive sensors. Their work found that a deposition direction of 45, and 0° 

provided the best results in terms of sensitivity. All of the methods found in literature do not take into 

account the layer adhesion and porosity issues that negatively affect sensors produced via MEX, and 

mainly focus on the chemical aspect of the raw material being processed, as well as optimisation of 

design and process parameters. 

 

The following Table 3.1 summarized the custom setups and fabrication approaches of the non-

conventional material discussed above.  

 

Table 3.1: Custom materials, setups and fabrication approaches used to extrude non-conventional polymers. 

 Custom material Custom setups Fabrication approaches 

Magnetic inks [119], [120], [123], [124] [41], [102], [123], [124]  [109], [130], [131], [132] 

Self-healing 

polymers 

[144], [145], [146], [151] [154], [163], [18], [164], 

[213] 

[150], [155] 

Conductive 

polymers 

[171], [177], [191], [192] [101] [178], [179], [189], [190], [192], 

[193], [194], [195] 

 

The chapter 3 is organized as follows: in section 3.2 electromagnetic assistance to enables 3D printing 

of silicone-based is discussed. In section 3.3 several innovative printing approaches to increase 

sensors sensitivity were studied. Finally, a custom-made setup to extrude self-healing materials for 

sensors fabrication is presented in section 3.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.2 Custom MEX setup: Electromagnetic assistance enables 3D 
printing of silicone-based thin-walled bioinspired soft robots. 

 

In this study, a novel methodology to reduce the printing force when printing at low values of the 

layer height (0.1 mm) is shown. By employing the innovative proposed approach, an overall force 

reduction of 21.08% is achieved. The method used to reduce the printing force is based on the use of 

magnetic ink (Ecoflex 00–10 silicone mixed with 𝐹𝑒3𝑂4 nanopowder), which is extruded using a 

custom-made syringe equipped with 325 copper coils. When the copper coils are supplied with 

electrical current (4.5 𝐴), a new force is introduced in the system, known as the electromagnetic force 

(𝐹𝐸𝑀), which is oriented in the opposite direction to the counter-pressure force (𝐹𝐶−𝑃) and the force 

generated in the syringe (𝐹𝑆). This way, 𝐹𝐸𝑀 reduces the overall printing force, thereby enabling the 

extrusion of the silicone at a low layer height (Fig. 3.1). 

Several thin-walled and complex-shaped silicone structures have been manufactured, in addition to 

bio-inspired soft robots. The latter (including a humanoid finger, knee-based system, bistable 

actuator, and spider-inspired robot) have been fabricated by extruding stiff thermoplastic material and 

silicone in the same cycle, thereby proving the completion of the proposed manufacturing approach 

based on force reduction. In addition, not only the magnetic nanopowder (𝐹𝑒3𝑂4 ) facilitates the 

extrusion of the silicone by reducing the overall printing force, but it also allows the fabrication of 

functional soft structures capable of performing motions in response to magnetic stimulus. 

 

 



 

 

Fig. 2.1: Electromagnetic assisted Additive Manufacturing of magnetic ink for force reduction: a) workflow of the present research 

and b) comparison between the conventional material extrusion approach to fabricate silicone-based structures and the proposed 

approach, wherein a new force (electromagnetic force) has been introduced into the system. 

a) 



3.2.1 Materials and methods 

 

3.2.1.1 Goal of the current research 

 

The ultimate goal of this research is to reduce the overall printing force while extruding silicone-

based material at low layer heights (0.1 𝑚𝑚), thereby enabling the fabrication of thin-walled 

structures and improving the level of detail achievable in silicone-based MEX by reducing over 

extrusion problems, as shown in Fig. 3.1 a. At the state of the art, silicone has been successfully 3D 

printed by recurring to MEX setup, but high values of layer height (ranging between 0.5 𝑚𝑚 and 

1 𝑚𝑚) are generally set [27], [123], [126]: when lower values are set, the overall printing force 

abruptly increases resulting in the skewing of the material during the deposition, over-extrusion 

problem and impossibility to fabricate thin-walled structures. In MEX techniques (both filament- and 

ink-based), the direct correlation between layer height and layer by layer adhesion has been 

extensively studied in the last decade, ubiquitously proving that the smaller the layer height the better 

the adhesion [214]–[217]. Higher interlayer adhesion means improved mechanical properties, fatigue 

behavior and less delamination problems [130], [148]. On the other hand, when extruding a layer of 

silicone (𝑘) at low value of layer height (i.e., 0.1 𝑚𝑚), the printing force is extremely high, which is 

accountable for skewing and deforming the previously deposited layer (𝑘 − 1). This behavior results 

to be predominant when the previously extruded layers are thin, thereby making the fabrication of 

thin-walled structures extremely challenging [151]. The present research proposes a fabrication 

methodology aiming at overcoming such issues, thereby allowing the extrusion of silicone-based 

material at low values of layer height. 

As shown in Fig. 3.1 b, the forces that occur while extruding silicone using conventional MEX 

technology are: i) the force generated inside the syringe 𝐹𝑠 and ii) the counter-pressure force 𝐹𝐶−𝑃 

due to the interaction between the extruded silicone bead and substrate (either the build plate or 

previously extruded silicone layer). Moreover, the two forces are oriented upward (pointing in the 

opposite direction of the build plate). The overall total printing force, 𝐹𝑇, is calculated as the sum of 

the two contributions, expressed as follows (eq. 3.1): 

 

 𝐹𝑇 = 𝐹𝑠 + 𝐹𝐶−𝑃  (3.1) 

 

It should be noted that 𝐹𝑇 is linear because it represents the force equilibrium under the syringe nozzle, 

but both 𝐹𝑆, and 𝐹𝐶−𝑃 are nonlinear terms since they depend on the solution of Navier-Stokes 

equations. 



𝐹𝑇 can reach high values while extruding at very low layer heights (0.1 𝑚𝑚), thereby resulting in 

several problems, such as low printing accuracy and skewing of thin-walled structures. To overcome 

these problems, the authors investigated a method to reduce 𝐹𝑇 while printing at low layer heights. 

To achieve this goal, a new force acting in the opposite direction to 𝐹𝑆 and 𝐹𝐶−𝑃has been introduced 

in the system, also known as the electromagnetic force 𝐹𝐸𝑀: because it is oriented downwards, as 

shown in Fig. 3.1 b (pointing towards the build plate), it reduces the overall total printing force: 

 

 𝐹𝑇 = 𝐹𝑠 + 𝐹𝐶−𝑃 − 𝐹𝐸𝑀  (3.2) 

 

Since 𝐹𝐸𝑀 acts as a subtractive term, the proposed approach requires less pushing force to extrude 

soft ink compared to traditional fabrication approach, for the same process parameters. The proposed 

approach, based on leveraging 𝐹𝐸𝑀 to reduce 𝐹𝑇 (21.08% at a layer height of 0.1 𝑚𝑚), which 

enhances the extrusion of low layer-thickness silicone structures, has been made possible by recurring 

to the following artifacts: 

 

1. The silicone was mixed with magnetic nanopowder (𝐹𝑒3𝑂4), having an average size of 

53 𝑛𝑚. 

2. The syringe used to extrude silicone was equipped with copper coils connected to a 

power supply to provide electrical current during the extrusion process. 

 

The interaction between the electrical current flowing inside the copper coils (attached to the syringe) 

and magnetic ink (inside the syringe) generated. The Ecoflex 00–10 silicone was mixed with different 

𝑤𝑡% 𝐹𝑒3𝑂4, as detailed in Section 3.2.1.2 and Appendix A (section A1). A numerical model capable 

of predicting force contributions as a function of several process parameters was created and 

experimentally validated. The custom-made 3D printing machine was also equipped with strain 

sensors to measure the actual printing force (see Appendix A, section A2) to validate the model and 

prove the benefits related to the electromagnetic-assisted fabrication approach. 

 

3.2.1.2 Magnetic ink preparation 

 

Commercial Ecoflex 00–10 silicone (Smooth-On, INC Macungie, PA, USA) was employed 

throughout the study and was successfully extruded using MEX systems [123], thereby revealing its 

excellent performance in terms of the elongation at break. To provide magnetic properties to the 

silicone necessary for the leveraging of 𝐹𝐸𝑀, commercial 𝐹𝑒3𝑂4 magnetic nanopowder (average 



nanopowder dimension of 53 𝑛𝑚) was added to Ecoflex 00–10 in different weight percentages 

(𝑤𝑡%). Four different concentrations were tested: 0, 10, 20, and 30 𝑤𝑡%. An upper limit of 30 𝑤𝑡% 

was arbitrarily chosen: it represents a good compromise between softness of the final ink and 

magnetic properties required to leverage 𝐹𝐸𝑀. As a matter of fact, a higher 𝑤𝑡% of 𝐹𝑒3𝑂4 would 

involve better magnetic properties, and in turn a higher reduction of 𝐹𝑇, but on the other hand it would 

abruptly reduce the flexibility and softness of the final ink. To ensure the fully dispersion of 𝐹𝑒3𝑂4 

magnetic nanopowder inside the silicone, the procedure detailed in [218] was followed: at first, 

Ecoflex 00–10 was prepared by adding parts A and B in a 1: 1 ratio inside a glass container. 

Afterwards, the desired 𝑤𝑡% of the magnetic nanopowder was added and a glass road was used to 

constantly stir the slurry (part A, part B, and magnetic nanopowder) for a total of 3 𝑚𝑖𝑛. Further, a 

degasser (BACOENG, 85 𝐿/𝑚𝑖𝑛) was employed to remove the air bubbles trapped in the silicone 

matrix: the final slurry was placed in the vacuum chamber for a total of 3 𝑚𝑖𝑛. This step is crucial 

when extruding silicone using MEX technology, since unwanted air bubbles result in inconsistent 

extruded beads and an increase in the force required to push the silicone out from the nozzle. The test 

performed to demonstrate the lack of sedimentation of 𝐹𝑒3𝑂4 nanopowder inside the silicone matrix, 

is described in the Appendix A (section A1, and Fig. A1). It is worth mentioning that the proposed 

approach involves the use of magnetic ink, which is characterized by mechanical properties that are 

slightly different from those of pure silicone. The pure Ecoflex 00–10 and Ecoflex 00–10 mixed with 

30 𝑤𝑡% 𝐹𝑒3𝑂4 were mechanically characterized (tensile tests conducted in accordance with ASTM 

D412), and similar mechanical properties were obtained, except for a reduction in the ultimate tensile 

strength (UTS) by 12.7%. The reason for this slight reduction is the increase in the solid phase owing 

to the magnetic fillers inside the soft silicone matrix. Here, a minimal decrease in the softness of the 

pure silicone is required to reduce the printing force and obtain thin-walled and highly detailed 

structures. 

 

3.2.1.3 Rheological characterization 

 

Each silicone ink, prepared with different amounts of magnetic nanopowder, was characterized from 

a rheological standpoint using an MCR 702 rheometer (Anton Paar, Graz, Austria). The data obtained 

from the rheological characterization were used to create a numerical model capable of predicting the 

values of 𝐹𝑆 and 𝐹𝐶−𝑃 as a function of the layer height, as described in Section 3.2.1.1. During silicone 

characterization, the shear rate values ranged from 0.1 𝑡𝑜 350 1/𝑠, and a single rheological curve 

was determined in 2 𝑚𝑖𝑛, which lasted lesser than the silicone pot life at room temperature 



(approximately 30 𝑚𝑖𝑛, based on the material datasheet). Three replicates were performed for each 

concentration of 𝐹𝑒3𝑂4 and the mean values with error bars are shown in Fig. 3.2 a. 

From the rheological characterization, the following conclusions can be drawn: 

 

1. According to Fig. 3.2 a, the dynamic viscosity is negatively correlated with the shear rate 

(regardless of the magnetic 𝑤𝑡%), thereby showing the conventional behavior characteristic 

of shear-thinning fluids such as silicone.  

2.  For pure Ecoflex 00–10 (0 𝑤𝑡% of 𝐹𝑒3𝑂4), the dynamic viscosity was almost constant at 

very low shear rates (Newtonian regime), whereas at higher shear rates, a gradual transition 

to the powerlaw regime was observed.  

3. By increasing the nanopowder content, a more remarkable power-law behavior was observed. 

As expected, the dispersed solid phase (𝐹𝑒3𝑂4 nanopowder) increased the macroscopic 

dynamic viscosity in the shear regime. 

 

Additionally, frequency sweep rheological tests have been performed: storage modulus (𝐺’) and loss 

modulus (𝐺’’) have been characterized at different values of angular frequency (𝜔) ranging from 

0.1 𝑡𝑜 100 𝑟𝑎𝑑/𝑠. As shown in Fig. 3.2 b, 𝐺’’ results to be at least one order of magnitude higher 

than 𝐺’ at high values of omega, for every ink composition (from pure silicone up to silicone mixed 

with 30 𝑤𝑡% of 𝐹𝑒3𝑂4). This behavior demonstrates that the viscous effects dominate over the elastic 

ones. Such outcome has been leveraged for the formulation of the numerical model, based on the 

assumption of neglecting the elastic behavior of the inks. 

Fig. 3.2: a) Dynamic viscosity as a function of the shear rate for the four different concentrations of magnetic nanopowder, and b) 

Storage modulus (G’) and loss modulus (G”) for the four different concentrations of magnetic nanopowder. 



3.2.1.4 Custom-made 3D printing setups  

 

A commercial dual-extruder 3D printer (Sovol SV04, Sovol, United States) based on MEX 

technology was modified to enable the extrusion of magnetic ink through a calibrated nozzle by 

implementing the proposed approach based on the leverage of 𝐹𝐸𝑀. The 3D printer used throughout 

the present study was equipped with two independent print heads to process thermoplastic filaments. 

Only the print head located on the right side was modified to extrude silicone, while that of the left 

was kept unchanged. In this way, structures comprising thermoplastic and silicone materials can be 

fabricated in a single-step manufacturing cycle without assembly tasks. 

The working mechanism underlying the extrusion of the magnetic ink and leverage of 𝐹𝐸𝑀 are based 

on the following elements: 

 

1. A stepper motor (Creality NEMA 17 BJ42D15–26V50) was connected to a lead 

screw to generate linear motion.  

2. A custom-made pushing part connected to the lead screw pushes the syringe piston, 

thereby resulting in silicone extrusion through a calibrated nozzle connected to the 

syringe.  

3. A custom-made syringe holder.  

4.  A custom-made syringe equipped with 325 copper coils connected to a power 

supply and an electrical current of 4.5 𝐴 was provided to generate the 𝐹𝐸𝑀 acting on 

the magnetized silicone.  

5. A heating element was placed near the nozzle and equipped with a fan to blow heat 

over the extruded silicone to assist the local curing process. A heated built plate was 

also used as a curing source. 

 

The custom-made syringe used to extrude magnetic ink was equipped with a force sensor to record 

the forces during the extrusion process, while a commercial force sensor with a resolution of 0.1 𝑁 

was employed. More details on the data acquisition are provided in the Appendix A (section A2). 

Owing to its low thickness, the force sensor was placed between the pushing part and syringe piston, 

and the same method shown in [42] was used to measure all the force contributions 𝐹𝐶−𝑃, 𝐹𝑆, 𝐹𝑇, and 

𝐹𝐸𝑀 while extruding based on the conventional and proposed approaches. Fig. 3.3 shows the custom-

made 3D printing machine used to reduce the printing force while extruding ink.  



3.2.1.5 Process parameters set for model validation 

 

A nozzle diameter of 1.02 𝑚𝑚 was employed in the experimentation phase, and a line width equal 

to the nozzle diameter was set in the slicing software. The following nozzle size was arbitrarily chosen 

since it represents a good compromise between good level of detail (low values of extrudate width) 

and low manufacturing time, however smaller and bigger nozzles can be employed as in Fig. 3.8. A 

low printing speed equal to 10 𝑚𝑚/𝑠 was also set in conjunction with a build plate temperature equal 

to 70 ◦ 𝐶. The latter is a crucial parameter in the 3D printing of silicone because it is the main tool 

for curing extruded silicone. Here, a lower temperature cannot cure the silicone rapidly, thereby 

resulting in the impossibility of maintaining the desired shape. However, a higher build plate 

temperature results in the unwanted curing of the silicone inside the plastic nozzle. In addition to the 

build-plate temperature, another heating source was used to extrude more complex and taller 

structures: an additional heating element was assembled near the nozzle. The additional heating 

element was coupled with a fan to blowheat over the extruded silicone.  

 

 

 

Fig. 3.3: Custom made Material Extrusion setup capable of monolithically extruding ink and thermoplastic material in the same 

manufacturing cycle. The syringe reservoir is equipped with 325 copper coils connected to a power supply (4.5 A) to leverage the 

electromagnetic force to reduce the overall printing force. A force sensor has been placed between the syringe piston and the pushing 

element to record force values and validate the numerical model. 



3.2.2 Results of the proposed approach 

 

3.2.2.1 Numerical model to predict 3D printing forces  

 

The silicone-based MEX process has been numerically modeled using the finite element method 

(FEM)-based software “COMSOL Multiphysics” v. 5.5 (Fluid Flow Module) to predict the impact 

of every force contribution (𝐹𝑆 and 𝐹𝐶−𝑃) on the overall printing force 𝐹𝑇. Further, the proposed 

approach, based on the leverage of 𝐹𝐸𝑀 to reduce the total force while extruding at low values of layer 

height (0.1 𝑚𝑚), has been modeled as well, thereby revealing a maximum force reduction of 21.08% 

(from the experimental phase) compared to the conventional 3D printing approach. To model the 

force generated inside the syringe 𝐹𝑆, the isothermal single-phase fluid flow in the nozzle was 

modeled under the following boundary conditions:  

• Velocity inlet: A fully developed flow was imposed, and under a prescribed value of the 

volumetric flow rate, COMSOL evaluated a parabolic-like inlet velocity profile. This 

condition was more representative of the experimental setup because force measurements 

were performed under steady-state conditions. 

•  No slip: There is no relative motion between the fluid and nozzle walls. 

• Symmetry axis: This permits the study of a 3D problem using a 2D axisymmetric model. 

• Pressure outlet: A zero-average pressure was imposed at the nozzle outlet and the fluid flow 

was assumed to be fully developed. 

 

It should be noted that, throughout the whole research, the fluid extruded by the syringe (both 

pure silicone and magnetic ink) has been modeled as a generalized Newtonian fluid: the shear-

thinning behavior shown in Fig. 3.2 a has been considered when modeling 𝐹𝑆, and 𝐹𝐶−𝑃. The 

nozzle (diameter of 1.02 𝑚𝑚) used to extrude the magnetic ink comprised two tapered sections, 

while the overall pressure drop (𝛥𝑝𝑁) was used to calculate 𝐹𝑆. The geometrical and 

computational domains are shown in Fig. 3.4 a, and b. The syringe-pushing area is expressed as: 

 
𝐴𝑠 =

𝛱𝐷𝑠
2

4
 (3.3) 

 

Here, 𝐷𝑆 is the syringe piston diameter (Fig. 3.4 g). The pressure drop along the nozzle axis 𝛥𝑝𝑁 can 

be expressed as: 

 
𝛥𝑃𝑛

= ∫
𝜕𝑝

𝜕𝑧𝑛
𝑑𝑧𝑛

𝐿

0

 (3.4) 

 



where 𝑍𝑁 is the direction of the nozzle axis direction, as shown in Fig. 3.4 b.The syringe contribution 

to the extrusion force is expressed as: 

 𝐹𝑠 = 𝐴𝑠∆𝑝𝑁 (3.5) 

 

To model the counterpressure force 𝐹𝐶−𝑃, layer deposition over the build plate was simulated using 

2D COMSOL simulations (Fig. 3.4 c,d,e, and f). All the different silicone compounds (different 

𝑤𝑡% 𝑜𝑓 𝐹𝑒3𝑂4) were characterized from a rheological standpoint. The dynamic viscosity was 

negatively correlated to the shear rate (regardless of the magnetic 𝑤𝑡%), thereby showing the 

conventional behavior characterizing shear-thinning fluids, such as silicone [146]. The mean 

rheological data for each concentration of the magnetic nanopowder (Fig. 3.2 b) were imported into 

COMSOL, and cubic interpolation between contiguous points was performed. 

Second-order shape functions were used for the flow-field components, whereas first-order shapes 

were sufficient for obtaining pressure information. The pressure drop below the syringe nozzle (𝛥𝑝𝐶) 

could be obtained by integrating the pressure gradient along the 𝑧𝑐-direction, as shown in Fig. 3.4 f: 

 

 

𝛥𝑃𝑐
= ∫

𝜕𝑝

𝜕𝑧𝐶
𝑑𝑧𝐶

𝐷(𝑒𝑥𝑡)
𝑛 −𝐷𝑒𝑥𝑡

2

0

 (3.6) 

After finding 𝛥𝑝𝐶, the counterpressure force can be expressed as: 

 𝐹𝐶−𝑃 = 𝐴𝑠∆𝑝𝐶 (3.7) 

 

Here, As is the syringe pushing area expressed in (3.3). To model the counter-pressure force 𝐹𝐶−𝑃, 

the following boundary conditions were applied:  

• Velocity inlet: A fully developed flow was imposed, and under a prescribed value of the 

volumetric flow rate, COMSOL evaluated a parabolic-like inlet velocity profile.  

• No slip: There was no relative motion between the fluid and the nozzle wall (Upper wall: a 

fixed velocity 𝑉𝑃 equal to 10 𝑚𝑚/𝑠 was set. Lower wall: the built plate is assumed to be 

stationary). 

• Pressure outlet: fully developed flow with zero average pressure. 

The total printing force 𝐹𝑇 in the conventional silicone MEX is the sum of the syringe and 

counterpressure contributions expressed as: 

 

 𝐹𝑇 = 𝐹𝑠 + 𝐹𝐶−𝑃  (3.8) 

 



To reduce the total hydrodynamic printing force 𝐹𝑇, the authors proposed a novel approach based on 

the leverage of a new force oriented in the opposite direction compared to 𝐹𝑆 and 𝐹𝐶−𝑃. The new force 

introduced into the system is the electromagnetic force 𝐹𝐸𝑀 and due to its orientation, it will be 

deducted from 𝐹𝑇, resulting in a force reduction. 𝐹𝐸𝑀 can be leveraged using two main artifacts: i) 

silicone filled with magnetic nanopowder and ii) custom-made syringe equipped with copper coils 

connected to a power supply to provide electrical current during the extrusion process. The  

𝐹𝐸𝑀 acting on the magnetic ink and pushing it towards the build plate can be expressed as follows: 

 

 𝐹𝐸𝑀 = 𝑁𝐿𝐶𝐵𝑖  (3.9) 

 

where 𝑁 is the number of copper coils around the syringe (dimensionless), 𝐿𝐶  the overall coil length 

(𝑚), 𝐵 the magnetic field of the magnetized silicone inside the syringe (𝑇), and i the current applied 

to the copper coils (𝐴). Throughout the study, 𝑁, 𝐿𝐶, and 𝑖 were fixed at 325, 35.36 𝑚, and 4.5 𝐴, 

respectively. The 𝐵 parameter depends on the 𝑤𝑡% 𝐹𝑒3𝑂4 inside the silicone, which was 

experimentally determined (using a Hall effect sensor) to be 118.57 𝜇𝑇, 213.97 𝜇𝑇, and 379.12 𝜇𝑇 

at 10 𝑤𝑡%, 20 𝑤𝑡%, and 30 𝑤𝑡%, respectively. Further, the 𝐹𝐸𝑀 contribution reduced 𝐹𝑇, which in 

turn was expressed as follows: 

 

 𝐹𝑇 = 𝐹𝑠 + 𝐹𝐶−𝑃 − 𝐹𝐸𝑀  (3.10) 

 

To summarize, the total printing force shown in Eq. (3.10) depends on three main force contributions; 

every term of such equation, in turn, depends on process parameters, operating parameters, material 

and setup. In particular, i) 𝐹𝑠 depends on the nozzle geometry, flow rate and material rheology, ii) 

𝐹𝐶−𝑃 depends on the layer height, printing speed, material rheology and flow rate, and iii) 𝐹𝐸𝑀 

depends on the coil geometry, magnetic field of the magnetic ink, and applied current. 

 

3.2.2.2 Reduction of printing force 

 

The proposed approach to reduce the overall printing force (along with the numerical model) was 

experimentally validated, and a piezoresistive force sensor was employed (placed between the 

machinepushing element and syringe piston, as shown in Fig. 3.3, to record the force values 

throughout the 3D printing process under several printing conditions. Due to transient effects, the 

initial 0.2 𝑠 of the extrusion process have been discarded from the final force computation. The force 



value associated to every experiment was computed as the average force value from 0.2 𝑠 up to 7 𝑠 

(end of the extrusion). 

A 70 𝑚𝑚 long and 1.02 𝑚𝑚 wide (equal to the nozzle diameter), silicone bead was extruded over 

the build plate to evaluate the force contribution and validate the numerical model. The process 

parameters presented in Section 3.2.1.5 remained unchanged throughout the validation phase. A 

methodology similar to the one proposed in [219] has been used to record every force contribution, 

more details about the way every force contribution was recorded and computed can be found in the 

Appendix A (section A2). Four different ink compositions of 𝐹𝑒3𝑂4 have been tested 

namely 0 𝑤𝑡%, 10 𝑤𝑡%, 20 𝑤𝑡%, and 30 𝑤𝑡%. For every composition, two different values of the 

volumetric extrusion flow rate (𝑄) were tested (0.1 𝑎𝑛𝑑 0.2 𝑚𝐿/𝑚𝑖𝑛). The reason for testing two 

values of 𝑄 is to prove the robustness of the proposed approach, which can reduce the overall printing 

force regardless of the set flow rate value. Although the aim of this study is the reduction of 𝐹𝑇 at low 

layer height (i.e., 0.1 𝑚𝑚), three different layer height values were tested (0.1 𝑚𝑚, 0.15 𝑚𝑚, 𝑎𝑛𝑑 

0.2 𝑚𝑚) to demonstrate the consistency and repeatability of the proposed approach. 

All the plots referring to 𝑄 =  0.1 𝑚𝐿/𝑚𝑖𝑛 are shown in the present section. Regarding 

10, 20, 𝑎𝑛𝑑 30 𝑤𝑡% of 𝐹𝑒3𝑂4, all the experiments were repeated under two different conditions: i) 

without generating 𝐹𝐸𝑀 (conventional approach) and ii) by applying electrical current to the copper 

coils to generate 𝐹𝐸𝑀 (proposed approach). Pure silicone (0 𝑤𝑡%) was tested only based on the 

conventional approach because insufficient magnetic nanopowders made the proposed approach 

unworkable. For each combination (volumetric flow rate, layer height, conventional approach, and 

proposed approach), three replicates were performed, thus portraying a very low standard deviation. 

A total of 126 samples were 3D printed and the force values were recorded. 

In Fig. 3.5 a, the overall total printing force 𝐹𝑇 as a function of the three layer height values 

(0.1 𝑚𝑚, 0.15 𝑚𝑚, 𝑎𝑛𝑑 0.2 𝑚𝑚) is shown, at all 𝐹𝑒3𝑂4 𝑤𝑡%. For both 𝑄 values, a good 

correspondence between the numerical model and experimental data was observed, not only when 

printing under conventional conditions but also when leveraging the proposed approach.  

Here, a maximum accuracy of 98.44% was achieved. Several factors can account for the discrepancy 

between the data predicted by the numerical model and that experimentally obtained, such as the 

fluctuations in environmental conditions (temperature and humidity) and vibrations occurring during 

the fabrication process. Further, Fig. 3.5 a shows the reduction of the force obtained while exploiting 

the proposed approach based on the electromagnetic force 𝐹𝐸𝑀. Particularly, using 30 𝑤𝑡% 𝐹𝑒3𝑂4 

silicone, 𝐹𝑇 reduced by 28.57%, while extruding at a layer height of 0.1 𝑚𝑚 (the main objective of 

this study is the reduction of the force at low value layer height) and flow rate of 0.1 𝑚𝐿/𝑚𝑖𝑛 

(leveraging the proposed approach). Under similar printing conditions (ℎ = 0.1 𝑚𝑚 𝑎𝑛𝑑 𝑄 =



0.1 𝑚𝐿/𝑚𝑖𝑛) the reduction of the force obtained while using silicone mixed with 10 𝑤𝑡% 𝐹𝑒3𝑂4 and 

20 𝑤𝑡% 𝐹𝑒3𝑂4 was 9.84% and 16%, respectively. The increase in 𝐹𝑒3𝑂4 𝑤𝑡% resulted in a larger 

decrease in 𝐹𝑇 because the 𝐹𝐸𝑀 contribution (which is deduced from 𝐹𝑇, as shown in Eq. (3.2)) is 

directly correlated to 𝐵 (as shown in Eq. (3.9)), thereby increasing with the content of the magnetic 

nanopowder. On the other hand, based on the conventional approach, 𝐹𝑇  slightly increased with an 

increase in 𝐹𝑒3𝑂4𝑤𝑡% (for every layer height value) because of the higher dynamic viscosity of the 

ompound (Fig. 3.2 a). A comparison between the base Ecoflex 00–10 and silicone filled with 30 𝑤𝑡% 

𝐹𝑒3𝑂4 (greatest reduction in force) is shown in Fig. 3.5 b.  

Despite the increase in the dynamic viscosity, the 𝐹𝐸𝑀  contribution is predominant, thereby resulting 

in a considerable decrease in 𝐹𝑇. A maximum reduction in 𝐹𝑇  equal to 21.08% was achieved by 

employing the proposed approach (30 𝑤𝑡% 𝐹𝑒3𝑂4) compared to the conventional approach (base 

Ecoflex 00–10) at the lowest layer height value of 0.1 𝑚𝑚 (𝑄 = 0.1 𝑚𝐿/𝑚𝑖n). In fact, the proposed 

approach (silicone filled with magnetic nanopowders and a modified extrusion setup) resulted in a 

considerable reduction in the force, when compared to not only the extrusion of the magnetic ink 

based on the conventional approach, but also the extrusion of pure Ecoflex 00–10. 

Here, all the experiments were performed on the 30 𝑤𝑡% magnetic nanopowder-based silicone 

(characterized by the highest FT reduction) when employing the proposed manufacturing method 

(4.5 𝐴 has been provided to the copper coils surrounding the syringe) at two different values of 

𝑄 (0.1 𝑎𝑛𝑑 0.2 𝑚𝐿/𝑚𝑖𝑛). Fig. 3.5 c shows every force contribution at the three-layer height values 

(the 𝐹𝐸𝑀  contribution depends on the setup and is constant for each layer height), and the following 

conclusions can be drawn: i) a good correspondence was achieved between every force contribution 

predicted using the model and actual data obtained from the experimental phase, ii) the layer height 

values only affected 𝐹𝐶−𝑃  (reduction of 51.46% when switching from 0.1 𝑡𝑜 0.15 𝑚𝑚 𝑎𝑡 𝑄 =

0.1 𝑚𝐿/𝑚𝑖𝑛), iii) 𝐹𝐸𝑀, as expected, was almost similar while extruding at 𝑄 =  0.1 𝑎𝑛𝑑 0.2 𝑚𝐿/

𝑚𝑖𝑛 because it depended neither on the volumetric flow rate nor on the layer height. 



Rather, it only depended on the material composition (𝑤𝑡% of 𝐹𝑒3𝑂4), iv) only 𝐹𝑆 depended on the 

volumetric flow rate 𝑄, but its impact on 𝐹𝑇 was very low compared to 𝐹𝐶−𝑃 and 𝐹𝐸𝑀, and v) at low 

values of layer height, the main contribution to increase 𝐹𝑇 is given by 𝐹𝐶−𝑃. 

Fig. 3.3: Modeling of forces occurring during the extrusion of silicone. a) Geometry of the nozzle, where the pressure drop along the 

nozzle axis is shown. b)Boundary conditions for the numerical simulation of the flow inside the nozzle. c) Schematic representation of the 

layer deposition, with the respective variables involved in the extrusion process. d) Control volume for the solution of the governing 

equations of the layer deposition. e) Schematic representation of the extrudate, with the respective variables involved. f) Boundary 

conditions for the numerical simulation of the layer deposition. g) Syringe piston diameter. 



 Fig. 3.4: Reduction of the total printing force using the proposed electromagnetic approach: a) Total printing force FT vs layer 

height (h) at Q=0.1 mL/min, for different wt% of Fe3O4 when using the traditional and proposed approach. Here, the numerical 

and experimental results are shown. b) Comparison between the overall FT and layer height (h) in the conventional approach 

for pure Ecoflex 00–10 (no magnetic filler) and the best result of the proposed approach (silicone+30 wt % Fe3O4). c) All three 

different force contributions when extruding 30 wt% Fe3O4 silicone using the proposed approach (leveraging the 

electromagnetic force) vs the layer height (h), at Q=0.1 mL/min. 



3.2.2.3 Electromagnetic-assisted approach setup to 3D print complex and bioinspired silicone-based 

structures 

 

To further demonstrate all the potentialities of the proposed electromagnetic-assisted method, several 

structures were 3D printed by setting a layer height of 0.1 𝑚𝑚 (𝑄 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 0.1 𝑚𝐿/𝑚𝑖𝑛). A nozzle 

with a diameter of 0.8 𝑚𝑚 was used, and a printing speed of 10 𝑚𝑚/𝑠 was set. The slicing software 

Ultimaker Cura 4.11 (Ultimaker, The Netherlands) was used to set the desired process parameters 

and generate g-code files. Particular attention has been paid to the layer height parameter: since the 

minimum z-resolution of the custom-made MEX setup after all the modifications, resulted to be 

0. 08 𝑚𝑚, a layer height of 0.1 𝑚𝑚 was set to safely avoid z-axis related problems. 

 

• Thin-walled structures 

As shown in Fig. 3.6 a, a thin-walled structure (wall thickness equal to the nozzle diameter) was 

fabricated with no distortions, as well as complex and unconventional geometries, such as the Italian 

country shape, a snowflake-shaped structure, and a thin-walled (wall equal to 0.8 𝑚𝑚) gyroid 

structure. As shown in Fig. 3.6 b, c, d, all the 3D printed silicone-based structures were characterized 

by non-rounded nozzle toolpaths. Particularly, the Italian country shape was also fabricated by 

employing the pure Ecoflex 00–10 based on the conventional approach (no electromagnetic force) to 

provide a comparison with the level of detail achievable with the proposed approach, and numerous 

distortions were observed together with the impossibility of replicating the exact CAD file. It should 

be noted that, for both the manufacturing approaches shown in Fig. 3.6 d, the same printing 

parameters were set (i.e., ℎ equal to 0.1 𝑚𝑚, 𝑄 equal to 0.1 𝑚𝐿/𝑚𝑖𝑛, and line width equal to the 

nozzle size namely 0.8 𝑚𝑚) demonstrating the effectiveness of the reduction of force (21.08%) in 

fabricating complex geometries with high level of details. When extruding at 0.1 𝑚𝑚 of layer height, 

in accordance with the traditional MEX-based silicone approach, more material come out from the 

nozzle (compared to the theoretical flow rate set in the slicing software) because of the high printing 

force.  

For this reason, the extruded lines are thicker, thereby resulting in the impossibility to retain the 

desired shape because of the over-extrusion problem. Such issue results to be successfully addressed 

by employing the proposed approach based on the printing force reduction, as shown in Fig. 3.6 d. 

 

 

 

 

 



 

 

Fig. 3.5: 3D printing of thin-walled and complex structures. a) thin-walled structure, b) snowflake, c) thin-walled gyroid structure, 

and d) Italian country shape: itis possible to evaluate the high details achieved using the proposed approach and the low detail quality 

obtained when using the traditional approach (the same printing parameters were used when printing with both the approaches). 

 

• Printing quality improvement 

The proposed ink (Ecoflex 00–10 mixed with 30 𝑤𝑡% of 𝐹𝑒3𝑂4) exhibits a different dynamic 

viscosity compared to pure Ecoflex 00–10 (as shown in Fig. 3.2 a), resulting in higher printing 

quality. For this reason, the effect of the proposed fabrication approach has been tested only on the 

ink (Ecoflex 00–10 mixed with 30 𝑤𝑡% of 𝐹𝑒3𝑂4) which resulted to provide the higher force 

reduction (21.08%). The structure shown in Fig. 3.7 a (horse race with complex features) was 

fabricated under three different scenarios: i) recurring to traditional silicone MEX approach (the 



copper coils were not provided with current), ii) providing the copper coils with 3.5 𝐴, and iii) 

providing the copper coils with 4.5 𝐴, namely the current input with the higher force reduction. As 

shown in Fig. 3.7 a, the proposed manufacturing approach abruptly increased the overall level of 

detail, even when extruding only Ecoflex 00–10 mixed with 30 𝑤𝑡% of 𝐹𝑒3𝑂4. As expected, the 

worst result in terms of printing quality was obtained when the copper coils were not provided with 

current, thereby resulting in the impossibility to fabricate the desired shape. On the other hand, when 

3.5 𝐴 were provided and a 𝐹𝐸𝑀 of 13.6 𝑁 was recorded, a great improvement in the overall printing 

quality was obtained. As a matter of fact, the best result was achieved when providing 4.5 𝐴 to the 

copper coils and exploiting a 𝐹𝐸𝑀 of 19.2 𝑁: a magnification on the horse head (Fig. 3.7 a) clearly 

shows the increased level of detail achievable with the proposed approach. The main reason 

underlying such improvement in printing quality, when switching from providing 0 𝐴 to 4.5 𝐴 

(namely 𝐹𝐸𝑀 equal to 0 𝑁, and 𝐹𝐸𝑀 equal to 19.2 𝑁), results to be strictly related to the overcoming 

of the over-extrusion problem. The magnetic field generated by the copper coils (acting on the 

magnetic ink inside the nozzle), better direct and compress the ink flow during the extrusion process, 

thereby reducing the swelling phenomenon occurring when the materials is pushed out of the nozzle. 

This behavior can be clearly seen in Fig. 3.7 b: when printing without providing current to the copper 

coils, two main over-extrusion- based defects such as i) waves on the walls and ii) impossibility to 

fabricate 90-degree corners, occur. Such defects result to be overcome by exploiting the proposed 

manufacturing approach (providing 4.5 𝐴 to the copper coils), since 𝐹𝐸𝑀 facilitates the extrusion by 

reducing the overall printing force and in turn the swelling problem.  

In particular, Fig. 3.7 b shows a comparison between the same 3 layers thin-walled structure (wall 

width equal to the nozzle size, namely 0.8 𝑚𝑚 and layer height equal to 0.1 𝑚𝑚) fabricated by 

employing Ecoflex 00–10 mixed with 30 𝑤𝑡% of 𝐹𝑒3𝑂4, in accordance with the traditional and 

proposed approach. All the structures shown in Fig. 3.7 a, and b have been fabricated by using the 

process parameters listed in Table 3.2. 

 

Table 3.2: Process parameters set for the fabrication of the structures shown in Fig. 3.7. 

Process parameter Value 

Layer height (mm) 0.1 

Flow rate (mL/min) 0.1 

Line width (mm) 0.8 

Nozzle size (mm) 0.8 

Printing speed (mm/s) 10 

 



 

• Nozzle scalability 

It should be noted that the proposed electromagnetic-assisted approach is nozzle size free: smaller 

and bigger nozzles can be employed, as shown in Fig. 3.8. 

Fig. 3.6: Electromagnetic assistance to improve the printing quality, tested on the proposed soft ink (Ecoflex 00–10 +30 wt% of Fe3O4 . a) 

Effect of different current inputs (0 A, 3.5 A, and 4.5 A) provided to the copper coils to generate electromagnetic force on the printing quality, 

and b) benefits of the proposed approach in overcoming over-extrusion problems when a layer height of 0.1 mm is set. 



On one hand the usage of small nozzles (i.e. 0.2 𝑚𝑚) allow the fabrication of high detailed structures, 

but on the other hand the fabrication time abruptly increases. To prove the nozzle scalability 

achievable with the proposed electromagnetic approach, the same structure (star shaped structure with 

sharp features) has been fabricated by employing three different nozzle diameters: 0.2 𝑚𝑚, 1.02 𝑚𝑚, 

and 2 𝑚𝑚. The same manufacturing parameters have been set for every printing scenario (flow equal 

to 0.1 𝑚𝐿/𝑚𝑖𝑛, printing speed equal to 10 𝑚𝑚/𝑠, and layer height equal to 0.1 𝑚𝑚) and the final 

structure results to be composed by a total of three layers (total structure thickness of 0.3 𝑚𝑚). 

As shown in Fig. 3.8, the smaller nozzle (0.2 𝑚𝑚) produces the best result in terms of x-y resolution 

but at the same time it takes 9.3 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 to fabricate the whole structure, while the medium nozzle 

(1.2 𝑚𝑚) represents a good compromise between fabrication speed and resolution. 

 

• Soft structures 

Further, the proposed approach presents two additional advantages. Because Ecoflex 00–10 silicone 

was mixed with magnetic nanopowder to reduce 𝐹𝑇, it can be directly employed for the fabrication 

of fast-transforming soft robots actuated using an external magnetic field, as shown in [118], [142], 

[218]. A flower-inspired magnetic structure was 3D printed and activated using a permanent magnet 

(magnetic field of 1.2 𝑇), as shown in Fig. 3.9 a, b. Several other nature-inspired actuators, such as 

Venus flytrap bistable structures [220] and flexible tensegrity structures [221], can be fabricated with 

a very high level of detail (by setting a low layer height) and thin walls, fully exploiting the additive 

manufacturing philosophy.  

The custom-made MEX machine permits not only silicone extrusion but also thermoplastic filaments 

in the same manufacturing cycle and is leveraged to create bio-inspired structures. As shown in Fig. 

3.3, the 3D printing system used throughout the whole research is equipped with both a filament-

based nozzle and a syringe, thus allowing the fabrication of layers composed of two materials 

(thermoplastic filament and magnetic ink). A stiff thermoplastic material, acrylonitrile butadiene 

styrene (ABS), was extruded in conjunction with magnetic ink to create small-scale soft robots. To 

improve the adhesion between magnetic ink and ABS, the mesh overlapping parameter was set equal 

to 0.2 𝑚𝑚. Such parameter overlaps adjacent extruded strands of magnetic ink and ABS and it was 

proven to increase the mechanical strength between soft and stiff materials in MEX technology [108]. 

It is worth mentioning that also mechanical interlocking systems greatly increase the interface 

toughness between silicone and thermoplastic [222]. As shown in Fig. 3.9 c, a musculoskeletal system 

mimicking the human knee was fabricated using ABS for the two bones and magnetic ink for the soft 

cartilage joint connecting the bones. The proposed 3D printed knee has a circular shape with a 

diameter, overall height, and joint height of 8 𝑚𝑚, 40 𝑚𝑚, and 0.4 𝑚𝑚 (namely four extruded 



layers), respectively. Using the same approach (stiff parts of ABS and soft joints of magnetic ink), a 

bioinspired finger actuated by using a nylon tendon-driven system (connected to a stepper motor) was 

fabricated and actuated, as shown in Fig. 3.9 d. The proposed finger uses the design rules detailed in 

[223] and exhibits a considerable resemblance to its counterpart (the human finger) when bent. This 

remarkable behavior was observed because of the extremely soft silicone joints connecting the two 

rigid segments and capable of absorbing stress, as with the human fingers. Most robotic fingers do 

not exhibit such harmonious and bio-inspired behavior, which is required to create humanoid soft 

robots capable of mimicking human behavior. A direct comparison between a bio-inspired finger 

fabricated with the proposed approach and its counterpart (traditional silicone 3D printing approach) 

is provided in Fig. A4 (see Appendix A), showing the improved performance in terms of bending 

behavior achievable with the electromagnetic-assisted Additive Manufacturing technique. 

Moreover, a small bistable structure (overall height and thickness equal to 25 𝑚𝑚 and 2.5 𝑚𝑚, 

respectively) composed of ABS and magnetic ink was fabricated, as shown in Fig. 3.9 e. When 

actuated by means of an external magnetic field (see movie S6), the bistable actuator could switch 

from the stable equilibrium state 1, to a new equilibrium state 2. When the magnetic field was 

removed, the structure stayed in its state 2 without any power input; the state 1 was restored by 

applying again an external magnetic field, but in opposite direction (compared to the first one). 

Additionally, a small-scale spider-inspired soft robot composed of four legs (magnetic ink) connected 

through a mechanical interlocking to a central stiff body (ABS) was monolithically fabricated. Each 

leg is composed of two magnetic ink layers of 0.1 𝑚𝑚, resulting in an overall leg thickness of 

0.2 𝑚𝑚. The proposed soft robot was moved inside a tiny tube (diameter of 10 𝑚𝑚) by using an 

external magnetic field, as shown in Fig. 3.9 f. It should be noted that the locomotion mechanism of 

the proposed soft robot is different from the locomotion of spiders found in nature: the magnetic legs 

are attracted by the external magnetic field generated by the permanent magnet (moved outside the 

tiny tube) resulting in the dragging of the whole soft robots towards the direction of the permanent 

magnet. By exploiting such mechanism, the proposed soft robot can be moved in two directions (back 

and forth). Small-scale silicone robots (overall thickness of 0.1– 0.2 𝑚𝑚) capable of navigating in 

narrow environments are extremely challenging to manufacture by recurring to traditional silicone 

3D printing since the minimum achievable layer height value to avoid manufacturing problems is 

generally 0.3– 0.4 𝑚𝑚. 

The spider-inspired robots demonstrate the impact of the proposed electromagnetic-assisted method 

in the soft robotic field: extremely tiny robots, fabricated with ease, could be used to explore tight 

and confined spaces. Detailed dimensions of the soft robots presented in Fig. 3.9 are shown in the 

Appendix A (section A3).  



 

The proposed approach has several advantages in the soft robotics field, as the rigid structures can be 

coupled with very small and precise silicone joints (this task has been made possible by reducing the 

printing force) to obtain motions that recall those found in nature. Additionally, the proposed 

electromagnetic-assisted approach allows the jointly extrusion of soft ink (low thickness and high 

level of details) and stiff material, in a single shot fabrication step, thereby enabling the manufacture 

of assembly-free bio-inspired soft robots. Such feature, results to be impossible to be achieved with 

traditional fabrication approaches, where multiple assembly tasks are needed to bond silicone and 

stiff materials. 

 

Fig. 3.7: Nozzle scalability. Fabrication of star shaped structure using 0.2 mm, 1.02 mm, and 2 mm nozzle diameter. In particular, the 

increased level of detail is shown, as well as the increased manufacturing time when employing a 0.2 mm nozzle. 

 

 

 

 



 

 

 



3.2.3 Conclusions 

The novel electromagnetic-assisted approach proposed in this study enables the additive 

manufacturing of silicone-based structures at low layer heights (0.1 𝑚𝑚) because of a considerable 

reduction in the overall printing force. Here, the latter was reduced by leveraging a new force 

introduced into the 3D printing system, referred to as the electromagnetic force (𝐹𝐸𝑀). The proposed 

manufacturing approach requires some modifications both from a machine (custom-made syringe 

equipped with 325 copper coils) and material (the silicone needs to be mixed with magnetic filler) 

standpoint. A remarkable reduction in the printing force by 21.08% (19.27 𝑁) was achieved by 

employing Ecoflex 00–10 silicone mixed with 𝐹𝑒3𝑂4 𝑤𝑡% =  30 when extruded at a layer height of 

0.1 𝑚𝑚 and flow rate 𝑄 of 0.1 𝑚𝐿/𝑚𝑖𝑛. 

In traditional silicone additive manufacturing, when high printing forces are involved (i.e., at low 

values of layer height), the syringe piston applies high pressure to the ink inside the syringe, resulting 

in high friction between ink and syringe walls. This makes the fabrication of high detailed structures 

extremely challenging. Such problem is overcome with the proposed electromagnetic-assisted 

approach: 𝐹𝐸𝑀 exerts a pushing effect on the ink causing its motion from the syringe towards the 

nozzle, thereby reducing 𝐹𝑇. Further, a numerical model was created, thereby resulting in a 94.76% 

accuracy in terms of predicting 𝐹𝑇 under the aforementioned printing conditions. The reduction of 𝐹𝑇 

allowed the authors to 3D print: (i) multilayers thin-walled structures (the wall is equal to the nozzle 

diameter) and (ii) complex shapes with nonrounded toolpaths. The proposed manufacturing method 

has two additional benefits: (i) soft robots (comprising magnetic ink) can be directly actuated by 

employing an external magnetic field after removal from the build-plate and (ii) the custom-made 

MEX machine can extrude the magnetic ink and thermoplastic material simultaneously, and bio-

inspired structures (musculoskeletal systems) were fabricated by coupling ABS passive stiff 

structures with soft silicone joints.  

A summary of the main results of this study is presented in Table 3.3. The proposed electromagnetic-

assisted method can be used to facilitate the extrusion of several highly viscous inks [224], [225] and 

be potentially translated to any type of MEX technology (i.e., filament- and pellet-based), thereby 

pushing the role of additive manufacturing beyond its current limitations and towards a new mass-

Fig. 3.8: Application to the soft robotics field. a) Schematic representation of the magnetic flower actuation by means of an external 

magnetic field, b) proposed 3D printed magnetic soft flower and actuation, c) knee-like structure fabricated by jointly extruding 

stiff ABS (red) for the two bones and soft silicone (black) for the joint. d) 3D printed bio-inspired finger fabricated by jointly 

extruding stiff ABS (red) and magnetic ink (black) in the same 3D printing cycle. The finger was activated by a tendon-driven system, 

resembling the human counterpart bending motion. e) 3D printed bistable structure fabricated by jointly extruding stiff ABS (red) 

and magnetic ink (black): it has been activated using an external magnetic field. f) Spider-inspired soft robot composed of four legs 

(magnetic ink) and a central stiff body (ABS) fabricated in the same manufacturing cycle. When magnetically activated, the spider-

inspired soft robot is capable of navigating in tight and confined spaces. 

 



production dimension. Another key benefit of the extrusion of extremely thin layers, made possible 

by the proposed approach, is the improvement of the interlayer adhesion since the wetting area among 

consecutive layers increases, and in turn, the mechanical properties increase too, bridging the gap 

with the counterpart fabrication technology [214], [216].  

Future works will be focusing on the development of suitable methodologies and setups for the 

interlayer adhesion characterization (i.e. peeling tests) of structures fabricated with the proposed 

approach at low values of layer height (i.e., 0.1 𝑚𝑚). Ultimately, the proposed approach lays the 

foundation for more reliable exploitation of inexpensive silicone-based MEX (thin-walled structures, 

complex shapes with non-rounded toolpaths, small-scale soft robots, and bio-inspired structures) that 

can be fabricated with improved resolution and a greater level of detail. 

 

Table 3.3: Summary of the main results of this study 

Feature Proposed approach Traditional approach 

Material  Ecoflex 00-10 + 30% 𝐹𝑒3𝑂4 Ecoflex 00-10 

Forces involved 𝐹𝑠, 𝐹𝐶−𝑃,𝐹𝐸𝑀, 𝐹𝑠, 𝐹𝐶−𝑃  

Total Printing force at h=0.1 mm 
48.71 N (Reduced by 

21.08%) 
67.43 N 

Ultimate tensile strength (UTS) 0.48 MPa 0.55 MPa 

Fabrication of thin-walled and high 

detail structures 
Allowed Challenging 

Accuracy of the numerical model in 

predicting FT (h=0.1 mm, Q=0.1 

mL/min) 

96.76% 94.76% 

Self transforming magnetic soft 

robots 
Allowed Not-allowed 

Assembly-free small scale soft 

robots composed of soft ink and 

stiff materials 

Allowed Not-allowed 

 

  



3.3 Fabrication approach for conductive polymers: Enhancing the 
sensitivity of 3D printed sensors via ironing and void reduction 

 

In the present work, the problem of poor electrical performance in 3D printed piezoresistive sensors 

was addressed by using a novel approach based on the improvement of the layer-by-layer adhesion, 

proving that a strong correlation between sensor sensitivity and interlayer voids occurs. The ironing 

strategy which results to be an extremely effective, simple and inexpensive method was employed to 

successfully improve the sensitivity in 3D printed piezoresistive sensors: such strategy can also be 

potentially used in conjunction with the three methods (see section 3.1) widely exploited in scientific 

literature.  

This strategy, still underexploited, makes the conductive tracks compact via the application of heat 

and pressure with the hot-end, which increased the sensitivity by 82.7%. The findings at the macro 

scale have been correlated to the internal microstructure of the sensor by employing an X-Ray 

Computed Tomography (CT) system, discovering a porosity reduction of 59.4%. This simple 

technique can be leveraged to fabricate smart structures with enhanced performance to detect small 

changes in force, bending and displacement. The adhesion-centered approach, based on the reduction 

of voids by means of mechanical pressure, presented in the present research could be potentially used 

also in conjunction with traditional methods to enhance sensitivity and fabricate high performance 

sensors. 

 

3.3.1 Material and methods 

 

3.3.1.1 Printing strategy to improve sensitivity 

 

Throughout the work herein, piezoresistive strain sensors were fabricated using a commercial dual 

extruder MEX machine (Ultimaker S5, Ultimaker, The Netherlands) and two commercial filaments: 

a conductive polylactic acid (CPLA) for the sensor and a traditional PLA for the dielectric substrate. 

In particular, the CPLA material (Protopasta, USA) is composed of a matrix of PLA doped with 

carbon black particles, in a weight percentage (𝑤𝑡%) higher than the percolation threshold, making 

the whole composite material electrically conductive, with an electrical resistivity in the build 

direction (z axis) of 115 𝑉/𝑐𝑚 according to the datasheet. 

The sensor design is shown in Figure 1(a), which is composed of:  



1. a non-conductive PLA substrate (green) having a thickness, width, and length of 0.4, 52.8, 

and 100 𝑚𝑚, respectively, and 

 

2. the conductive CPLA sensor (black), which is composed of four tracks, each one having an 

active length of 50 𝑚𝑚, width of 1.6, thickness of 0.4 𝑚𝑚 and spacing of 3.2 𝑚𝑚. 

 

Two 0.8 𝑚𝑚 nozzles have been employed to extrude both materials. It should be noted that a line 

width of 0.8 𝑚𝑚 was set and a layer thickness of 0.2 was chosen (every track is composed of two 

consecutive extruded layers, as shown in Fig. 3.10 b). An infill type of ‘line’ with a 90° direction 

was set in the slicing software in order to obtain every single track of the sensor to be composed of 

two adjacent extruded beads. It should be noted, that the infill type and directionality have both been 

shown to affect the sensitivity of 3D printed sensors [212] but it was not considered in the present 

research, as the focus of this study centres around an interlayer adhesion approach to address the 

sensitivity problem. Other printing process parameters are listed in Table 3.4. The slicing software 

Ultimaker Cura 4.11 was used to set the process parameters and generate .gcode files.  

The proposed sensor can be exploited to detect multiple stimuli, such as strain and force. Among all 

the possible ways to leverage 3D printed piezoresistive sensors, a growing interest is risen in the field 

of bending angle measurements [226], especially to sense soft and bio-inspired robotic hands and 

grippers [212], [226]. 3D printed bending sensors meets the pressing requirement of soft robotics, 

making AM the leading manufacturing technology in such field. For this reason, the authors designed 

the proposed sensor to be employed as bending sensors, thus the sensitivity can be expressed as 

follows (equation 3.11): 

 

 
𝑠 =

𝛥𝑅

𝛥𝛼
 

 (3.11) 

 

where 𝛥𝑅 (𝛺) represents the change in electrical resistance, while 𝛥𝛼 represents the corresponding 

change in bending angle (𝑑𝑒𝑔𝑟𝑒𝑒).  

An increased sensitivity implies a sensor can detect small changes in bending angles, which is 

beneficial for many applications such as biomedical, robotics, structure monitoring, non-destructive 

tests [31], [34], [227]. In accordance with recent progress in scientific literature, the interlayer 

adhesion of consecutive extruded layers can be expressed as follows [228]:  



 𝜎 = 𝜎0 + 𝜎𝑑  (3.12) 

 

where 𝜎0 is the strength developed due to the wetting, while 𝜎𝑑 is the strength developed due to the  

diffusion.  

 

 

Fig. 3.9: a) 3D printed sensor composed of non-conductive PLA substrate (green) and CPLA sensor tracks (black), b) sensor 

in the slicing software: manufacturing strategy, c) roller strategy: a roller for compression is attached to the print head, d) 

custom-made characterization setup and e) Sensor in the Tracer software to calculate the bending angle by using a marker for 

tracking. 



Improving interlayer adhesion could imply a reduction in the void content, in turn, providing a better  

path to the current to flow. As such, there are two primary mechanisms used herein to improve the 

interlayer adhesion and, in turn increase the interlayer adhesion: applying pressure on the extruded 

layer (to increase the wetting area) and increasing the temperature at the interface between two layers  

(to increase the polymer chain diffusion). 

As a consequence of Equation (3.12), the 3D printed piezoresistive sensors were printed under the 

following conditions: 

 

i) As-is: the process parameters described in Table 3.4 have been used for the CPLA. This 

reflects the printing condition commonly used in scientific literature for the fabrication of 

piezoresistive sensors and smart structures when employing MEX machines and conductive 

PLA [210]. 

 

ii) Roller: a metallic (aluminium) roller was added to the print head to immediately follow the 

just extruded conductive material and compress it (see Fig. 3.10 c). The roller (wider than the 

nozzle tip) was assembled 3 𝑐𝑚 behind the nozzle to allow the total compression of the 

extruded material. As shown in the scientific literature [214], [229]–[231], this kind of 

approach based on the increase of the wetting area involves a reduction of voids and an 

improvement of the mechanical properties of samples prepared via the MEX technique. The 

roller applied a force of 8.3 𝑁 to the sample (measured by using a commercial force sensor).  

 

iii) Ironing: it repeats the last extruded layer by passing the hot nozzle over it (see Fig. 3.11 a). 

The last extruded layer is then compressed and heated up again. In this way, not only the 

wetted area is supposed to increase (due to the mechanical pressure applied by the nozzle), 

but also the polymer chain diffusion is supposed to improve since the last layer is locally 

heated up when the ironing is performed. The following parameters related to ironing have 

been set: pattern equal to zig-zag, line spacing equal to 0.05 𝑚𝑚, flow equal to 7%, ironing 

distance from the edge equal to 0.2 𝑚𝑚 and nozzle temperature when performing ironing 

equal to 90°𝐶. The ironing temperature was chosen with a trial-and-error approach, such that 

the temperature represents a compromise between the lower limit defined by the glass 

transition temperature (the ironing temperature has to be higher to improve the healing time) 

and the upper limit defined by the melting temperature (the ironing temperature has to be 

lower to avoid re-melting the material and significantly distorting the sample geometry). 

 

It should be noted that the main differences between the roller and ironing is that in the roller case 



the tool applying pressure is external to the AM system and the metallic roller needs to be manually 

assembled. For the ironing approach, the tool applying pressure is the nozzle itself. In the ironing 

approach, the nozzle can also be heated in order to reheat the previously extruded layer and improve 

the intralayer adhesion. A schematic representation of the ironing strategy is provided in Fig. 3.11 a. 

As described in Section 3.3.1.1, the ironing strategy was proven to be extremely efficient in reducing 

intralayer voids, resulting in a great sensitivity improvement: in Fig. 3.11 b, a schematic of the 

mechanism underlying such outcome is provided. Three sensors for each printing condition have been 

manufactured and tested to consider the variability due to the additive manufacturing process. The 

effects of the printing strategies (i.e. as-is, roller and ironing) on the sensitivity of sensors have been 

analysed by employing a custom-made characterisation setup, shown in Figure 1(d). Electrical wires 

have been soldered to the sensor pads and connected to a benchtop multimeter (GW Instek, GDM 

8341), which in turn was connected to MATLAB (The Mathworks, Inc.) to record the resistance 

change throughout the whole test. The top part of the sensor was connected, by using nylon wire, to 

a stepper motor (NEMA 17) instructed through Arduino Uno. The stepper motor performs 13 cycles 

per minute; every cycle is composed of a forward movement followed by a backward movement, 

both performed at 300 RPM, which corresponds to a bending angle of the structure of 14.2 𝑑𝑒𝑔𝑟𝑒𝑒 

(see Fig. 3.10 e). The test was run for 6 𝑚𝑖𝑛 (78 𝑐𝑦𝑐𝑙𝑒𝑠). A digital camera (Canon EOS 400D) was 

employed to record the test, and a white marker in the form of a pin was attached to the edge of the 

sensor to process the video through a video analysis and motion tracking open-source software 

(Tracker, OSP – Open Source Physic, USA) and obtain the bending angle of the sensor for every 

cycle (see Fig. 3.10 e). 

 

Table 3.4: Main process parameters set for the fabrication of the sensors, regardless of the printing strategy (as-is, ironing, roller). 

Printing parameter CPLA (sensor) PLA (substrate) 

Layer thickness (mm 0.2 0.2 

Printing temperature (°C) 240 205 

Printing speed (mm/s) 25 50 

Flow (%) 110 100 

Infill type Line (90°) Line (45°) 

Number of external perimeters 0 3 

 

 

 

 



3.3.1.2 Microstructure evaluation 

 

Two different microscopic studies have been performed to correlate the improvement in sensitivity 

with the internal microstructure in terms of voids reduction and improvement of the bond width. It is 

worth mentioning that both the microscopic evaluations have been performed, only considering 

‘ironing’ and ‘as-is’ conditions since they respectively represent the best and worst results in terms 

of sensitivity (see Section 3.1). For this reason, the ‘roller’ condition was not considered. 

CT scans were conducted using the NSI X-3000 X-Ray CT system (North Star Imaging, Microfocus) 

Fig. 3.10: a) Step by step description of the ironing strategy and b) mechanism underlying the better sensitivity achieved with the proposed 

approach based on the ironing strategy. 

 



to analyse internal voids. A voltage of 50 𝑘𝑉 and current of 700 𝜇𝐴 and a focal spot size of 35 𝜇𝑚 

were employed for all scans, which was used to produce an X-ray beam with a voxel size of 

15.82 𝜇𝑚. A reconstruction software, efX-CT, was employed following CT scan completion, 

wherein specific sharpness and beam hardening settings were selected for each scan in based on 

highlighting the void content within the printed material. After the reconstruction process, the data 

was analysed using Dragonfly’s segmentation wizard feature, which makes use of artificial 

intelligence (AI). The AI module of the software was trained to differentiate between voids (red), the 

material (yellow) and the background/air (blue) based on variations in greyscale values from the CT 

scan, as demonstrated in Fig. 3.12 a. Following the calibration of the AI feature, the software would 

autonomously identify similar greyscale values across all slices of the scanned sample, performing 

segmentation. 

The region of interest area (voids) is then analysed and calculated for each slice and plotted relative 

to the depth of the sample (as discussed in Section 3.3.2.2). 

Three ‘ironing’ and three ‘as-is’ samples were then analysed, and the results in terms of void 

reductions were correlated with the improved sensitivity. All the samples prepared for CT scans were 

composed of five beads (every bead was 0.8 𝑚𝑚 wide, same dimension of the nozzle used to extrude 

CPLA) and five layers (every layer was 0.2 𝑚𝑚 tall, same layer thickness set for throughout the 

whole research). In addition to X-ray CT analysis, as the ironing strategy applies mechanical pressure 

to extruded layers, the microscopic image analysis of sample cross sections were performed to verify 

if it was translated in an increased bond width. A Dino-Lite Edge 3.0 (Dunwell Tech Inc.; California, 

USA) digital microscope was used to calculate the wetting factor between consecutive layers, in 

accordance with Equation (3.13) proposed in [228], as shown in Equation (3.13): 

 

 
𝑓𝑤𝑒𝑡𝑡𝑖𝑛𝑔 =

𝐵𝑜𝑛𝑑 𝑤𝑖𝑑𝑡ℎ

𝐹𝑖𝑏𝑒𝑟 𝑤𝑖𝑑𝑡ℎ
 

 (3.13) 

 

where bond width (mm) represents the contact length between layer n and layer n + 1, and fibre width 

(mm) represents the width of the single layer (theoretically, it should be equal to the nozzle diameter), 

as schematically represented in Figure 3(b). A total of three CPLA test coupons (two beads, two 

layers) with and without performing ironing have been 3D printed. Each test coupon was sectioned 

every 5 𝑚𝑚 using an IsoMet Low-Speed Saw (Buehler Ltd., Illinois, USA) to cut five small pieces 

and manually polished using 400, 600, 1000, 2000, 3000 grit sandpapers sequentially. For ease of 

cutting in the low-speed saw, each test coupon was cast in the PRO-SET INF-114 infusion resin and 



hardener (Gougeon Brothers, Inc. MI, USA) and was cured for 24 ℎ in the room temperature. The 

low-speed saw was used at a low rotation per minute to avoid disturbing the test surface. 

 

3.3.2 Results and discussion 

 

3.3.2.1 Sensitivity improvement 

 

The relationship between sensitivity and the three different extrusion strategies detailed in Section 

3.3.1.2 (as-is, roller and ironing) has been studied by cyclically bending the sensor 78 times at a 

frequency of 0.002 𝐻𝑧, as shown in Fig. 3.10 e. The main results are shown in Fig. 3.13, where the 

relative change in resistance 
ΔR

R0
 versus time while bending the sensor has been plotted. Every test has 

been performed on three different samples for printing strategy, to consider the variability due to the 

manufacturing process, as well as the testing conditions. From the characterisation test, several 

conclusions can be drawn. First, the printing artefacts used in accordance with Equation (3.12) 

Fig. 3.11: a) User painted slice showcasing the three different features used to calculate porosity (void percentage) from X-Ray CT 

scans and b) graphical representation of the bonding between two consecutive extruded layers. 



produce an increase in the sensitivity of the sensor. As shown in Fig. 3.13 a–c, there is a constant 

increase in the amplitude of  
ΔR

R0
 when switching from ‘as-is’ to ‘roller’ and from the latter to ‘ironing’. 

 

Fig. 3.12: a) Change in relative resistance vs time for as-is sensor, b) change in relative resistance vs time for roller sensor, c) change 

in relative resistance vs time for ironing, d) Resistance vs bending angle for ‘ironing’ sample (cycles 52–57), e) bending angle of the 

sensor during the characterization and f) sensitivity for the three tested printing strategy: ironing produces the best result. 

From Fig. 3.13 a–c, a slight change in the response of the sensor, 
ΔR

R0
 over time can be noted. As each 



graph represents the average behavior of three identical sensors: such change in the response might 

be due to the variability affecting the manufacturing process, as well as slight changes in the setup 

environment during the test (i.e. change of temperature and humidity). An overview of the direct 

correlation between change in resistance and bending angle, for the ‘ironing’ sample (𝑐𝑦𝑐𝑙𝑒𝑠 52– 57) 

is shown in Fig. 3.13 d. It should be noted that the proposed characterisation method was consistent, 

as demonstrated in Fig. 3.13 e, in which a maximum bending angle of 14° and rest position angle of 

2° was consistently achieved every cycle. As shown in Fig. 3.13 f, the sensitivity of the ‘as-is’, ‘roller’ 

and ‘ironing’ sample is 3.35 𝑉/𝑑𝑒𝑔𝑟𝑒𝑒, 4.64 𝑉/𝑑𝑒𝑔𝑟𝑒𝑒 and 6.12 𝑉/𝑑𝑒𝑔𝑟𝑒𝑒, respectively. The best 

result is obtained when using the ironing strategy with an improvement of the sensitivity of 83% 

compared to the as-is sensor is. The standard deviation, calculated on three different samples was 

found to be lower than ±0.9 𝑉/𝑑𝑒𝑔𝑟𝑒𝑒 for each case. Additionally of note, while the effect wasn’t 

as marked as the ironing strategy, the roller strategy still produces an improvement of 39% in the 

sensitivity compared to the ‘as-is’ scenario.  

Additional testing was conducted to further prove the benefit of the ironing strategy over the as-is 

printing scenario. The two versions of the sensor were tested under the same conditions (motor speed 

and number of cycles per minute) for 70 𝑚𝑖𝑛. In this case, the raw data of resistance change (𝛺) has 

been plotted as a function of the time without t normalising procedure. Fig. 3.14, which shows the 

performance of the ‘ironing’ sample, demonstrates that after approximately 30 𝑚𝑖𝑛 of testing, or a 

total of 390 bending cycles, a stabilisation in the resistance behavior occurs when cyclically bending 

the sensor. Despite an initial drift behavior of the sensor was observed for the first 30 𝑚𝑖𝑛, 

stabilisation of the sensors response occurs for the remainder of the 70 min. The drift in resistance in 

3D printed conductive polymer sensors is a very common issue that has been shown in literature. To 

date, no unified theory has been developed to explain this behavior. While not validated, one proposed 

hypothesis from this work, and in accordance with scientific literature to date [232]–[234], attributes 

the initial drift being related to Mullin’s effect which involves hysteresis and cyclic softening in 

plastic materials, as well as the viscoelastic effect. In accordance with the Mullins’ effect the majority 

of stress softening happens at the first cycles and sequenced cycles of stretching provoke the same or 

less stress softening [235]. Another possible mechanism might be related to a change in temperature 

due to the flow of current inside a conductive material generating heat because of the Joule effect. 

Fig. 3.14 shows that when testing the as-is sample for 70 𝑚𝑖𝑛, there is no stabilisation in the change 

of resistance, rather a constant decreasing drift in sensor response. To quantify the stability and the 

decreasing trend, the data from minute 30 up to minute 70, or the time window where the ironing 



sample showed great stability, have been fitted using a linear regression equation, obtaining 

respectively: 

 R =  −0.0002t + 9195.4  (3.14) 

   

 R =  −0.07t + 11799  (3.15) 

 

Equation (3.14) refers to the ironing sample, while Equation (3.15) refers to the ‘as-is’ sample. The 

coefficient of determination, 𝑅2, was found to be 0.96 and 0.89 respectively for the ironing (Equation 

(3.14), and as-is sample (Equation (3.15), showing that the linear regression model can be used to 

obtain useful insights about the stability of the proposed sensors. The slope of both curves is the 

metric used to evaluate the stability related to the change of electrical resistance. If the slope trends 

to zero (parallel to the x-axis) then the change in resistance of the sensor over time is stable. For the 

ironing scenario, the slope is − 0.0002 𝑉𝑠, while as for the as-is scenario, the slope is two orders of 

magnitude higher at −0.07 𝑉𝑠. The following evaluation suggests how ironing contributed to making 

the sensor stable over time, unlike for the traditional as-is printing as observed in this work. 

The improved stability can potentially be attributed to the ironing strategy, by reducing intralayer 

voids and improving the healing time, resulting in a net improvement of the adhesion between the 

subsequently deposited layers. When cyclically stressed, a layered structure with weak adhesion 

Fig. 3.13: Long time bending test for ironing and as-is: stability after 30 min for ironing sample, and lack of stability for as-is sample. 



(sensor ‘as-is’) could exhibit creep behavior, resulting in a decreasing trend of the electrical resistance 

(Fig. 3.14). A detailed explanation of this phenomenon, which increases the stability, is provided in 

Section 3.3.2.3. Additionally, the ‘ironing’ sample was also tested at rest (without applying any 

bending) for a total of 60 𝑚𝑖𝑛, in a controlled environment at 22 °𝐶 and no drift in the electrical 

resistance were recorded. This result is in accordance with the latest finding in scientific literature, 

where conductive polymer materials used for the fabrication of 3D printed sensors tend to have a 

strong correlation between electrical resistance and environmental temperature[236], [237]. It should 

be noted, if the proposed ‘ironing’ sensors is to be used in an environment with temperature 

fluctuations, the material coefficient of temperature (𝑇𝐶) has to be taken into account and 

compensation strategies need to be employed. The ‘ironing’ sample was also cyclically tested to 

characterise its life span. A total of 10,000 bending cycles have been performed at a frequency of 

0.002 𝐻𝑧 for a total of 12.82 ℎ, and no damages were observed at the end of the test, suggesting that 

the proposed sensor can be employed for at least 10,000 𝑐𝑦𝑐𝑙𝑒𝑠. The ironing sensor resolution and 

response time were also measured, resulting to be 1.2 𝑑𝑒𝑔𝑟𝑒𝑒 and 60 𝑚𝑠.  

In summary, the ironing strategy was shown to be the most suitable way to fabricate 3D printed 

piezoresistive sensors given the strategies attempted in this work, with the following benefits being 

achieved: 

 

1. Sensitivity improvement of 83% compared to the traditional ‘as-is’ printing. 

 

2. Less drift in sensor response after 30 𝑚𝑖𝑛, the slope of −0.0002 𝑉/𝑠 ‘ironed’ compared 

against −0.07 𝑉/𝑠 for ‘as-is’. 

 

As detailed in Section 3.3.2.2, a reduction of porosity and an increase in the bonding between the 

conductive layers of the sensor are potential reasons underlying the enhancement of the sensor 

performances when performing ironing. In particular, the bonding between conductive layers was 

improved when performing ironing due to: i) the hot nozzle heated up again the last deposited layer 

activating the polymer chain diffusion and ii) the nozzle applied mechanical pressure on the last 

deposited layer, resulting in an increased bonding (wetting) area and resulting in a reduction in voids.  

On one hand, the ironing strategy abruptly improves the sensitivity of 3D printed sensors, but on the 

other hand, it makes the strain gauge top surface less smooth compared to the ‘as-is’ traditional 

scenario. An industrial profilometer (Mitutoyo SJ-400) was employed to evaluate three different 

roughness values, namely Ra, Rz and Rq (in accordance with the international standard ISO 1302) 



Due to the ironing zig-zag path set in the slicing software, shown in Fig. 3.15 a, b, every roughness 

metric resulted to be increased compared to the traditional ‘as-is’ scenario, as shown in Fig. 3.15 c. 

Five roughness measurements were taken for every sample with a scan path parallel to the beads, and 

a not statistically significant standard deviation (<  0.01 𝜇𝑚) was found. Therefore, the ironing 

process was fully characterised, demonstrating improvement in sensitivity at 83% results in a 

significant increase in surface roughness on the top of the strain gauge surface. It should be noted that 

this increase in surface roughness would make this approach infeasible for certain applications, such 

as additively manufactured optics and photonics [238]. 

 

 3.3.2.2 Relationship between ironing strategy and microstructural features 

 

In this section, the improvement in sensitivity is deeply investigated from a microscopic standpoint, 

analysing the void volume fraction among conductive layers and proving that its reduction is strongly 

correlated to the improved performance of the sensor. All the tests have been conducted on ‘ironing’ 

(best sensitivity and stability) and ‘as-is’ samples (worst sensitivity and stability). A total of three 

Fig. 3.14: Roughnes evaluation: a) Ironing path simulated into the slicing software, b) Actual ironing path at microscope, c) As-is 

sample at microscope and (d) Ra, Rz and Rq (ISO 1302) for ironing and as-is samples. 



identical samples for every scenario (‘as-is’ and ‘ironing’) have been manufactured and tested, to take 

into account the manufacturing variability affecting the MEX process.  

As described in Section 3.3.2.2, X-Ray CT scan tests were conducted to analyse the void volume 

percentage, also called porosity. As shown in Fig. 3.16 a, a great reduction in void content was 

achieved when employing the proposed ‘ironing’ approach, compared to the traditional ‘as-is’ 

scenario. Fig. 3.16 a plots the porosity of three ‘as-is’ and three ‘ironing’ samples as a function of 

their depth, namely, the thickness of the samples. Every sample was composed of five layers, each 

one 0.2 𝑚𝑚 thick. Depth equal to 0.2, 0.4, 0.6, 0.8 and 1 𝑚𝑚, respectively, refers to layers 1, 2, 3, 4 

and 5 (see Fig. 3.16 b). The primary outcomes from the CT scan analysis are listed here as:  

 

• For ‘as-is’ samples the void content was dependent on the location, or depth into the sample. 

At the interface between every layer (i.e. layer 2 at 0.4 𝑚𝑚, layer 3 at 0.6𝑚𝑚 and so on) a 

spike in void content occurs. In the ‘ironing’ samples, the void content is less dependent on 

the thickness, in which a constant value is recorded throughout the sample. This phenomena 

is driven by the underlying mechanisms that ironing uses, in which the hot nozzle applies 

mechanical pressure and thermal energy simultaneously, increasing the bond width between 

consecutive extruded layers and subsequently reduces the void content at the interface. The 

traditional printing scenario (‘as is’) suffers from lower bond width, which is translated into 

void content spikes at the interface between consecutive layers. 

 

• The void content obtained when employed the proposed approach (ironing) resulted to be 

2.8% with a standard deviation of 1.3, while the traditional ‘as-is’ scenario was characterised 

by a porosity of 6.9% with a standard deviation of 2.1. The proposed approach resulted in a 

reduction in the porosity of 59%. This finding supports the hypothesis that links the improved 

sensitivity (83%) to a reduction in void content. Fig. 3.16 c, d, show cross-sectional images 

that demonstrate the significant differences in microstructure that can be observed between 

these samples. 

 

The reduction of porosity (59%) achieved by means of the ironing strategy, makes the conductive 

structure more compact, which, in turn, is reflected on the conductivity (𝑆/𝑚) of ‘ironing’ samples 

which resulted to be improved of 40.1% compared to ‘as-is’ samples. Since the conductive layers 

have less discontinuity points (less voids), the electrical current path is larger in terms of area and the 

conductivity is improved. Further investigation has been conducted to correlate the increased 

sensitivity to microscopic features of the ‘ironing’ samples, by analysing the ratio between bond 



width and fiber width, as expressed in Equation (3.13). Ideally, the bond width of two consecutive 

layers should be equal to the fiber width, resulting in a 𝑓𝑤𝑒𝑡𝑡𝑖𝑛𝑔 value equal 𝑡𝑜 1. As shown in Fig. 

3.17, there is a clear indication of interface and not complete bonding between the two layers (bond 

width is smaller than fiber width), as expected from the ‘as-is’ test coupon. The  𝑓𝑤𝑒𝑡𝑡𝑖𝑛𝑔 values for 

the five cut sections of the ‘as-is’ coupon are listed in Table 3.5. It is evident that there was no 

complete wetting between consecutive layers as the average  𝑓𝑤𝑒𝑡𝑡𝑖𝑛𝑔 (0.83) was always lower than 

1, which fully agrees with available literature [228]. On the other hand, when performing ironing, 

there was no distinguishable interface between consecutive layers, indicating complete wetting at the 

interface. As a matter of fact, the  𝑓𝑤𝑒𝑡𝑡𝑖𝑛𝑔 value, in this case, is considered as 1, indicating increased 

wetted area. Due to the significant porosity reduction provided by the ironing technique, the authors 

envision that custom-made nozzles designed to maximise the ironing performance in terms of 

interlayer adhesion could be fabricated and used to further leverage the ironing strategy. 

 

Table 3.5: Adhesion for ‘as-is’ samples in five different locations. 

Section No Bond width (mm) Fibre width (mm) Fwetting 

1 0.75 0.88 0.85 

2 0.69 0.85 0.81 

3 0.70 0.83 0.84 

4 0.65 0.80 0.81 

5 0.63 0.74 0.85 

 

 

3.3.2.3 Relationship between ironing strategy and improved interlayer diffusion 

 

One of the most important mechanisms accountable for layer-by-layer adhesion is the polymer chain 

diffusion at the interface between consecutive layers, where more polymer chain diffusion results in 

higher interfacial adhesion. As shown in Coogan and Kazmer [60], the fraction of diffusion at the 

interface 
𝑋

𝑋∞
 can be written as follows: 

 

𝑋

𝑋∞
= √6 (∫

1

𝜏ℎ(𝑇, 𝑡)
𝑑𝑡

𝑡

0

)

1
4

 (3.14) 

 

where 𝜏ℎ (𝑠) represents the total healing time, namely the time at which the diffusion occurs when 

𝑇 >  𝑇𝑔𝑙𝑎𝑠𝑠. The ironing strategy is executed by passing the hot nozzle over the last extruded layer. 



The nozzle temperature was arbitrarily set to 90 °𝐶, while performing ironing. In this way, the last 

extruded conductive layer, that already cooled down under 𝑇𝑔𝑙𝑎𝑠𝑠 has been reheated above 𝑇𝑔𝑙𝑎𝑠𝑠, 

enabling further interlayer diffusion. 

An experimental setup consisting of a FLIR A700 thermal camera capable of taking infrared (𝐼𝑅) 

videos was attached to a custom-made frame placed on the top of the machine (the camera lens was 

parallel to the building plate). All the analyses were performed by focusing on a single region of 

interest (1 𝑝𝑖𝑥𝑒𝑙) located on the conductive track of the sensor. Videos were taken during the 

extrusion of the last conductive layer for a total of 120 𝑠, under the two printing conditions studied 

in this research, namely ‘as-is’ and ‘ironing’. As shown in Fig. 3.18, for the ‘as-is’ scenario 

(traditional printing condition), the temperature of the extruded conductive material was above 𝑇𝑔𝑙𝑎𝑠𝑠 

for a total of 44 𝑠, from 𝑡 =  0 𝑠 up to 𝑡 =  44 𝑠. Subsequently, the temperature never rose above 

𝑇𝑔𝑙𝑎𝑠𝑠, as expected. The behavior of the ‘ironing’ sample was fundamentally different, in which the 

temperature went below 𝑇𝑔𝑙𝑎𝑠𝑠  after 48 𝑠, but after performing ironing the temperature rose again 

above 𝑇𝑔𝑙𝑎𝑠𝑠, from 𝑡 =  67 𝑠 up to 𝑡 =  96 𝑠, for a total of an additional 29 𝑠 after ironing was 

completed. 

By summarising, the total healing time 𝜏ℎ, namely the amount of time above 𝑇𝑔𝑙𝑎𝑠𝑠, for the ironed 

sample was 77 𝑠 against 44 𝑠 for the as-is sample, as shown in Fig. 3.18 a. It should be noted that, 

while performing ironing, the two most important process parameters accountable for increasing the 

layer temperature above 𝑇𝑔𝑙𝑎𝑠𝑠 are i) the temperature of the hot nozzle while performing ironing (set 

to 90°𝐶 in this work) and, ii) the ironing speed, namely the speed at which the hot nozzle moves on 

the last extruded layer (set to 10 𝑚𝑚/𝑠 in this work), in that a lower speed results in more heat 

exchanged with the conductive layer. 

This outcome suggests that in the case of ironing, a higher diffusion at the layer interfaces occurs 

since the healing time (𝜏ℎ), namely the time every layer is above 𝑇𝑔𝑙𝑎𝑠𝑠, is higher compared to the 

traditional as-is scenario. As demonstrated in [214], 𝜏ℎ is a crucial variable to bond (heal) two 

consecutive layers of polymeric material processed via the MEX approach. th represents the time at 

which the diffusion between two layers occurs: the higher 𝜏ℎ, the higher the intralayer adhesion. As 

such, higher interface diffusion is translated into better adhesion and, in turn, better mechanical 

properties. It is hypothesised that this phenomenon could be the underlying mechanism driving the 

improved great stability recorded for the ironed samples. Additionally of note, as the layer adhesion 

is improved, common problems in layered structures such as delamination and creeping were reduced, 

resulting in enhanced stability of electrical resistance variation when 3D printed sensors are cyclically 

stressed. 



 

 

Fig. 3.15: Porosity: a) void content % vs depth (sensor thickness) for three ironing and three as-is samples, b) graphical 

representation of the correlation between depth and layers, c) CT scan figure showing the voids in the cross section of ‘as-is’ sample 

and d) CT scan figure showing the voids in the cross section of an ‘ironing’ sample.  



 

 

3.3.3 Proposed approach for smart structures 
 

The proposed approach based on the usage of the ironing strategy to improve sensor performance has 

been used for the fabrication of two proof of concept smart 3D printed devices: a smart self-

monitoring structure and a smart auxetic structure. In both cases, the dielectric structure and the 

conductive sensors have been 3D printed in the same manufacturing cycle, resulting in no assembly 

steps. A simple prismatic PLA smart structure was manufactured by depositing a piezoresistive sensor 

onto the main structure to create a force sensor capable of detecting the applied force, as shown in 

Fig. 3.19 a. Two self-monitoring structures were fabricated, respectively, by employing the approach 

proposed in the present research (ironing) and by using regular printing settings (as-is). Several 

calibrated weights have been applied on the top of the smart structure (see Fig. 3.19 a) and the change 

in electrical resistance of the sensor was recorded using the same benchtop multimeter. 

Fig. 3.16: Cross section view of as-is sample using digital microscope:bond width and fibre width are shown at the interface between 

consecutive extruded layers. 

Fig. 3.18: Temperature history profile for ironing, and as-issamples during fabrication with respect to CPLA glass transition (Tg) 

temperature. 



From Fig. 3.19 b, the proposed benefits from the phenomena displayed in this work demonstrate the 

potential performance increase that can be seen in 3D printed smart structures that employ 

piezoresistive sensors. The smart structures printed using the ironing approach are capable of 

detecting a minimum change of force of 0.19 𝑁 due to their improved sensitivity as compared to their 

traditionally printed counterpart. The structure fabricated under traditional printing conditions (as-is) 

shows a very low sensitivity with a minimum force detection of 1.96 𝑁. Due to the increased 

sensitivity, the proposed approach could be used to 3D printed structural components undergoing 

loads to obtain real-time data about the applied force.  

Another potential use of the proposed approach is related to structural health monitoring in which 

structural plastic components difficult to be inspected with traditional approaches could be 

monolithically fabricated with embedded piezoresistive sensors, and the change in electrical 

resistances could be associated to potential damages in the structure. 

Finally, an auxetic structure (geometry proposed in [239]) was 3D printed with an embedded sensor. 

In this case, the embedded sensor fabricated by using the proposed adhesion-centered approach, was 

employed to sense displacement, as opposed of bending, showing the wide range of possible 

applications of 3D printed piezoresistive sensors. The dielectric component of the auxetic device was 

fabricated by employing thermoplastic polyurethane (TPU), one of the most common soft materials 

for auxetic devices. The smart auxetic structure is shown in Fig. 3.20 a, with two different versions 

have been created. The first version having the walls of the unit cell (see Fig. 3.20 b) equal to 0.8 𝑚𝑚, 

and a second version with walls of 0.4 𝑚𝑚. A dual-track piezoresistive sensor was fabricated on the 

top of the TPU auxetic geometry for both version. The reason for manufacturing two versions of the 

same auxetic structures is to prove the scalability in terms of sensor width of the proposed approach. 

For both versions, the ironing strategy was used to enhance the sensitivity. Both versions have been 

tested by employing an Instron 68TM-10 machine to compress the auxetic structures, while the force, 

displacement and electrical resistance of the sensor were simultaneously recorded. A maximum force 

of 50 𝑁 was applied. Version one with walls of 0.8 𝑚𝑚 exhibited a maximum displacement of 

3.8 𝑚𝑚, while version two with walls of 0.4 𝑚𝑚 exhibited a maximum displacement of 14 𝑚𝑚. For 

both versions, a decrease in resistance occurred while compressing the auxetic device, as expected 

from the piezoresistive theory. In this case, the change in resistance was correlated to the displacement 

of the auxetic structure, and for version two (the one exhibiting the highest displacement), a sensitivity 

of 17.6 𝑉/𝑚𝑚 was obtained. The same auxetic structure having a wall thickness of 0.4 𝑚𝑚 (the one 

exhibiting a larger displacement) was also fabricated without applying ‘ironing’ on the top surface of 

the sensor, namely according to the ‘as-is’ scenario. While testing the structure, a delamination of 



conductive layers of the sensors occurred at a force of 12 𝑁 (displacement of 4.75 𝑚𝑚) making the 

‘as-is’ strategy unsuitable for the fabrication of smart auxetic structures undergoing an appreciable 

amount of compression. Such outcomes are directly correlated to the findings of Section 3.3.2.2, and 

3.3.3.2. By leveraging the ironing strategy, a great interlayer adhesion occurs, demonstrated by a void 

reduction of 59% and an increased healing time (from 44𝑠 to 77𝑠). 

Auxetic structures have been gaining a lot of popularity since they can efficiently absorb huge 

amounts of energy and provide several benefits to many fields such as military, biomedical and sport 

[[240]–[242]. A lack of scientific literature about auxetic devices with embedded sensors motivated 

the authors to fabricate TPU auxetic shapes with embedded piezoresistive sensors using a monolithic 

approach. In this way, inexpensive auxetic devices could provide the users additional benefits, such 

as real-time data related to the displacement of the whole structure, as shown herein, and potentially 

to the applied force and energy absorbed from the auxetic structure. 

   

Fig. 3.19: a) 3D printed smart self sensing device (green =PLA, black = CPLA), (b) Response of the structure fabricated using the 

traditional and proposed approach. 



 

Fig. 3.20: a) 3D printed smart auxetic device, (b) different thickness of the unit cell, (c) characterisation of the two versions of the 

auxetic device. 

 

3.3.4 Conclusions 
 

The work herein highlights the significance to which the ironing strategy can be used in the fabrication 

of MEX sensors and smart structures. This very simple and effective method was used to enhance the 

electrical properties of 3D printed sensors. The ironing strategy does not require any 3D printing 

machine modifications since it leverages the hot nozzle to ‘iron’ the previously extruded layer of 

CPLA by making the structure compact and uniform via the application of heat and mechanical 

pressure. The ironing process parameter increased the sensitivity of 3D printed sensor by 83% due 

in part to the mechanical pressure applied from the hot nozzle reduces the voids among consecutive 



layers. The reduction of voids has been analysed by using an X-Ray CT scan system, and a porosity 

reduction of 59% was achieved when performing ironing compared to the traditional as-is printing 

scenario. Ironed samples also show an increased bond width between consecutive layers almost equal 

to the fibre width, resulting in an improved wetting factor. The reduction in voids provides a smoother 

path for electrical current flow. The macroscopic findings, such as higher sensitivity, have been then 

related to the improved microscopic features, such as decreased void content, of the 3D printed 

sensors. Lastly, the ironing process parameter was found to improve the stability of electrical 

resistance when stressing the sensor cyclically. When performing ironing, the hot nozzle heats up the 

previously extruded layer above its glass transition (𝑇𝑔𝑙𝑎𝑠𝑠) temperature, resulting in an increased 

healing time (𝜏ℎ) of the layer. The increased 𝜏ℎ means increased polymer chain diffusion, which, in 

conjunction with the reduction of voids, promotes improvement interlayer adhesion. For this reason, 

the ironed sample presents good stability in the electrical resistance when mechanically stressed. In 

conclusion, the ironing parameter could be potentially used every time 3D printed sensors are 

fabricated via MEX systems to improve their electrical performance without recurring any post-

treatments and machine modifications. Future works will be focusing on modelling the sensor 

performance (i.e. stability) by combining several variables, such as intralayer voids, noise and 

variability. The main findings of the research are listed in Table 3.6. 

 

 

Table 3.6: Main outcomes presented in this research work. 

Proposed 

Approach 

(Ironing 

Sensitivity Voids 

(porosity) 

Conductivity Stability Healing time 

(τh) 

 Improvement 

of 83% 

Reduction 

of 59% 

Improvement 

of 40.1% 

Improved Increased – 77 s 

for ironing, 44 s 

for ‘as-is’ 

 

 

 

  



3.4 Additive Manufacturing setup: separate heating system to 
enhance mechanical, healing properties and assembly-free 
smart structures of Diels-Alder self-healing polymers 

 

An innovative solution to pre-heat self-healing inks directly on board of the MEX machine, by 

developing a separate heating system (SHS) is proposed in this research: the syringe barrel (self-

healing ink reservoir), and nozzle (used to deposit the ink) are independently controlled temperature-

wise. The pre-heating problem has been tackled, and systematically analysed by means of the 

proposed SHS approach, as depicted in Fig. 3.21. As a matter of fact, experiments have been 

conducted to correlate the temperature set on the barrel and nozzle (SHS approach) to: i) printing 

quality, ii) printing accuracy, iii) mechanical properties, and iv) self-healing performance. The 3D 

printed parts, fabricated by recurring to the proposed SHS approach exhibit an increase in printing 

accuracy of 26%, strongly correlated to a remarkable reduction of extrusion force (77% lower), 

measured during the 3D printing process, compared to the one fabricated according to the traditional 

approach.  

Additionally, the samples fabricated by recurring to the optimal printing conditions (SHS approach) 

were characterized by a 95% of healing performance, proving the effectiveness of the proposed 

approach for the fabrication of self-repairing components. Finally, the custom-made MEX machine 

was also used to jointly extrude a dielectric self-healing ink (from the syringe system) and an 

electrically conductive self-healing filament (from the filament print head) to create assembly-free 

smart structures with embedded sensors that shown high sensitivity (3.10 Ω/𝑑𝑒𝑔𝑟𝑒𝑒) and healing 

performance.  

 

 

 

 

 



 

3.4.1 Materials and methods  

 

3.4.1.1 Self -healing polymers preparation 

 

In this work two different self-healing polymers based on the Diels-Alder reaction between furan and 

maleimide were used: a dielectric self-healing polymer and an electrically conductive self-healing 

composite. Their synthesis, materials, composition and characteristics are described in detail below.  

Synthesis of the dielectric self-healing polymer is Pripol-based and resulting from the 

following synthesis steps. First Pripol™ 1040 is reacted via epoxy-carboxylic acid ring-opening with 

furfuryl glycidyl ether (FGE) in the presence of 0.5 𝑤𝑡. % zinc acetylacetonate (Zn(acac)2). This 

reaction is performed in a 1: 1 stoichiometric ratio between the epoxy and the 𝐶𝑂𝑂𝐻 groups. The 

reaction is carried out for 24 hours at 100 °𝐶 under nitrogen, with continuous stirring provided by a 

magnetic stirrer, yielding a furan functionalized Pripol. This was mixed with DPBM bismaleimide in 

a 1: 1 stoichiometric furan-to-maleimide ratio. In addition, 1 𝑤𝑡. % radical inhibitor, more specially 

4-tert-butylcatechol, was added to the mixture, after which it was heated to 150°𝐶 for 5 minutes to 

dissolve the DPBM and inhibitor, resulting in a transparent mixture. Next the mixture was poured in 

mould at room temperature, around 25 °𝐶. Upon cooling, Diels-Alder crosslinking between the furan 

Fig. 3.21: Workflow underlying the present research: schematic of the innovative separate heating system (SHS) used to 3D print 

Diels-Alder self-healing ink, wherein a real-time force sensor was used to evaluate the extrusion force during the printing. 



and maleimide leads to the formation of the thermoset network. The synthesis is completed by leaving 

the thermoset 24 hours at 25°C.  

Synthesis of the conductive self-healing composite starts with the furan functionalization of 

Jeffamine JT5000. This is performed in an epoxy amine reaction by mixing JT5000 with FGE with a 

1:1 stoichiometric ratio and heating the mixture at 60 °𝐶 for 7 days, followed by 2 days at 90 °𝐶. 

Next, the resulting furan-functionalized Jeffamine is dissolved together with DPBM in chloroform 

with a 20 𝑤𝑡. %. 5 𝑤𝑡. % 4-tert-butylcatechl is also added to the mixture. To achieve electrical 

conductivity, a hybrid filler, composed of 7.5 𝑤𝑡. % carbon black (Ensaco 360G) and 1.5 𝑤𝑡. % of 

nanoclay (Cloisite 15A) is added. All components are added to a well-sealed container that is placed 

on a mechanic stirrer for 24 hours at ambient conditions to ensure that materials are dissolved and all 

filelrs are well dispersed. Chloroform is extracted in a vacuum oven at 60 °𝐶 for 24 ℎ𝑜𝑢𝑟𝑠 after 

which the mixture is cooled down. Upon cooling, Diels-Alder crosslinking between the furan and 

maleimide forms the composite network. The synthesis is finalized by allowing the thermoset to sit 

for 24 ℎ𝑜𝑢𝑟𝑠 at 25°𝐶. More details on the preparation of this composite can be found in [166][243]. 

Materials: Pripol™ 1040 is a mixture of trimer (77%) and dimer acid monomers (33%) and 

is supplied by Cargill. It is a viscous liquid with a molar mass of 820 g.mol-1 and a functionality of 

2.77. JT5000 is a polyetheramine obtained from Huntsmann from the Jeffamine T-series triamines, 

with a molecular weight of 5712 𝑔. 𝑚𝑜𝑙 − 1. Furfuryl glycidyl ether (FGE), with a purity of 95 %, 

was purchased from Sage Chemicals (China) and stored in refrigerated conditions. Zinc 

acetylacetonate (Zn(acac)2) powder is supplied by Sigma Aldrich. 1,1’-(Methylenedi-4,1-phenylene) 

bismaleimide (DPBM) with a purity of 95 % was obtained from Sage Chemicals (China). 4-tert-

butylcatechol is provided by Sigma Aldrich.  

Composition and mechanical characteristics of the dielectric self-healing polymer and the 

conductive self-healing composite are listed in Table 3.7 and 3.8, respectively. In the composition of 

the network, we approximate that at ambient temperatures the Diels-Alder conversion is equal to 1 

(e.g. all maleimide is reacted). The mechanical properties (𝐸, 𝜎𝑚𝑎𝑥 and ԑ𝑚𝑎𝑥) were derived by tensile 

testing, the glass transition temperature via differential scanning calorimetry (DSC) and the 

degelation temperature via dynamic rheometry (see Appendix B, Section B1). 

 

 



Table 3.7: Composition of the Diels-Alder polymer and composite 

 Initial 

maleimide 

concentration 

[M]0 

Initial furan 

concentration [F]0 

Maleimide-

to-furan ratio 

r 

Diels-Alder 

concentration 

[DA] 

 mol.kg-1 mol.kg-1 / mol.kg-1 

Self-healing 

polymer 
1.55 1.55 1 1.55 

Self-healing 

composite 
0.49 0.82 0.6 0.49 

 

 

Table 3.8: Mechanical properties and thermal transitions of the Diels-Alder polymer and composite 

 

Young’ 

modulus E 

Fracture 

stress 

σmax 

Fracture 

strain 

ԑ max 

Glass 

transition 

temperature 

Tg 

(De)gelation 

temperature Tgel 

 MPa MPa % °C °C 

Self-healing 

polymer 
832 23 12 53 135 

Self-healing 

composite 
7.8 3.0 210 -62 115 

 

 

3.4.1.2 3D printing with Diels-Alder polymers 

 

Unlike traditionally irreversibly, like rubbers or silicones, the Diels-Alder polymers are thermo-

mechanically reprocessable thanks to their thermoreversible Diels-Alder crosslinks (Fig. 3.22). The 

3D printing of these self-healing polymer networks relies on these thermoreversible Diels-Alder 

crosslinks. When the polymer is heated above its gelation temperature (𝑇𝑔𝑒𝑙) the extensive breaking 

of these reversible crosslinks causes the network structure to break down, resulting in a low viscosity 

liquid polymer. In this liquid state, the polymer can be reprocessed using various techniques [244], 

including ink-based MEX as demonstrated in this paper. This solid-to-liquid transition is completely 

reversible as upon cooling down the Diels-Alder crosslinks are reformed, restoring the polymer 

network. During 3D printing this allows to solidify on the print bed. 

 

 



Consequently, unlike traditional ink-based MEX for network polymers, where monomers are 

premixed or mixed during printing, this 3D printing process with Diels-Alder polymers involves 

liquefying an already polymerized polymer network. This offers a significant advantage, as premixing 

often limits print size due to the polymer beginning to polymerize upon mixing and mixing during 

printing presents reproducibility challenges due to insufficient blending. Using reversible polymer 

networks, like the Diels-Alder polymers, allows to synthesize large batches of polymer, of which a 

part can be liquified during ink-based MEX. Even more importantly, this approach allows for the 

reprocessing of polymers, enabling the recycling of parts. Nevertheless, it requires more precise 

temperature control, as discussed in the next section. 

 

3.4.1.3 Separate heating system (SHS) 

 

The ink-based 3D printing of Diels-Alder polymers relies on the reversible degelation of these 

polymers (e.g., the solid-to-liquid transition). To create ink, the Diels-Alder polymer must be heated 

above 𝑇𝑔𝑒𝑙. Therefore, the polymer in the barrel (material reservoir) must be heated above 𝑇𝑔𝑒𝑙. As 

illustrated in section 3.4.1.2, the viscosity of the Diels-Alder polymer and the composite is highly 

temperature-sensitive, necessitating additional controlled heating at the nozzle. For this, the paper 

proposes an innovative approach aiming at overcoming such issues: the traditional approach involves 

the use of only one heater element (barrel or nozzle). The proposed one allows 3D printing of self-

healing ink-materials using two separate heating elements to independently control the barrel and the 

Fig. 3.22: The reversible network structure of the Diels-Alder polymers is formed by Diels-Alder crosslinks. These are thermoreversible 

crosslinks that upon heating break down. With increasing temperature, the equilibrium of the equilibrium Diels-Alder reaction is 

pushed to the unbound state, gradually breaking a larger portion of the Diels-Alder bonds into furan and maleimide. Above the gelation 

temperature (Tgel) extensive breaking of the Diels-Alder bonds leads to a loss of the network structure and a solid-to-liquid transition. 

Fx is noted as the furan containing compound. For the self-healing polymer this is furan functionalized Pripol, while for the self-

healing composite it is furan functionalized Jeffamine. 

 



nozzle temperature, as shown in Fig. 3.23. It should be noted that the main components of the 

proposed SHS approach, are detailed in Section 3.4.1.4. The authors used the following nomenclature 

throughout the whole paper: i) extrusion temperature (Text) refers to the nozzle temperature, required 

to melt the self-healing polymer (generally, such a temperature is also referred as printing 

temperature), ii) barrel temperature refers to the temperature (equal to 135 °𝐶) set to improve the 

flowability of the self-healing polymer, on the barrel located on top of the nozzle.  

Three values of extrusion temperature (nozzle temperature) were studied, namely 145 °𝐶, 150 °𝐶, 

and 155 °𝐶. It should be noted that below the lower limit (145 °𝐶) the polymer was not completely 

melted, resulting in clogging problems inside the nozzle, and discontinuous extrusion. On the other 

hand, above the upper limit (155 °𝐶), the polymer degradation occurs, as well as the loss of the 

healing behaviour. 

 

3.4.1.4 Custom-made ink-based 3D printer 

 

The main focus of the present research is related to the custom-made 3D printing setup used to extrude 

the self-healing polymer: a separate heating system (SHS) was implemented, in order to heat up the 

ink, not only in the nozzle, but also in the syringe barrel (see Fig. 3.24): 

i) A commercial ToolChanger 3D printer (E3D, Oxfordshire, UK) equipped with four 

independent direct-driven filament extruders, was modified to enable the extrusion of self-

healing ink-based materials. The system is based on a robotic Toll-handler that selectively 

(based on the .gcode file) approaches, picks and moves a specified extrusion head (parked in 

the bottom of the 3D printer) per time, allowing the multi-material extrusion. In the present 

work, only two print heads were used: a non-modified printhead to extrude, and a modified 

print head to extrude self-healing ink. The latter is extensively described in the supplementary 

materials; however a metal syringe was employed and the main elements to convert such a 

commercial filament print head into a system capable of processing ink-based materials, are 

here described. A stepper motor (Nema E3D) connected to an integrated lead screw to 

linearize the motion, was fixed using a 3D printed part to the custom plate. Two cylindrical 

line bars that run into a linear bearing were employed to facilitate the linear translation motion 

(See Fig. 3.24 a).  

ii) A custom-made metal pushing part was fixed to the lead screw to push against the syringe 

piston, thereby allowing the extrusion of the ink-based material.  



iii) A 2 𝑚𝑚 thick Self-Adhesive Thermal Interface Sheet was used to thermal-isolate the extruder 

system and the custom plate to the metal syringe, to avoid overheating of the tool-head 

mechanisms.  

iv) A custom-made cooling fan was fixed to the plate in order to only blow air on the extrudate. 

v) A commercial extra thin force sensor (see Appendix B, section B2), controlled using an 

Arduino Uno Board, was placed between the pushing part and syringe piston, to evaluate the 

printing force.  

The custom-made metal syringe used to extrude the self-healing materials was based on 40 𝑚𝑙 

syringe model and manufactured using a Computer Numerical Control (CNC) machine in aluminum. 

It should be noted that two reasons led the authors towards the choice of a metal syringe over 

traditional plastic syringes: i) possibility of heating the self-healing material within the barrel (and 

not only inside the nozzle), ii) and avoiding melting and deformation issues of the syringe itself. 

Moreover, the metal syringe simplifies the cleaning tasks of the reservoir without the material 

adhering firmly to the barrel-walls, other to guarantee an easy extrusion during the material pushing, 

unlike the traditional plastic syringe. The syringe was designed according to the CNC manufacturing 

and to easily clean the internal surface. Moreover, the syringe was blocked to the custom plate using 

only three screws, in order to facilitate the assembly. Fig 3.23 b depicts the traditional MEX approach, 

and the proposed one, enabling a separate temperature control. As shown, in 3.4.1.1, 3.4.1.2, the SHS 

improves several properties of the extruded ink, such as the printing quality, the geometrical accuracy, 

the mechanical and healing performances.  

To implement the separate heating system (SHS), the syringe was equipped with the following 

elements: 

i) A Barrel cylindrical heater (RS Components, Belgium) controlled using a PID digital 

temperature controller (Rs Components, Belgium) with internal thermocouple (see Appendix 

B, section B3). 

ii) A heater-block housing a 40 𝑊 heater cartridge and a thermocouple, were fixed to the syringe, 

and controlled through the slicing software.  

Finally, the glass build plate, capable of reaching a maximum temperature of 70 °𝐶 was used. 



 

Fig. 3.23: Separate heating system (SHS) proposed approach vs traditional approach: a) in the traditional approach the working 

temperature of the nozzle (extrusion temperature set via slicing software) or the metal syringe barrel (gelation temperature set via 

PID) are not set at the same time, on the other hand the proposed approach allows to set the nozzle and the barrel temperatures at the 

same time controlling better the extrusion of the SH materials, b) the heating propagation using the traditional approach does not 

ensure proper control over the SH material extrusion  while the proposed approach ensure a good control of the temperature (first 

gelation temperature is set on the barrel and then extrusion temperature is set in the nozzle). 

Fig. 3.24: Custom-made material extrusion 3D printed: a) E3D ToolChanger machine modified to extrude filament- and ink-based 

self-healing materials in the same printing cycle, b) custom-made ink-based heads equipped with metal syringe to extrude the 

thermoset self-healing. 



3.4.1.5 Relationship SHS - Temperature-geometry accuracy 

 

Several easy and complex 2D shapes were printed to evaluate the geometrical accuracy of the 3D 

printing process by i) changing the nozzle extrusion temperature (145,150,and 155 °𝐶) and enabling 

the SHS system (135°𝐶 of temperature for the syringe barrel was set according to the gelation 

temperature), and ii) changing the barrel temperature (145,150,and 155 °𝐶) for the traditional 

approach (SHS=OFF). 

 A series of linear single-bead structures and serpentine structures (see Section 3.4.2) with a fixed 

length of 30 𝑚𝑚 were 3D printed (printing time of 120 𝑠). The 3D printed structures were compared 

to the CAD design to evaluate the printed filament width  𝑤𝑓 (𝑚𝑚) and the relative filament deviation 

𝜎𝑓 [245], according to the following equation 

 

 𝜎𝑓 =
𝑤𝑓

𝑑
− 1 (3.15) 

 

where 𝑑 is the nozzle diameter used (𝑚𝑚). A modular high-performance stereomicroscope Leica 

MZ1325 (Leica Microsystems, Wetzlar, Germany) was used to analyze the 3D printed samples, in 

order to measure the term 𝑤𝑓. 

 

3.4.1.6 Relationship SHS - Temperature-extrusion force 

 

A common problem, negatively affecting MEX is the relationship between layer height and extrusion 

force, the smaller the layer height of the extrudate, the higher the extrusion force. High values of 

extrusion force led to unwanted issues, such as over-extrusion, and skewing (especially for thin 

structures) [119], thereby decreasing the overall quality of the 3D printed parts.  

As described in 3.4.1.2, a force sensor (CP 150, RS Components, Belgium) placed between the 

syringe piston and the pushing part was employed to measure the force while extruding self-healing 

ink at 0.2 𝑚𝑚 of layer height (a good compromise among manufacturing time and accuracy). The 

most important process parameters set throughout this experimental phase are listed in Table 3.9. A 

nozzle with a diameter equal to 0.8 𝑚𝑚 was employed to avoid clogging problems. 

 

The extrusion force was evaluated under two main conditions: when the SHS was ON (proposed 

approach), and OFF (traditional approach). For every condition, the best extrusion temperature found 

in the accuracy test, were studied in order to determine the extrusion force. Moreover, the extrusion 



force was studied for the proposed approach when the minimum and maximum value of temperature 

used to melt the self-healing ink, avoiding its decomposition, were set. The temperature of the barrel 

(in the proposed approach) was set to liquefy the self-healing material avoiding rheological and 

flowability problems during the 3D printing process [246]. 

Finally, complex 3D structures were 3D printed by recurring to the optimal condition in terms of 

force reduction (and the worst) demonstrating the potential of the proposed SHS approach. 

 

Table 3.9: Printing parameters of thermoset self-healing. 

Process parameter Value 

Layer height Lh (mm) 0.2 

Flow rate Q (mL/min) 0.3 

Line width Lw (mm) 0.8 

Nozzle diameter d (mm) 0.8 

Printing speed (mm/s) 15 

Building plate temperature (°C) 60 

Barrel temperature (°C) 135 

 

 

3.4.1.7 Relationship SHS - Temperature-mechanical properties 

 

After demonstrating, all the benefits of the SHS in terms of geometry accuracy, and reduction of 

extrusion force, the mechanical properties of self-healing ink fabricated with the SHS ON were 

evaluated. In particular, three different nozzle extrusion temperatures (145, 150, 𝑎𝑛𝑑 155 °𝐶) were 

studied. According to [181], the ASTM D638-14 Type V standard was chosen. Tensile samples were 

fabricated with two different raster orientations: 0°, and 90° (the design is reported in the Appendix 

N, section B5).  

Once printed, the samples were cured in an oven at 70°𝐶 for 8 ℎ𝑜𝑢𝑟𝑠 and consequently were dried 

at room temperature for one day in order to increase the crosslinks between layers. A Tinus Olsen 

5ST (Tinus Olsen, Redhill, UK) universal machine equipped with 2.5 𝑘𝑁 load cell was used to test 

the 3D printed samples. Moreover, a comparison between the mechanical properties of moulding, 

traditional and proposed approaches was performed. 

 

 

 



3.4.1.8 Self-healing analysis 

The self-healing polymer, the Diels-Alder thermoset, heals non-autonomously, requiring a heat 

stimulus. This necessity arises from the limited mobility in the polymer network under ambient 

conditions, which, while providing high mechanical strength and stability, necessitates a temperature 

increase to initiate the healing process. To evaluate the healing performance of 3D printed parts, three 

rectangular samples (10𝑥20𝑥0.6 𝑚𝑚) were 3D printed using the best nozzle extrusion temperature 

(145°𝐶) and recurring to the SHS and were mechanically tested prior to damage and after self-

healing. The following damage-healing cycle was adopted: 

i) Several micros (partial cutting) and macro (the samples were cut in the middle forming 

two more parts) damages from 5 to 20 𝑚𝑚 were manually inflicted to the printed 

samples using a cutter.  Moreover, an awl with a 3 𝑚𝑚 hint of diameter was used to 

create a circular damage on the top of the samples. 

ii) To ensure enough mobility for self-healing the Diels-Alder polymer must be heated 

above its Tg, which is set at 53 °𝐶. Above this temperature the network behaves as an 

elastomer, providing mobility for self-healing. Consequently, the samples were heated 

at 70°𝐶, 8 ℎ𝑜𝑢𝑟𝑠 in a controlled oven. In addition, at this temperature a portion of the 

Diels-Alder crosslinks break, providing reactive maleimide and furan in the network 

in order to self-heal. Note that this healing temperature remains far below 𝑇𝑔𝑒𝑙 

ensuring a solid state and mechanical stability during healing, not compromising any 

structural integrity of the 3D printed samples. 

iii) Afterward, the samples were cooled to room temperature and left to heal under 

ambient conditions for 24 hours. During the cooling period, the furan and maleimide 

rebounded, reforming the Diels-Alder crosslinks throughout the polymer network and 

across the fracture interface. Consequently, the self-healing polymer appeared as good 

as new, achieving complete healing. 

Pristine and healed samples were characterized using tensile testing until fracture with a strain ramp 

of 1% 𝑝𝑒𝑟 𝑚𝑖𝑛𝑢𝑡𝑒. A common approach to assess the self-healing capabilities of polymers, 

composites or their resulting sensors is by calculating their self-healing efficiency for several 

parameters, denoted as 𝜂𝑝, formally defined by Equation (3.16): 

 
𝜂𝑝 =

𝑃ℎ𝑒𝑎𝑙𝑒𝑑 − 𝑃𝑑𝑎𝑚𝑎𝑔𝑒𝑑

𝑃𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑃𝑑𝑎𝑚𝑎𝑔𝑒𝑑
 (3.16) 

 



Here, property (𝑃) can include mechanical parameters such as Young’s modulus (𝐸), fracture strain 

(𝜖) and fracture stress (𝜎), toughness. However, also the recovery of electrical and piezoresistive 

attributes like conductance (𝐶) and sensitivity (𝑆) can be studied based on healing efficiency. In this 

study, the sensor is severely damaged by being cut in half, resulting in all the aforementioned 

properties dropping to zero in the damaged state, as shown in Equation (3.17) Healing efficiency is 

defined as the ratio between the property measured in the nth healed state and its value in the pristine 

state. Ideally, measuring the healing efficiency of a pristine sensor would yield 100% efficiency for 

any parameter. 

 
𝜂𝑝 =

𝑃ℎ𝑒𝑎𝑙𝑒𝑑

𝑃𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒
 (3.17) 

 

3.4.1.9 One-shot fabrication of assembly-free structures (smart structures) 

To demonstrate the potential of the proposed approach two different self-healing materials were 

extruded in the same manufacturing cycle, to manufacture a multi-material structure. In particular, a 

dielectric self-healing polymer, and an electrically conductive self-healing composite were employed 

to fabricate a dielectric structure with an embedded piezoresistive sensor (Fig. 3.29 a). The design of 

the sensor is based on a previously work [21], as shown in Fig. 3.29 c. Both the sensing and self-

healing performance of the sensor were analysed. The sensor was designed as a bending angle sensor.  

The relative resistance change 
𝛥𝑅

𝑅0
 was calculated for both the original sensor and the sensor after the 

healing process. Moreover, the sensitivity 𝑆 was calculated to evaluate the healing efficiency, as 

follows: 

 
𝑆 =

𝛥𝑅

𝛥𝛼
 (3.18) 

 

where 𝛥𝛼 (𝑑𝑒𝑔𝑟𝑒𝑒) is the bending angle variation and 𝛥𝑅 (𝛺) is the variation of the measured 

resistance. Electrical wires have been soldered to the sensor pads, and connected to a benchtop 

multimeter (GW Instek, GDM 8341), in turn connected to Matlab software (The Mathworks, Inc.) to 

record the resistance change. The sensor was bent by using a nylon wire (connected to the top part of 

the dielectric structure), connected to a stepper motor (NEMA 17) instructed through Arduino Uno 

(Fig. 3.30 b). The stepper motor performs a forward and backward movement, both at 300 𝑅𝑃𝑀, 

which corresponds to a bending angle of the sensor of 36.8 𝑑𝑒𝑔𝑟𝑒𝑒. The test was run for 45 𝑚𝑖𝑛 for 

both the original and healed sensors. 



3.4.2 Results 

3.4.2.1 Effect of the SHS on geometrical accuracy  

In this work a variety of test prints have been demonstrated that the use of separate heating system 

(SHS) improved the printing quality and the geometrical accuracy, reducing the printing force and 

kept it constant throughout the printing process. In order to increase and optimize the printability of 

the ink-based self-heling material, an iterative method was used to determine the optimal process 

parameters [245]. First, the material was extruded to determine the flow rate 𝑄, varying different 

printing speed, layer height and nozzle diameters. According to this and the lower viscosity of the 

ink-based material (1.9 𝑃𝑎. 𝑠 𝑎𝑡 145°𝐶) the optimal printing parameters were set such shown in 

Table 3.7. After this, several structures were printed to determine the printing accuracy. 

Particularly, in the ink-based 3D printing of self-healing thermosets, parameters such as printing 

speed and temperature considerably influence both the deposition and the Diels-Alder reaction of the 

ink [168]. When a lower values of printing speed are set, the quality of the printing increase according 

to the nozzle extrusion temperature that does not exceed much the 𝑇𝑔𝑒𝑙 of the material [168]: at 

145°𝐶, the ink takes 50 𝑠 to degel, which equal a maximal printing speed of 15 mm/s. This resulted 

in high-quality and geometry accuracy of 2D and 3D structures printing and minimized layer 

deformation during the deposition of the next layer. Additionally, maintaining a uniform temperature 

using the SHS, allows for precise control of the material deposition, thereby enhancing geometrical 

accuracy. To validate this, several easy 2D linear and snake structures were printed with both the 

nozzle and the syringe set at the same temperatures. The printed samples were compared with the 

CAD design. The samples printed with the nozzle temperatures of 145 and 150°𝐶 resulting in a high-

geometrical accuracy (Fig 3.25 a, b). On the other hand, the sample printed set the temperature around 

155°𝐶 (Fig. 3.25 c) presented several geometrical problems in both linear and snake shapes. Indeed, 

in order for the dimensional and quality accuracy to be acceptable, the extrusion temperature must be 

set close to the gelation temperature of the ink and the SHS must be on. Nozzle temperature of 145 

and 150°𝐶, when the SHS is active, yield printed beads with the right line width dimension (0.8 𝑚𝑚), 

respectively with a relative error of 0.06 and 0.15 𝑚𝑚 (see Fig. 3.25 d). However, exceeding a lot 

the gelation temperature during the printing (when the nozzle extrusion temperature is set to 155°𝐶), 

the structures printed accuracy decrease considerable, and the width of the bead range from 0.12 to 



2.45 𝑚𝑚 caused clogging problems in the nozzle, with the uncontrollable flow of the ink (see Fig. 

3.25 c), and the impossibility to print the snake structure.  

  

To better understand the potential of the proposed SHS approach, the geometrical accuracy of the 2D 

and 3D structures printed (with respect to extrusion temperature variation), the filament deviation and 

extrusion force (in Section 3.4.1.2) were evaluated. Equation (3.16) was used to evaluate the relative 

filament deviation (𝜎𝑓) of the 3D printed structures, yielding a value close to 0 when the filament 

deviation (𝑤𝑓) aligns with the nozzle diameter (𝑑). Twenty linear and snake 2D structures for each 

Fig. 3.25: Separate heating system (SHS) to improve the geometrical accuracy: a) printed linear 2D structures (single bead) setting 

printing temperature at 140 and 150°C, b) printed snake structures at the same temperatures (140 and 150°C), c) extruded bead with 

worst-case extrusion temperature (155°C), d) extruded filament width increase with various extrusion temperatures (with enable and 

disable the SHS) resulting in a low geometrical accuracy, and e) the relative filament deviation decreases setting low extrusion 

temperature resulting in a high geometrical accuracy under both traditional (SHS = Off) and proposed approach (SHS =On). 



temperature were printed. The comparison of several deviation index at different nozzle printing 

temperatures is shown in Fig. 3.25 d: the better extrusion quality is achieved when the temperature 

is 145°𝐶, while the worst-case occurs when the nozzle temperature is set to 155°𝐶. Furthermore, the 

use of SHS results in reduced filament deviation of 26% than the traditional approach (several 

example of accuracy with SHS=OFF (traditional approach) are present in Appendix B, Section B6), 

such shown in Fig. 3.25 e, during the printing, thereby in a high-quality printing due to the almost 

uniform temperature (inside the nozzle (145°𝐶) and the syringe (135°𝐶) and the reduction of the 

extrusion force, how explained in the following section. 

 

3.4.2.2 Effect of the SHS on the extrusion force 

The contribute of the extrusion force was calculated setting the process parameters in Table 1 during 

the fabrication of the samples printed in the previously section. A methodology similar to the one 

proposed in [119] has been used. In Fig. 3.26 a, the printing force as a function of the SHS: i) activated 

is using the barrel temperature set to 135°𝐶 and nozzle temperature set to 145°𝐶, ii) SHS deactivated 

using only nozzle-traditional approach, and iii) SHS disactivated using only barre-traditional 

approach, is shown. The extrusion force was evaluated for the best and the worst-case extruded 

temperature, respectively 145 and 155°𝐶, when the SHS was enabled. It should be noted that, when 

the SHS is activated, a very stable force curve is obtained (almost flat), with an average value of force 

of 17.95 𝑁. The good stability is demonstrated by the low value calculated between the maximum 

and the minimum peak equal to 4.33 𝑁. On the other hand, when the SHS is not leveraged a very 

unstable force curve is measured: despite an average value of force values equal to 17.42 𝑁, nozzle-

traditional approach, and 17.96 𝑁 barrel-traditional approach (which results to be even less than the 

average value (17.95 𝑁) achieved when employing SHS), the whole measure is characterized by a 

huge instability. As a matter of fact, the value calculated between the maximum and minimum peak 

is 18.38 𝑁, which is 77% higher than the one calculated when the SHS is used (4.33𝑁), for the 

nozzle-traditional approach, and 10.13 𝑁 for the barrel-traditional approach. Moreover, when the 

SHS was enabled to test the worst-case temperature, it should be noted that the extrusion force 

gradually increased during the printing cycle, with an average value of the force of 19.06 𝑁, which 

resulted higher than the extrusion force at 145°𝐶 (see Fig. 3.26 b).  

 As evidence of the impact of the SHS, two complex-shape structures (square-star in Fig. 3.26 e, 

butterfly in Fig. 3.26 f, and different shapes in Appendix B, Section B6) were printed. It should be 

noted that when the SHS is enabled (nozzle printing temperature equal to 145°𝐶), the printed bead is 

equal to the line width and the printed square-stars resulting in high-geometrical accuracy and quality 



printing (see Fig. 3.26 d). On the other hand, the square-star printed disabling the SHS presented 

several geometrical problems, resulting in a poor-quality printing, such shown in Fig. 3.26 e. 

Similarly, the butterfly printed with SHS activated shows high-quality compared to the printed one 

without SHS. Moreover, removing the print from the building plate when SHS was deactivated 

proved more challenging due to inconsistent material deposition. 

 In conclusion, the proposed SHS approach enables high-quality printers of ink-base self-healing 

materials, reducing the printing force when both the nozzle and syringe temperature are set lower the 

155°𝐶, enable the fabrication of complex-shape structures. Summarized results of the extrusion force 

are in Table 3.10. 

 

Table 3.10: Extrusion force for each approach. 

 Mean value of Extrusion 

Force 

Force instability (Max peak-

min peak) 

Proposed approach 

(SHS=On) 
17.95 N 4.33 N 

Nozzle-Traditional approach 

(SHS=Off) 
17.92 N 18.38 N (77% higher) 

Barrel-Traditional approach 

(SHS=Off) 
15.96 N 10.13 N (57% higher) 

 

 



 

Fig. 3.26: Effect of the SHS on the extrusion force and printing quality: a) extrusion force vs the different printing approach during 

the printing of samples (in Section S3.2) resulting uniformly when the proposed approach (SHS = On) is enable, b) when SHS is 

activated the extrusion force at best-case extrusion temperature (145°C) is constant while worst-case of temperature (150°C) lead to 

an increasing of the force, c) good geometrical accuracy and printing-quality of the complex square-star shape printed enabling SHS 

(nozzle extrusion temperature equal to 145°C), d) the same square-star printed disabling the SHS showing several problem resulting 

in a low printing quality, e) CAD design of the square-star, f) butterfly structures CAD design, g) printing-quality of the complex 

butterfly shape printed enabling SHS (nozzle extrusion temperature equal to 145°C), h) butterfly structure printed setting SHS=Off. 

 

 



3.4.2.3 Mechanical characterizations 

One of the challenges with self-healing thermosets manufactured via MEX lies in achieving isotropic 

parts and reducing voids between extruded beads and layers [180], [244], which reflects in poor 

mechanical properties.  

As explained in Section 3.4.1.7, the proposed SHS approach was investigated by fixing the barrel 

temperature to 135 °𝐶, and varying the extrusion temperature (145,150,155°𝐶). On top of that, two 

printing directions (Fig. 3.27 f) for each printing temperature were investigated: 

 

• 90° - parallel to the short axis y of the build plate. 

• 0°  - perpendicular to the short axis y of the build plate. 

 

 The proposed SHS approach, was also compared to both traditional moulding of self-healing ink, 

and traditional 3D printing (without pre-heating the ink inside the barrel, namely 𝑇𝐵𝑎𝑟𝑟𝑒𝑙 equal to 

room temperature).    

Mechanical tests were performed according to the standard described in Section 3.4.1.7. 

It should be noted that, according to the accuracy outcomes of Section 3.1, the samples fabricated by 

setting a 𝑇𝑒𝑥𝑡 of 145 °𝐶 resulted in a good geometrical accuracy, while samples fabricated at 150°𝐶, 

and 155 °𝐶 resulted in over extrusion problems, as depicted in Fig 3.27.   

Several conclusions can be drawn from this characterization: 

i) The printing direction is not significant compared to the printing temperature. 

 

ii) The samples printed at 145 and 150°𝐶 presented about the same behaviour: the 

90° printing direction (Fig. 3.27 b, c) support a maximum stress of 23.09 𝑀𝑃𝑎 (𝑇𝑒𝑥𝑡 

of 145°𝐶) and 24.10 𝑀𝑝𝑎 (𝑇𝑒𝑥𝑡 of 155°𝐶). On the other hand, the 3D printed samples 

fabricated at 0° presented a maximum stress of 22.41 𝑀𝑃𝑎 (𝑇𝑒𝑥𝑡 of 145°𝐶 ) and a 

maximum load of 23.10 𝑀𝑃𝑎 (𝑇𝑒𝑥𝑡 of 150°𝐶). 

 

 

iii) The best results in terms of mechanical properties (UTS) are achieved when 𝑇𝑒𝑥𝑡 is set 

equal to 145 °𝐶, and 150 °𝐶, and barrel temperature is set to 135 °𝐶 (SHS approach). 

This result is in good agreement with the main fundings of Section 3.2. In particular, 

when extruding with SHS approach at 𝑇𝑒𝑥𝑡 of 145 °𝐶, an improvement in 𝑈𝑇𝑆 of 



26.57% compared to traditional 3D printing (without SHS) was achieved. Also, a 

great reduction in standard deviation of 69.2% is obtained. These results clearly 

indicates that the reduced printing force obtained with the proposed SHS approach, 

involves better mechanical properties because inter-, and intra- layer voids are reduced 

due to an improvement in the geometrical accuracy of the extruded layers and beads.  

 

iv) The best UTS results are still achieved when moulding is performed. At the state of 

the art, moulding technology still provides the higher mechanical performances, as 

anisotropy and voids do not affect the moulded parts. Anyway, moulding technology 

can be used only for extremely simple geometries, resulting in a very limited design 

of the self-healing based components. However, the proposed SHS approach is 

demonstrated to produce samples with 𝑈𝑇𝑆 only 5.58% lower than the moulded 

counterpart, bridging the gap in mechanical performance between moulding and 3D 

printing.  

 

A summary of the results is provided in Table 3.11. Other information about the tested samples 

is in the supplementary materials, Section B5.  

 

3.4.2.4 Healing 

T extrusion of 145 °𝐶, found to both improve geometrical accuracy, and mechanical properties, was 

set in conjunction with T barrel of 135 °𝐶 (proposed SHS approach) to 3D print a total of 3 samples 

to be tested in order to evaluate self-healing performance (using the procedure detailed in the Section 

3.4.1.8). Two different types of damage (tears and cuts) were inflicted to the printed sample in order 

to investigate the healing performance (Fig. 3.28). The recovery of the samples was investigated 

through qualitative and quantitative analyses. 

It should be noted that the authors manufactured three samples: sample 1 was completely cut along 

the width of the sample (See Fig. 3.28 a-d), while samples 2, and 3 were damaged by performing 

both partial lateral and inner cuts (Fig. 3.28 e-h).  

Samples 2, and 3 exhibited full recovery, displaying only a minor scratch on the surface observed 

under the microscope in Fig. 3.28 d. On the other hand, sample 1 did not achieve complete recovery 

due to a significant cut. Despite the incomplete recovery, the two parts of the cut were jointed 



together, as illustrated in Fig. 3.28 d. As a matter of fact, the healing efficiency 𝜂 of the sample 1, 2 

and 3 is respectively 81%, 93% and 95%, as shown in Fig. 3.29 a.  

The Ultimate tensile strength (UTS) of the healed samples increases when the healing efficiency 

increases too (Fig. 3.28 b): sample 1 presents an UTS of 17.31 𝑀𝑃𝑎 before the healing process and 

13.95 𝑀𝑃𝑎 after the healing process, showing a decreasing of 19,41% in UTS when the sample is 

healed. On the other hand, samples 2 and 3 showed only a slight decrease of 6.25% and 4.45% in 

UTS after the recovery process. Moreover, Fig 3.28 c shows Young modulus, and strain at fracture 

of pristine and healed 3D printed samples 

 

Table 3.5: Summary of the mechanical results. 

Fabrication approach Moulding 

3D printing 

Traditional (No 

SHS) 

3D printing Proposed approach (SHS) 

 

145 °C 150 °C 155 °C 

 

UTS 

(MPa) 

 

23.72 15.47 21.07 22.3 17.41 

Std. dev. 

(Mpa)  
0.31 0.65 0.20 0.17 0.40 

 

 

 

 



 

Fig. 3.27: Mechanical properties evaluation of the self-healing materials: a) tensile test (strain vs stress) result of the sample fabricated 

via moulding, b) tensile test results (strain vs stress) of the samples fabricated using the proposed approach (SHS - nozzle extrusion 

temperature equal to 145°C), c) tensile test results (strain vs stress) of the samples fabricated using the proposed approach (SHS - 

nozzle extrusion temperature equal to 150°C), d) tensile test results (strain vs stress) of the samples fabricated using the proposed 



approach (SHS - nozzle extrusion temperature equal to 150°C), e) tensile test results (strain vs stress) of samples fabricated using the 

tradition approach (nozzle extrusion temperature equal to 145°C), f) printed samples. 

 

 

Fig. 3.28: Damage and healing of the printed samples: a) sample 1 pristine (as is printed), b) damage type-cut of the sample 1, c) cut 

sample 1, d) not completely recovery of the cut sample 1 and macroscopic image, e) sample 2 and sample 3 as printed, f) damage type-

tears of the sample 2 and sample 3, g) tears sample 2 and sample 3, h) completely recovery of the sample 2 and sample 3 and 

microscopic image after the haling.. 

 

Fig. 3.29: Healing efficiencies of the printed samples: a) healing efficiency of sample 1, 2, and 3 after the recovery, b) Ultimate Tensile 

Strength (UTS) of the pristine (as is printed) samples resulting 10% higher then the UTS values of the healed samples (after the healing 

process), c) Young’s modulus, stress and strain at fracture of pristine and healed samples. 



3.4.3 Dual extrusion of self-healing smart structures 

 

3.4.3.1 Self-healing piezoresistive sensor 

 

The potential of the proposed approach was demonstrated through the fabrication of one-shot multi-

material assembly-free piezoresistive sensor. As delineated in section 3.4.1.8, the smart structure was 

manufactured using two different self-healing (dielectric and conductive) materials. The adhesion 

properties were qualitatively studied under the microscope. The printing parameters were set as in 

Table 3.9 for the dielectric material, according to the best nozzle extrusion temperatures (145°𝐶), 

and in Table 3.12 for the conductive one. A 0.8 𝑚𝑚 nozzle was used to minimize the clogging 

problem. To maximize the conductivity of the beads of the conductive self-healing material, the 

sensor was fabricated setting the printing direction equal to 90° (parallel to the y-axis). As shown in 

Fig. 3.30 d, the dielectric self-healing ink (yellow) was extruded employing the SHS approach, 

followed by the deposition of the conductive self-healing filament-based material atop, resulting in 

significant qualitative adhesion in both x and y directions as well as between layers. 

 

Table 3.11: Printing parameters of conductive self-healing. 

Process parameter Value 

Layer height Lh (mm) 0.2 

Flow (%) 165 

Line width Lw (mm) 0.8 

Nozzle diameter d (mm) 0.8 

Printing speed (mm/s) 5 

Building plate temperature (°C) 60 

Extrusion temperature (°C) 115 

 

3.4.3.2 Piezoresistive characterization of the printed sensor 

 

To investigate the reproducibility of the ink-based MEX in printing complex multi-material self-

healing structures, two sensors were manufactured and characterized. Their absolute resistance, the 

change in relative resistance 
𝛥𝑅

𝑅0
 and the sensitivity S were analysed and compared (Fig. 3.30). Both 

sensors were subjected to cyclic testing with an angle amplitude of 38.6 𝑑𝑒𝑔𝑟𝑒𝑒 and a frequency of 

0.002 𝐻𝑧. Looking at Fig. 3.311 a, b, it is clear that there is a slight difference in piezoresistive 

behavior between the two pristine sensors. This is emphasized by a difference in their initial resistance 

𝑅0 in unloaded conditions and their average sensitivity, plotted in Fig. 3.30 e. 



Although this demonstrates that the printing process is repeatable to a certain extent, it also indicates 

that further optimization is needed. 

  

Fig. 3.30: 3D printed self-healing smart structure (sensor): a) CAD sensor composed of non-conductive self-healing ink-based material 

(yellow) and conductive self-healing filament-base material (black), b) Setup for test the electrical performance of the sensors, c) 3D 

printed multimaterial sensor, d) adhesion between the materials at the interface, e)  before the damage the resistance of the sensors is 

71 KΩ and after the healing process the sensors was healed but the resistance increase (73 KΩ). 



3.4.3.3 Self-healing characterization of the printed sensor 

 

To analyze the self-healing capacity of the sensor, we investigated the recovery of absolute 

conductance, the change in relative resistance, and the sensitivity 𝑆 (Fig. 3.31). The sensor was 

severely damaged as shown in Fig. 3.30 e, with a scalpel blade cutting completely through all layers, 

including both the dielectric and conductive layers. It has to be noted here that before the damage, 

the sensor resistance (R0) measured from the connectors was 71 Ω, and it was changed where the 

damage was inflicted (R0= 0 Ω). The damaged sensor was heated at 70°𝐶 for the night, before leaving 

it to rest for 24 ℎ at room temperature. The new resistance (R0) of the healed sensor was increased by 

2.74%, showing that the self-healing sensor recovers its function after the damage-healing procedure. 

See Table 3.12. 

This self-healing analysis was expanded by investigating the recovery of the piezoresistive 

performance of the sensor after being self-healed (Fig. 3.30). As shown in Fig. 3.31 e, the average of 

the sensitivity of the pristine (as-is printed), and the healed sensors is 2.21 Ω/𝑑𝑒𝑔𝑟𝑒𝑒 and 

3.08 Ω/𝑑𝑒𝑔𝑟𝑒𝑒, respectively. The standard deviation calculated on the two sensors is lower than 

0.06 Ω/𝑑𝑒𝑔𝑟𝑒𝑒 for each case. The best result is obtained by the sensors healed, when an 

improvement of the sensitivity of 28% was achieved. After the damage of the sensors, the increasing 

of the temperature inside the oven increases the mobility of the reactive components of the self-

healing materials, resulting in an increase of the sensitivity. Moreover, the sensor 1 remains with the 

higher sensitivity than the sensor 2, even after the healing process.  

The proposed self-healing sensor has been benchmarked with the one presented by the authors in 

[21], which has been fabricated by recurring to filament- MEX, and employing a commercially 

available electrically conductive polylactic acid (CPLA). It should be said, that a sensitivity almost 

50% lower than [21]was achieved in the present research, alongside with a R0 almost 7 time higher. 

Such outcomes indicate a reduction in electrical performance (sensitivity, and R0) is the price to pay 

to obtain smart polymers capable of healing after a damage. On the other hand, further optimization 

of process parameters, fabrication strategies, and material chemical composition could definitively 

result in improved electrical performance. 

 

Table 3.13: Electrical resistance for pristine and healed sensor. 

Initial Resistance R0 (Ω) Pristine Healed 

Sensor 1 71 73 

Sensor 2 73 74 



 

  

Fig. 3.31: Long time test of the 3D printed self-healing smart structure: a) characterization of the pristine (as-is) sensor 1 (relative 

resistance vs time), and b) pristine (as is) sensor 2, c) evaluation of the electrical performance of the healed sensors 1, and d) sensor 

2, e) comparing of the sensitivity of the pristine and healed sensors. 



3.4.4 Discussion 

The authors demonstrated how the manufacturing strategies impact on the final performance of Diels-

Alder self-healing polymers. From one hand, this class of material is highly request for their unique 

ability to self-heal after a structural damage, thereby increasing the lifespan of the polymeric 

structure, from the other hand the current material extrusion machines are not flexible enough to 

properly process such materials. The authors tackled the pre-heating problem, which is not considered 

in traditional MEX of common polymers, by developing a separate heating system (SHS) capable of 

pre-heat the polymer inside the barrel (degeletion) and melt the polymer (extrusion) inside the final 

nozzle.  

The main mechanism underlying the correlation between separate heating system and extrusion force 

reduction (and force fluctuations) is as follow: pre-heating the self-healing ink inside the barrel at 

degelation temperature greatly reduce the ink viscosity, which in turns, is translated in a reduction of 

the force required to push the ink through the nozzle. In this way, over extrusion problems are 

mitigated: as the extruded layers are geometrically more accurate, inter-, and intra-layer voids are 

reduced, thereby resulting in improved adhesion. The latter was experimentally validated through 

mechanical, and healing tests: being the adhesion improved both mechanical and healing performance 

resulted to be improved. 

The proposed approach has been benchmarked with traditional MEX of Diels-Alder self-healing 

polymers, showing superior performance. The increase in performance is strongly correlated to the 

reduction of the extrusion force achieved with the proposed approach: by reducing extrusion force 

(and fluctuations of this force) a remarkable increase in accuracy (26%) is obtained, unlocking the 

3D printing of complex structure. Moreover, the reduced extrusion force, also led to an improvement 

in mechanical properties (Young modulus, and ultimate tensile strength) and healing efficiency. The 

proposed SHS method results effective in manufacturing structural components capable of undergo 

higher loads, compared to traditional self-healing fabricated via traditional MEX. 

The outcomes of this study highlight the importance of controlling the heating of Diels-Alder 

polymers during the fabrication: the authors envision future MEX setups with more independent 

heating systems to further improve the flowability of the polymer. 

Furthermore, the authors extruded two self-healing polymers (dielectric, and electrically conductive), 

in the same manufacturing cycle to fabricate a smart structure with embedded sensing strain gauge 

capable of detecting bending angles. The performance of the self-healing sensors improved slightly 

following the healing process (due to a re-heating of the polymer), showing their applicability for 

many applications. It should be said that the sensitivity of such sensors is almost 50% lower than 

sensors fabricated with traditional electrically conductive polymers. Lower electrical performance, at 



the state of the art, represents the price to pay to achieve self-healing. However, future material 

optimization could create stronger electrical networks inside the self-healing polymer, improving also 

electrical performance. 

 

Table 3.14: Main findings of the present research. 

 

Filament 

deviation 

(mean 

error at 

T=145°C) 

Fabrication 

of complex-

shaped 

structures 

Ultimate 

Tensile 

Strength 

(UTS) 

 

 

Healing 

efficiency 

Mean 

value of 

Extrusion 

Force 

Force 

instability 

(Max 

peak-min 

peak) 

Proposed 

approach 

(SHS=On) 

Decrease 

of 26% 

(error 

0.06mm) 

Yes-

Improvement 

 

2.07

± 0.20 𝑀𝑃𝑎 

 

95% 17.95 N 4.33 N 

Traditional 

approach 

(SHS=Off) 

Error 

0.41mm 
No 

 

1.52 

±  0.04 𝑀𝑃𝑎 

 

89% 17.92 N 

18.38 N 

(77% 

higher) 

 

 

3.4.5 Conclusions 

The present research proposes a novel temperature-based approach, to improve the extrudability and 

the performance (both healing, and mechanical) of self-healing inks processed through Material 

Extrusion. In particular, the Diels-Alder self-healing ink-based material was fabricated through a 

custom-made MEX setup equipped with a separate heating system (SHS): both the barrel and the 

nozzle are independently controlled, to preheat (degelation), and melt (extrusion) the ink to guarantee 

a robust and continuous extrusion. The proposed manufacturing approach has a significant impact on 

the printing part to enhance the accuracy and the geometrical properties, enabling the fabrication of 

complex-shape structures with high details. Indeed, the printed part presented an accuracy higher 

26% times than the traditional approach.  

Moreover, the printing temperature is also found to be significant for the extrusion force and the 

mechanical properties (when the SHS is enabled). The proposed approach enables the reduction of 

the printing force (4.33𝑁 peak-peak), when both nozzle and barrel temperature are set under 155°𝐶. 

The latter condition is also respected for the mechanical property: when the temperature is lower than 

155°𝐶, the UTS is closed to the moulding fabrication. Experiments have also demonstrated very high 

self-healing property of the printed samples (recovery up to 95%). Finally, the key benefits of the 

SHS approach were used to fabricate multimaterial smart structures, such as piezoelectric sensors: 



the dielectric self-healing ink was extruded from the syringe, and the electrically conductive self-

healing filament from the filament print head. The sensor showed good sensitivity before and after 

the healing procedure, respectively 2.21 Ω/𝑑𝑒𝑔𝑟𝑒𝑒 and 3.10 Ω/𝑑𝑒𝑔𝑟𝑒𝑒, with an improvement of the 

sensitivity (29%) after the healing, due to the chemical property of the self-healing ink.  

The present work lays the foundation for an extensive use of MEX technology (both filament-, and 

ink-based) for the fabrication of assembly-free, sensorized structures based on DA self-healing 

materials. 

 

  



4. CHAPTER 4: Future trends: energy storage for MEX structures 
 

 

4.1 Introduction of the chapter  
One of the emerging trends and innovative application of 3D printing in the field of electrical devices 

is the additive manufacturing of elements that can be storage energy, such as supercapacitors and 

batteries. 

Commercial lithium-ion batteries currently involve stacked sheets of electrodes, separator and current 

collectors, based on two dimensional (2D) designs with restricted geometric freedom (Fig. 4.1 a). 

The electrodes are electronically isolated by a separator membrane infused with a liquid electrolyte 

responsible for ensuring effective lithium ions (𝐿𝑖+) ionic conductivity. Through processes of 

oxidation and reduction, the stored chemical energy is converted into electrical energy. During 

discharge, 𝐿𝑖+ move from the negative electrode to the positive electrode through the electrolyte, 

simultaneously releasing electrons (oxidation) from the negative electrode. These electrons then 

traverse the external circuit to reach the positive electrode (reduction). The reverse reactions occur 

during battery charging. The terms anode and cathode are commonly used to respectively refer to the 

negative and positive electrodes, in accordance with the reactions taking place during discharge. 

Many studies [247]–[251] recently have demonstrated that enhanced battery power performance 

(enabling faster charging) can potentially be achieved by incorporating intricate three-dimensional 

(3D) electrode architectures, like the interdigitated gyroidal design depicted in Fig. 4.1 b, c. 

Unfortunately, these complex interdigitated 3D structures cannot be produced using conventional 

battery manufacturing methods, which typically involve slurry casting. In this context, additive 

manufacturing (AM) [252], more commonly referred to as 3D printing, is now being considered as a 

viable solution, and AM was recently employed to print lithium-ion batteries components [51], [251], 

[253]–[257]. This is because it offers the advantage of creating 3D objectsfrom a digital model 

through the gradual deposition of material layer by layer. As a result, it holds the theoretical potential 

to facilitate the production of intricate 3D interdigitated battery components with enhanced electrode 

surface area, improved lithium ions diffusion and enhanced power performances; however, this 

represents a significant milestone that is yet to be attained. Moreover, the ability of AM to implement 

shape-conformable, free-form or structural load-bearing batteries [258]–[265] within a system 

envelope could maximise the energy storage by leveraging otherwise unused space (Fig. 4.1 d) or 

improve the performance by conforming to application requirements (i.e. anatomy, aerodynamics, 

etc). 



 In contrast with traditional manufacturing techniques (casting, moulding, machining), cutting-edge 

AM technologies have recently enabled the fabrication of complex and intricate designs [266]–[268]. 

Since the introduction of AM in the 1980s by Charles Hull (stereolithography) , AM had evolved 

over the years and six additional categories of 3D printing have been introduced according to 

ISO/ASTM 52900:2015 [269]. Prior to printing, objects must be modelled by means of a computer-

aided design (CAD) software resulting in a.stl file [270]. This latter is then introduced into a slicer 

software to set the adequate printing parameters, thus generating a Gcode file which is executable by 

the 3D printer. In 2019, according to the yearly report on AM published by the Dutch company 3D 

Hubs and based on the summarised data provided from ten trustworthy market analysts, the total 3D 

printing market (including machines, materials, software and services) was estimated to represent 

$12.1𝐵, demonstrating an annual 25% growth since 2014. The AM market, doubling every three 

years, is expected to reach $34.9𝐵 by 2024. Additive manufacturing has now been employed for a 

wide range of applications including but not limited to electronics [135], architecture [271], jewelry 

[272] healthcare [273], aerospace [274], or soft robotics [52]. As the most widely available process 

in additive manufacturing, material extrusion (ME), was originally invented by Scott Crump, co-

founder of the American company Stratasys, and later, increasing in popularity among AM 

technologies as patents expired and the technology became more affordable with the introduction of 

the RepRap mission by Adrian Bowyer (Bath University) in 2005 [275], an open-source 3D printer 

capable of ‘replicating rapidly’ (RepRap) itself [276]. Disclosed for the first time in 2008, it 

contributed dramatically to public awareness but also to the emergence of many start-up companies 

around the world such as Makerbot and Prusa, which created and released their own lower cost 3D 

printers. Material extrusion includes two different processes: 1) Filament Extrusion (also referred to 

as Stratasys’ trademark Fused Deposition Modeling, or Fused Filament Fabrication) and 2) Ink 

Extrusion (also referred to as Direct Ink Writing, Robocasting or Liquid Deposition Modeling). See 

table 4.1. 

Mechanically relatively simple, both extrusion technologies are based on the deposition of material 

layer after layer through a needle or nozzle. Classical filament extrusion printers are fed with a 

thermoplastic filament which is printed by heating the feedstock filament by a few degrees above the 

melting temperature. On the other hand, ink extrusion consists of an ink or a paste that is deposited 

by applying a computer-controlled pressure [277]. ME has gained a lot of popularity in recent years 

for several reasons: (i) the process is inexpensive, (ii) the possibility exists to extrude various 

materials in the same build volume (multi-materials printing options), (iii) the reduction of manual 

assembly tasks and (iv) the opportunity to fabricate smart structures [22], [31], [34], [278] with 

embedded electronic components. Recently, ME has been explored to print energy storage devices. 



Since 2013, considerable attention has been given to 3D print lithium-ion batteries due to the 

capability of building shape-conformable devices, and furthermore, with recent modelling studies 

suggesting enhanced power performances with complex anode/cathode geometric architectures 

[248], [249]. Most of these studies have been limited to the printing of single battery component. 

However, with a view to fabricate a complete functional battery cell via ME 3D printing, remaining 

challenges are related to the materials feedstock, hardware modification, printing and post-processing 

parameters optimisation, as well as utilisation of multi-material ME printing options.  

 

Fig. 4.1: a) Scheme of a conventional lithium-ion battery. Reprinted (adapted) with permission from [264]. Copyright 2013 American 

Chemical Society; b) Interdigitated gyroidal electrodes [265]; c) Conventional 2D battery architecture and innovative 3D architecture 

with enhanced power performances now possible thanks to AM [249], [250]. © The Electrochemical Society. Reproduced by permission 

of IOP Publishing Ltd. All rights reserved ; d) Examples of shape-conformable and structural batteries that can be manufactured 

thanks to AM [250], [263] . Reprinted (adapted) with permission from [263]. Copyright 2015 American Chemical Society. 

 

In this chapter the future trends about the fabrication of 3D printing batteries is presented (section 

41). 

 

 

 

 

 

 



Table 5.1: Summary of previous studies on the topic of 3D printed lithium-ion batteries. 

AM process Battery component targeted Focus of the paper References 

Filament extrusion Positive electrode Feedstock material optimization [249], [261], [262], 

[269], [279]–[281] 

Printing parameters or post-

processing optimization 

[262], [269], [282], 

[283] 

Negative electrode Feedstock material optimization [50], [261], [269], 

[278], [279], [283], 

[284]  

Printing parameters or post-

processing optimization 

[50], [282]–[284]  

Electrolyte/Separator Feedstock material optimization [269], [279], [280], 

[285], [286] 

Printing parameters or post-

processing optimization 

[269], [285] 

Machine modification [269], [285] 

Current collectors Feedstock material optimization [269], [287] 

Full battery Assembly of independent 

components 

[269], [279], [280] 

Printed in a single step [269], [279] 

Ink extrusion Positive electrode Feedstock material optimization [288] 

Printing parameters or post-

processing optimization 

[288]–[292] 

Machine modification [250], [293], [294] 

Negative electrode Feedstock material optimization [289], [295]–[301] 

Printing parameters or post-

processing optimization 

[289], [298]–[300] 

Machine modification [299] 

Electrolyte/Separator Feedstock material optimization [277], [295], [296], 

[301], [302] 

Printing parameters or post-

processing optimization 

[302] 

Machine modification [277], [302] 

Current collectors Feedstock material optimization [303] 

Machine modification  [286] 

Full battery Assembly of independent 

components 

[297] 

Printed in a single step [289], [296], [304] 

 



 

4.1 Future trends for energy storage: Manufacturing-Oriented 
Review on 3D Printed Lithium-ion Batteries Fabricated Using 
Material Extrusion 

 

In these years, the growing interest in 3D printed energy storage systems stems from a rapid 

advancement in additive manufacturing of electrical devices and 3D printed materials able to 

accumulate energy. In this contest, an overview of the state of the art of the material extrusion-based 

3D printed batteries is reported in this chapter. A summary of the materials being employed to prepare 

composite filaments and ink feedstocks for printing battery components, as well as primary 

manufacturing challenges and the proposed solutions, are discussed. This work also comprehensively 

describes the common issues encountered when printing composite battery components with 

extrusion-based machines, and required machine-modifications and optimizations of the printing 

parameters that have been investigated to facilitate printability and maximize the electrochemical 

performance of the final multi-material structures. Finally, currently available multi-material 

extrusion printers are listed and analyzed with consideration for the eventual printing of a complete 

rechargeable battery in a single non-assembly process. 

 

4.1 Materials for material extrusion 3D printing of batteries 

Used as material feedstock for the material extrusion 3D printer, inks and filaments require specific 

electronic, electrochemical, mechanical, and rheological properties to ensure good printability and 

adequate electrochemical performance within the printed battery component. As a reminder, a 

conventional lithium-ion battery assembly consists in a negative and a positive electrode each 

supported on a current collector, and a separator impregnated with liquid electrolyte (Fig. 4.1 a) [264]. 

In all-solid-state batteries, the separator-liquid electrolyte duo is replaced by a ceramic or polymer-

based electrolyte. The functioning mechanism is based on the flow of electrons through an external 

circuit as a consequence of electrochemical reactions that shuttle lithium ions between the negative 

and positive electrodes. The variety of possible materials and compositions is a further complication. 

Hereafter, a summary of the most relevant and recent investigations on extrusion-based 3D printing 

of lithium-ion battery components is presented, as well as solutions proposed to provide adequate 

mechanical and rheological properties as well as improved electrical conductivity and 

electrochemical performance.  



4.1.1 Filament extrusion: Outlook of the most relevant advances 

 

Since 2017, filament extrusion has been extensively investigated for lithium-ion battery electrodes 

printing (Table 1). Many groups [42], [261], [262], [278], [279], [285] recently have focused studies 

on the preparation of composite thermoplastic filaments to feed a classic printer (Fig. 4.2 a). A 

compromise between electrochemical and mechanical strength is usually required. For the electrodes, 

the electrochemical properties are conferred by the high loading of additives including active material 

and conductive particles. On the other hand, the mechanical strength must be ensured through the 

incorporation of a thermoplastic polymer matrix. Striking a balance between electrochemical or 

electrical performance with sufficient mechanical properties to ensure printability remains a 

challenge. Through the incorporation of a high loading of fillers within the composite filament, the 

preparation of a homogeneous composite filament through extrusion and subsequent 3D printing 

become challenging as the loading percentage but also the density of the fillers will considerably 

affect the rheological properties of the material coming out of the heated nozzle. To counteract the 

increase in viscosity (caused by the fillers), the filler amount and/or the printing parameters must be 

tuned to ensure adequate rheological properties, i.e. a low viscosity after the filament is liquefied, 

making it easier for the 3D printer nozzle to dispense the melted composite. (50) The deposited 

material must be able to solidify quickly to reach an efficient build speed, while still ensuring it to 

well adhere to a previously deposited layer. 

 

First tests with this process were performed by Wei et al. [305] who prepared an acrylonitrile 

butadiene styrene (ABS) filament loaded with 5.6 𝑤𝑡. % of graphene, that could potentially be used 

as negative electrode in a classical lithium-ion battery. Noteworthy, no battery characterization tests 

were performed in this initial study. Later on, a commercial graphene-polylactic acid (PLA) filament 

(8 𝑤𝑡 % graphene and 92 𝑤𝑡 % PLA) was used by Foster et al. [306] to print a 1 𝑚𝑚 thick 3D printed 

negative electrode disc. A proof of concept was reported, however limited discharge specific 

capacities (quantifying the overall electric charge that the cell can provide) of 15.8, 6.2, 2.6, 1.1, and 

0.6 𝑚𝐴ℎ 𝑔−1 of active material were reached at current densities of 10, 50, 70, 100, and 200 

𝑚𝐴ℎ 𝑔−1 (cycling rate of C/37, C/7, C/5, C/4, and C/2) when tested versus lithium metal respectively, 

principally as a result of the low ratio of active material within the filament (103 𝑚g of active material 

per cm3 of composite). With this background, further investigations on electrode printing with 

filament extrusion were intensively concentrated on the development of bespoke composite filaments 

containing substantially greater amounts of electroactive particles. The same group later reported the 

preparation of bespoke PLA/graphene (𝑤𝑡. % 80/20) and PLA/nanographite (𝑤𝑡. % 75/25) 



filaments [306], [307] for their use as negative electrodes. However, at the time of publication, other 

teams had already advanced further as described hereafter. 

The development of PLA/Li4Ti5O12 negative and PLA/LiFePO4 positive electrode composite 

filaments was introduced by Ragones et al. [261]. According to the authors, the filaments prepared 

by extrusion contain ~50 − 70% of active material, 10% carbon additives and ~20– 40% PLA 

(weight versus volume percentage was not identified). Tested in half-cells configuration versus Li 

metal, and impregnated with a classical 1 M LiPF6 in ethylene carbonate:diethyl carbonate 

(𝐸𝐶: 𝐷𝐸𝐶 1: 1 𝑣𝑜𝑙%) + 2% vinylene carbonate electrolyte, the printed positive electrode 

PLA/LiFePO4 exhibited capacities of 60, 50 and 20 𝑚𝐴ℎ 𝑔−1 of LiFePO4 at current density of 9, 44 

and 88 𝜇𝐴 𝑐𝑚−2, respectively. 

Similarly, the development of homemade negative electrode PLA/Li4Ti5O12/graphene (𝑣𝑜𝑙. % 70/

24/6) and positive electrode PLA/LiMn2O4/multi-walled carbon nanotubes (𝑣𝑜𝑙. % 80/4/16) 

filaments, was reported by Reyes et al. [279]. The authors tuned as high as possible the amount of 

conductive additives to reach the highest electronic conductivity without degrading printability. 

Negative and positive half-cells tested vs Li metal presented 0.34 and 0.71 𝑚𝐴ℎ 𝑐𝑚−3, at a current 

density of 10 𝑚𝐴ℎ 𝑔−1, respectively. The assembly of the complete lithium-ion battery was finally 

achieved: 1) by stacking the independent printed electrodes with a separator (Fig 4.2 b); 2) in one-

single print (components directly printed on top of each other) (Fig 4.2 c). Extra commercial pure 

PLA and copper-based filaments were used as separators and current collectors. The resulting 

complete lithium-ion batteries were impregnated within a 1 M LiClO4 in an ethyl methyl 

carbonate/propylene carbonate liquid electrolyte (𝐸𝑀𝐶: 𝑃𝐶 1: 1 𝑣𝑜𝑙%). The resulting stacked battery 

from independent components presented a volumetric capacity of about 3.91 𝑚𝐴ℎ 𝑐𝑚−3 at a current 

density of 20 𝑚𝐴ℎ 𝑔−1, while the lithium-ion battery obtained in a single print exhibited 1.16 

𝑚𝐴ℎ 𝑐𝑚−3 at 20 𝑚𝐴ℎ 𝑔−1. 

A significant landmark was accomplished in 2018 by Maurel et al. [262], [278] who reported for the 

first time the development of PLA-based graphite and LFP highly loaded electrode filaments (up to 

62.5 𝑤𝑡% of active material) thus paving the way towards printability of electrochemically promising 

lithium-ion battery electrodes (Fig 4.2 a). Such loadings were achieved through the addition of 

poly(ethylene glycol) dimethyl ether average Mn∼500 (PEGDME500), acting as plasticizer within 

the composite filaments, as discussed into more details in the next section. In this particular study, a 

liquid electrolyte composed of 1 M LiPF6 in ethylene carbonate and diethyl carbonate 

(𝐸𝐶: 𝐷𝐸𝐶 1: 1 𝑤𝑡%) and a homemade PLA/PEGDME500/SiO2 (66/27/7 𝑤𝑡%) separator filament 

(ionic conductivity of 1.20 ×  10 − 4 𝑆 𝑐𝑚−1) were employed. From these optimized filament 



compositions, printing of the complete lithium-ion battery was achieved[262]. By tuning the separator 

infill patterns and density, authors were able to enhance the electrolyte soaking onto the printed 

structure while preventing short-circuits. Stacked battery from independent printed components 

showed capacity of 15 𝑚𝐴ℎ 𝑔−1 of LiFePO4 at a current density of 4.25 𝑚𝐴ℎ 𝑔−1 (C/40) while the 

cell printed in one-single step presented higher reversible capacity values (30 mAh g-1 of active 

material at C/40, corresponding to 15 𝑚𝐴ℎ 𝑔−1of the total composite or also 6.5 𝑚𝐴ℎ 𝑐𝑚−3 

considering both electrodes and separator total volume). In order to improve the liquid electrolyte 

impregnation, the available electroactive surface area and further electrochemical properties, this 

same group [284] recently proposed to 3D print electrodes with various infill patterns (gyroid, 

rectilinear and archimedean chords). 

As shown before, most of the works on 3D printed electrodes via filament extrusion have been 

confined to the galvanostatic cycling of green parts (3D printed electrodes obtained directly after 

printing). However, recently Valera-Jimenez et al. [282] demonstrated that the specific capacity 

values of debinded and sintered electrodes (Fig 4.2 d) can approach the corresponding theoretical 

values at reasonable C-rates. For a Li4Ti5O12/carbon black electrode sintered at 900 º𝐶 in N2, an 

average reversible specific capacity of ≈ 168 𝑚𝐴ℎ 𝑔−1 (209 𝑚𝐴ℎ 𝑐𝑚−3 for the total volume 

electrode) centered at ≈ 1.5 𝑉, was observed at C/2 rate. For a LiCoO2 electrode cycled at C/10 an 

average reversible capacity of 129 𝑚𝐴ℎ 𝑔−1 (205  for the total volume electrode) was 

observed, corresponding to 94% of the theoretical 137  (for 0.5 Li+ intercalated). In order 

to further improve the electrochemical performances of the electrodes, future studies must focus on 

improving the thermal treatment that allows removal of non-electroactive species, thus creating 

porosities within the electrodes favoring a) the liquid electrolyte impregnation, b) the electroactive 

material reachability and c) the resulting overall electrochemical performances. It is worth mentioning 

that for now, electrochemical performances reported via filament extrusion are limited by the intrinsic 

first layer resolution limitation. Indeed, as reported previously [287], current layer thickness 

resolution of classical desktop filament extrusion printers is about 150 − 200 𝜇𝑚 for the first layer 

and down to 50 𝜇𝑚 for the successive layers. 

Similarly, the preparation of filaments acting as solid polymer electrolyte have been prepared as 

described hereafter. A 3D printable polyethylene oxide/lithium bis(trifluoromethanesulfonyl)imide 

(PEO/LiTFSI) filament (2.18 ×  10−3 𝑆 𝑐𝑚−1 𝑎𝑡 90 °𝐶) optimized to be used as solid polymer 

electrolyte in a lithium-ion battery was for example prepared by Maurel et al. [285] In another study, 

PEO/PLA/LiTFSI with SiO2 or Al2O3 ceramic fillers (𝑤𝑡% 59: 20: 20: 1) filaments were prepared 

and printed by Ragones et al. [280], resulting in ionic conductivity values of 8 ×



 10−5 𝑆 𝑐𝑚−1  𝑎𝑛𝑑 3 ×  10−5 𝑆 𝑐𝑚−1  𝑎𝑡 120°𝐶, respectively. Polyethylene oxide often appears as 

the thermoplastic polymer of choice for the solid polymer electrolyte filament being prepared, due to 

its helical structure consisting of seven –CH2–CH2–O– groups in two turns of the helix [308] which 

adjust to wrap Li cations coordinated with three ether oxygens, resulting in promising ionic 

conductivity. 

 

Fig. 4.2: a) Composite filament feedstock preparation and printing. Reprinted (adapted) with permission from [278]. Copyright 2018 

American Chemical Society; b) 3D printed independent components and c) complete lithium-ion battery obtained in a single print. 

Reprinted (adapted) with permission from [279]. Copyright 2018 American Chemical Society; d) Sintered 3D printed Li4Ti5O12 

(white) and LiCoO2 (black) electrode components. Reprinted from [282] with permission from Elsevier. 

 

4.1.2 Filament extrusion: Solving the problem of inadequate mechanical properties 

 

While thermoplastic polymers such as PLA, ABS, PP (Table 4.2) classically used in filament 

extrusion provides good tensile strength and flexibility, filaments designed to print electrodes become 

brittle upon the addition of powder active materials and conductive additives. As a result, printing 

becomes challenging, as observed in filaments loaded with graphite [278], LiFePO4 [261], [262] and 

Li4Ti5O12 [261]. To overcome this issue, low-molecular-weight liquid plasticizers with low volatility 

can be used as reported by Maurel et al. [278]. The action mechanism of plasticizers is to lower the 

glass transition temperature and the melting temperature of the polymer matrix, which allows it to 

remain flexible. In general, their chemical composition can be very diverse [309]: azelates, ortho-

phthalates, adipates, citrates, benzoates, epoxy esters, glycols and polyethers, to mention a few. In 

the specific case of battery electrodes, the choice of plasticizer not only depends on the type of 

polymer matrix, but also of the electrochemical window and the chemical environment inside the 

battery. To determine the most appropriate plasticizer for PLA-based filaments, Maurel et al. [285] 

tested four substances: propylene carbonate, acetyl tributyl citrate, poly(ethylene glycol) dimethyl 



ether with Mn ~2000 (PEGDME2000) and PEGDME500. The latter was found to be the best match 

for a printable highly-loaded PLA/graphite filament (optimized final loading was Graphite/carbon 

black/PLA/PEGDME500 𝑤𝑡% 49/5/33/13 corresponding to 𝑣𝑜𝑙% 37/4/40/19). In contrast, 

PLA/graphene-based conductive commercial filament without any plasticizer contains a graphene 

loading of 8 𝑤𝑡. % only. PEGDME500 was used by Maurel et al. [262], [278] to strengthen the 

filament mechanical performances and printability while allowing to maximize the electrochemical 

performances. Once printed, the optimized negative electrode composed of graphite/carbon 

black/PLA/PEGDME500 (49/5/33/13 𝑤𝑡%) tested in a half-cell vs. Li metal [278], exhibited a 

reversible capacity of 200 mAh g−1 of active material (99 mAh g-1 of the total composite, or 154.6 

 ) at current density of 18.6 mA g−1 (C/20) and 140 mAh g−1 of active material (69 mAh 

g-1 of the total composite or also 108.2 mAh cm-3) at current density of 37.3 mA g−1 (C/10). On the 

other hand, the optimized positive electrode made of LiFePO4/carbon black/PLA/PEGDME500 

(49/5/33/13 𝑤𝑡%) [261] shown reversible capacity values of about 87 mAh g-1 of active material 

(43 mAh g-1 of the total composite or also to 77 mAh cm-3) at current density of 8.5 mA g−1 (C/20), 

45 mAh g-1 of active material (22 mAh g-1 of the total composite or also to 40 mAh cm-3) at current 

density of 17 mA g−1 (C/10), and 22 mAh g-1 of active material (11 mAh g-1 of the total composite or 

also to 20 mAh cm-3) at current density of 34 mA g−1 (C/5). More recently [249], the use of paraffinic 

oil as plasticizer during the elaboration of polypropylene (PP)/LiFePO4 composite filament was 

reported. Good printability of a positive electrode containing 𝑤𝑡. % 33/49/13/5 of 

PP/LiFePO4/paraffinic oil/carbon black was demonstrated. Nevertheless, insignificant 

electrochemical performances were achieved, caused mainly by the highly energetic printing 

parameters that were employed resulting in a lack of micro-porosity, and related to a lesser extent to 

the chemical aversion of the liquid electrolyte with the PP polymer matrix that does not contain any 

polar groups thus conferring poor affinity with the polar molecules contained in the liquid electrolyte. 

The printed PP-based electrodes do not swell when soaked in the liquid electrolyte, thus resulting in 

low ionic conductivity and specific capacity. Table 4.3 lists potentially suitable plasticizers for PLA, 

ABS and PP thermoplastic polymers. Note that most of these plasticizers have not yet been tested for 

battery applications. 

The absence of elasticity is an issue during the printing process, but it also appears as a challenge 

during the cycling of the printed electrodes, often subjected to volume change during the charge-

discharge process that can induce cracks and lead to capacity fading. To overcome this issue, another 

option introduced by Hu et al. [310] consists in using thermoplastic polyurethane (TPU) as polymer 

matrix due to its excellent flexibility (elongation at break between 300 − 1500%; Table 4.2) to 

ensure good elasticity, deformation durability, and structural integrity of the printed electrode during 



cycling. The authors (88) prepared TPU-based filaments loaded with LFP, or LTO (optimized loading 

of TPU/active material/KB 𝑤𝑡% 50/44/6). The printed TPU/LFP positive electrode shown 

reversible capacity values of about 170 mAh g-1 of active material at C/10, 167 mAh g-1 at C/5, 

152 mAh g-1 at C/2, and 125 mAh g-1 at 1C. On the other hand, the printed TPU/LTO negative 

electrode presented reversible capacity values of about 165 mAh g-1 of active material at C/10, 

155 mAh g-1 at C/5, 138 mAh g-1 at C/2, and 117 mAh g-1 at 1C. Both printed electrodes exhibited 

remarkable capacity retention, that may be partially explained by the ability of TPU to accommodate 

the volume change during the lithium ions intercalation and deintercalation processes upon cycling. 

 

Table 4.2: Physical properties of polymers employed in 3D printed of electrodes for lithium-ion batteries. (89) 

 

 

 

 

 

 

 

 

 

Polymer matrix 

Glass 

transition 

temperature 

(°C) 

Melting 

temperature 

(°C) 

Printing 

temperature 

(°C) 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(MPa) 

Elongation 

(%) 

Flexural 

strength 

(MPa) 

Flexural 

modulus 

(MPa) 

Young’s 

modulus 

(MPa) 

Polylactic 

acid (PLA) 
55-75 

164-178; 180-

184 (L-PLA) 
180-230 

52-72; 

27-41 

(DL); 55-

82 (L) 

2700-

16000 

4-6; 3-10 

(DL); 5-10 

(L) 

83 
1,000-

3,800 

3,700-

4,100 

Acrylonitrile-

butadiene-

styrene (ABS) 

102-107 

(acrylonitrile-

styrene 

mesophase) and 

-58 (butadiene 

component); 

103 (DSC) and 

121 (DMA) 

220-260 240-270 25-65 
1900-

2700 
8-20 55-125 

2150-

2300 

1810-

2390 

Polypropylene 

(PP) 

calc.=-15; 

exp.=-8; -3.2 

(isotactic); -9 to 

-51 

(elastomeric) 

120-176; 147-

158 

(metallocene); 

160-176 

(monoclinic); 

140- 

153 (hexagonal) 

225-245 26-32 1,700 10-140 41 
1,240-

1,600 

1,200-

2,000 

Thermoplastic 

polyurethane 

(TPU) 

-44 to -66 170-220 205-250 17-66 120-330 300-1500 5.5-75.2 17-1,990 33-72 

https://paperpile.com/c/9LDmwg/rEkV


 

Table 4.3: Representative plasticizers for the most used polymers in filament extrusion.  

Polymer matrix Plasticizer name Chemical structure 

Polylactic 

acid (PLA) 

Polypropylene glycol 

 

Polyethylene glycol 

 

Acetyl tributyl citrate 

 

Propylene carbonate 
 

Glycerol triacetate 

 

Acrylonitrile-butadiene-styrene 

(ABS) 

Triphenyl phosphate  

 

Resorcinol bis(diphenyl 

phosphate) 
 

Diphenyl phosphate 

 

Dibutyl phthalate 

 

Polypropylene (PP) 

Paraffinic oil 
 

Dioctyl sebacate 

 

Polybutene 

 

  



4.1.3 Ink extrusion: Outlook of the most relevant advances 

 

Ink extrusion is currently the most employed AM process for lithium-ion battery electrodes 3D 

printing due to the ability to build highly loaded shape-conformable complex 3D structures with 

relatively inexpensive machines (Table 4.1) [311]. With a view to match adequate rheological 

properties to allow good printability, ink formulation must be studied thoroughly and a compromise 

between solvent, binder, electroactive species, and additives such as viscosifier or surfactant is 

required. Post-processes stages (freeze-drying, debinding, sintering) are commonly employed to 

allow inks to solidify into the form of the final object. By removing non-electroactive species, 

enhanced electrochemical performances and electrical conductivity can be obtained. In the case of 

high-temperature thermal post-treatment, it must be carefully executed as undesirable phase 

transitions of the electroactive material may occur. 

For the first time in 2013, Sun et al. [289] reported the fabrication of a complete 3D printed Li-ion 

microbattery prepared from Li4Ti5O12 and LiFePO4 cellulose-based electrode inks (Fig. 4.3 a). 

Active material nanoparticles were suspended in aqueous solutions for the negative and positive 

electrodes inks respectively. Printed green parts then undergo a sintering step at 600 °C during 2 h 

under an inert atmosphere to eliminate the organic additives and enable sintering. Promising 

electrochemical performances were reported for the half-cells: LiFePO4 electrode depicted a specific 

capacity of 160 mAh g−1 of active material at a current density of 170 mA g−1 (1 C), corresponding 

to an areal capacity of 1.6 mA cm-2 at 1.7 mA cm-2. In parallel, the Li4Ti5O12 electrode depicted a 

specific capacity of 131 mAh g−1 of active material at current density of 175 𝑚𝐴ℎ 𝑔−1  (1 C), thus 

equal to an areal capacity of 1.4 mA cm-2 at 1.87 mA cm-2. Based on the same AM process, in 2016 

Fu et al. [295] introduced the development of Li4Ti5O12/graphene oxide (GO) and LiFePO4/GO 

aqueous inks (Fig. 4.3 b). After enduring a freeze-drying step to remove water and strengthen the 3D 

structures, the electrical conductivity of the electrodes was tuned through the formation of reduced 

graphene oxide (rGO) upon a sintering step (Ar/H2 at 600 °𝐶 for 2 ℎ). A polyvinylidene fluoride-co-

hexafluoropropylene (PVDF-co-HFP)/Al2O3 ink was prepared to print a separator. After solvent 

evaporation, it was impregnated with a liquid electrolyte composed of 1 M LiPF6 in ethylene 

carbonate and diethyl carbonate (EC:DEC 1: 1 𝑣𝑜𝑙%) to obtain a gel electrolyte. LiFePO4/rGO and 

Li4Ti5O12/rGO half cells were electrochemically tested vs. Li metal at current density of 

10 𝑚𝐴ℎ 𝑔−1 (C/17). Specific capacities of 164 and 185 𝑚𝐴ℎ 𝑔−1 of active material were 

respectively obtained. These electrodes were assembled and the full battery depicted a capacity of 

about 100 𝑚𝐴ℎ 𝑔−1 1 at current density of 50 𝑚𝐴 𝑔−1. 



In 2018, the fabrication of a LiMn2O4/carbon black/PVDF positive electrode ink (85.5/6.5/8 𝑤𝑡. %) 

in N-methyl-2-pyrrolidone (NMP) solvent was reported by Li et al. [290]. After printing, a voltage 

(10 𝑘𝑉) was applied for 10 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 to control the electrode microstructure, while drying at 

120 °𝐶 was implemented to remove the solvent. Resulting structure exhibited enhanced 

performances (3.5 𝑚𝐴ℎ 𝑐𝑚−2 at C/10) compared with classical laminated film (1.8 𝑚𝐴ℎ 𝑐𝑚−2). The 

same year, printability of a complete lithium-ion battery was demonstrated by Wei et al. [304] by 

making use of a positive (LiFePO4) and negative (Li4Ti5O12) electrode inks, as well as ultraviolet 

(UV) curable packaging and separator inks (Fig. 4.3 c). Electrodes inks preparation consisted 

respectively of incorporating 30 𝑣𝑜𝑙% LiFePO4 with 1.25 𝑣𝑜𝑙% Ketjen black (KB) conductive 

particles, and 30 𝑣𝑜𝑙% Li4Ti5O12 with 1.35 𝑣𝑜𝑙% KB in 1 M lithium 

bis(trifluoromethanesulfonyl)imide/PC with 1 𝑤𝑡. % polyvinylpyrrolidone for the positive and 

negative electrode, respectively. A separator ink of PC/Al2O3/Triton X-100 surfactant was also 

prepared. After printing, the resulting structure was subjected to a UV-curing post-processing step. 

Complete printed lithium-ion battery exhibited an aerial capacity of 4.45 𝑚𝐴ℎ 𝑐𝑚−2 (corresponding 

to 17.3 𝑚𝐴ℎ 𝑐𝑚−3) at a current density of 0.14 𝑚𝐴 𝑐𝑚−2. 

Chen et al. [303] used a copper mesh printed via ink extrusion and later sintered as a substrate on top 

of which lithium metal was electrodeposited as a negative electrode for a lithium-sulfur battery. The 

copper-based ink consisted of 84.6/0.9/14.5 𝑤𝑡. % of copper powder, PVDF and NMP, 

respectively. The positive electrode was a non-printed sulfur-loaded carbon. Gao et al. [291] 

formulated an NMP-based ink from sulfur composite, PVDF-HFP, carbon nanotubes, and acetylene 

black in weight ratios 7: 2: 0.5: 0.5, with a sulfur loading of 5.5 𝑚g 𝑐𝑚−2. High-capacity retention of 

87% and 85% after 200 𝑐𝑦𝑐𝑙𝑒𝑠 at rates 1C and 2C (9.2 𝑚𝐴 𝑐𝑚−2  and 18.4 𝑚𝐴 𝑐𝑚−2), respectively, 

were obtained. Also printing a positive electrode material for lithium-sulfur batteries, Shen et al. [312] 

employed an ink containing sulfur particles (S8), 1,3-diisopropenylbenzene as copolymer initiator 

and condensed GO as conductive additive and rheological properties enhancer. Surprisingly, GO also 

acted as a buffer of the volume changes upon cycling and the sulfur copolymer-graphene architecture 

exhibited a reversible capacity of 812.8 𝑚𝐴ℎ g−1 and good cycle performance. On the other hand, 

Lacey et al. [313] produced positive electrode meshes for lithium-O2 batteries by printing an aqueous 

ink containing holey graphene powder (≈ 100 𝑚𝑔 𝑚𝐿 − 1), that after post-processing becomes 

holey GO. The 3D printed meshes possessed meso and nanoporosity that enabled pathways for 

electrolyte and oxygen gas to enhance battery performance. Thanks to these pioneering works, in 

2022 Idrees et al. [314] applied this information to produce a negative electrode for zinc-ion batteries. 

The active material consisted of a composite produced from the pyrolysis of a polymerized metal 

organic framework containing silicon and zinc (SiOC@Zn) (Fig. 4.3 d). The ink was made of active 



material, PVDF and KB in an 8: 1: 1 𝑤𝑒𝑖𝑔ℎ𝑡 𝑟𝑎𝑡𝑖𝑜. They found that the interpenetration of the design 

guides the nucleation of Zn2+ to achieve a superior capacity of 99 𝑚𝐴ℎ 𝑔−1at 0.45 𝐴 𝑔−1 in half-

cell versus zinc metal and helps to control dendritic growth and parasitic reactions that normally 

hamper the performance of zinc-ion batteries. As it can be deduced, there is still a lot to be done in 

regard to battery chemistry options other than lithium-ion, and to do so, issues such as inadequate 

rheological properties and electronic conductivity must be solved first. 

 

 

Fig. 4.3: a) SEM image after printing and annealing of the 3D interdigitated microbattery architecture design. Reprinted (adapted) 

with permission from [289]. Copyright 2013 Wiley Company ; b) Inks loaded in syringes (top) and optical image of the interdigitated 

electrodes (bottom). Reprinted (adapted) with permission from [295]. Copyright 2016 Wiley Company; c) Schematic representation of 

fully 3D printed Li-ion square cell battery. Reprinted (adapted) with permission from [304]. Copyright 2018 Wiley Company ; and d) 

Digital microscope images of the printed composite (PC/SiOC@Zn) and its corresponding annealed form (PC@Zn). Reprinted from 

[314] with permission from Elsevier.  

 

4.1.4 Ink extrusion: Solving the problem of inadequate rheology 

 

The printability of electrodes via ink extrusion is reliant on the rheological properties of the inks 

[311]. Viscoelasticity of the ink, for instance, must be modulated with the shear thinning behavior in 

order to yield stable electrode shapes. To this end, the cellulose-based viscosifiers hydroxypropyl 

cellulose and hydroxyethyl cellulose have been successfully added to aqueous Li4Ti5O12 and 

LiFePO4 inks [289]. In the case of a non-aqueous ink loaded with LiMn2O4, PVDF and carbon black 

(85.5: 8: 6.5 𝑤𝑡. %), Li et al. [290] found that by optimizing the solid content to 30 𝑤𝑡.% in the 

solvent, the ink was printable (viscosity of 103 𝑃𝑎. 𝑠 and 105 𝑃𝑎 shear stress at a shear rate of 

0.5 𝑠−1) and exhibited good electrochemical performances. Nonetheless, because of the nature of the 

NMP solvent, the authors required a very specific manufacturing and drying process.   

Another strategy to improve the rheological properties of inks consists in leveraging the good 

electronic conductivity of reduced GO, to create highly concentrated GO dispersions that have been 

reported to exhibit gel-like behavior with high elastic modulus [315]. Fu et al. [295] exploited this 

characteristic by loading aqueous inks with GO to a concentration of 80 mg mL-1 and in a mass ratio 

3: 7 of GO/Li4Ti5O12 (or LiFePO4). These inks exhibited high apparent viscosity between 

102 –  103 𝑃𝑎. 𝑠 at a shear rate of 1 𝑠−1. In contrast, inks heavily loaded with LiFePO4, PVDF and 



carbon black in NMP solvent did not present acceptable rheological properties to be printed via ink 

extrusion [295].  

Recently, Almansour et al. [293] claimed to obtain sintered positive electrodes based on LiFePO4 

with greater structural stability and a surface area approximately 190% greater than similarly 

produced devices reported in the literature [316]. The particularity of the ink was that once carbon 

black was added to increase electronic conductivity, the ink became very viscous and the nozzle 

became clogged. This group then added different dispersants and a plasticizer to compensate for the 

2 − 3 𝑤𝑡% of carbon in the ink. The most successful mixture was the mixture of ethylene glycol, 

glycerol, hydroxypropyl cellulose and Disperbyk DB-130. Other additives that might change 

rheological properties of the inks are dispersants and binders, which are used to prevent or promote 

particle aggregation and sedimentation. Perelaer et al. [316] reported the use of substances with 

hydroxyl or silanol surface groups to favor uniform particle dispersion. Other potentially useful 

dispersants include glycerol [289], cellulose nanofibers [317] and hyaluronic acid [318], to mention 

a few. Today numerous polymers are available to control the rheology of active materials for battery 

electrodes, the choice relies on the ratios of the different components that should match the desired 

electrochemical performances as well. 

 

4.1.5 Filament and ink extrusion: Solving the problem of electronic conductivity 

 

Analogous to the conventionally fabricated electrodes obtained via a tape casting process (slurry cast 

in a thin layer onto a flat surface and then dried), both filament and ink feedstocks require conductive 

additives to allow an efficient electronic conduction across a percolation network in the electrodes. 

While commercial electrodes contain between 2 − 6% of conductive carbon additives [319], [320], 

3D printed electrodes need a higher amount to counteract the presence of non-conductive fillers 

(polymer matrix, plasticizer, viscosifier). The pioneering work of Sun et al. [289] in ink extrusion of 

microbatteries did not use conductive additives, and as a consequence, resulted in limited rate 

capability.   

Given their high surface area, many carbon structures and other materials with at least one dimension 

in the nanoscale are often used [321]. In the literature different types of carbon black [262], [278], 

[290], [292], [295], silver nanowires (AgNW) [296], [322], carbon nanotubes (CNT) [261], [297], 

carbon nanofibers [278], graphite [261], graphene [192], [312] and rGO have been employed. 

Interestingly, the addition of elongated nanomaterials (CNTs or nanofibers) to the polymer matrix 



not only improves electronic conductivity, but also may reinforce the structural stability of the printed 

object [323].   

Concerning ink extrusion, through both simulation and experiments Park et al. [296] found that only 

0.7 𝑣𝑜𝑙. % of AgNW is needed to reach the electrical percolation threshold and still present good 

printability. By adding 1.9 𝑣𝑜𝑙. % of AgNW to an ink of LiFePO4, distilled water and sodium 

carboxymethyl cellulose (CMC), the conductivity of pure LiFePO4 (normally ≈ 10 − 9 𝑆 𝑐𝑚−1) was 

improved to 4.21 𝑥 10 − 3 𝑆 𝑐𝑚−1. Despite the good improvements, AgNW are not often the first 

choice due to their cost. Alternatively, in order to make conductive LiFePO4- and Li4Ti5O12-based 

inks, Zhou et al. [297] added 20 𝑤𝑡. % of CNT to mixtures of CMC and LiFePO4 (or Li4Ti5O12). The 

final dried electrodes exhibited conductivities of 1.20 and 2.08 𝑆 𝑐𝑚−1, for LiFePO4 and Li4Ti5O12, 

respectively. Similarly, LiFePO4- and Li4Ti5O12-based inks loaded with 3:7 wt. of LiFePO4/GO, have 

been reported to exhibit conductivities of 31.6 and 6.1 𝑐𝑚−1,, respectively, after annealing the 

electrodes to obtain rGO [324]. Note that the use of highly concentrated conductive additives may 

also present some drawbacks. As studied by Gnanasekaran et al. [325], nozzle wear occurs when 

using high loading of GO or CNT due to their abrasive behavior, as observed in their high specific 

Young’s modulus.  

Concerning filament extrusion, Foster et al. [306] reported that a commercial filament of 

PLA/Graphene in a weight ratio of 92: 8 exhibited limited electronic conductivity and 

electrochemical performances. This can be explained by the very high polymer loading that does not 

allow an efficient percolation network. Moreover, it is worth mentioning that in this study, graphene 

is at the same time employed as the electroactive material. On the other hand, Ragones et al. [261] 

used a combination of carbon-based electronic conductors (graphite, graphitized multi-walled CNT 

and carbon black) with LiFePO4 dispersed in PLA as filaments. In this case, the limited 

electrochemical performance is not attributed to the lack of conductive additives, but rather to the 

poor percolation network, along with insufficient electrolyte impregnation and long lithium diffusion 

path in the PLA matrix. In a similar manner, Reyes et al. [279] fabricated filaments with a 

combination of PLA, Li4Ti5O12 or LiMn2O4 and three carbon-based additives: carbon black, graphene 

nanoplatelets and multi-walled CNT. They found that the best compromise between printability, 

electronic conductivity and electrochemical properties existed when conductive additives are kept in 

< 30% 𝑣𝑜𝑙. and the ratio carbon additives/electroactive material is 80: 20. Although useful as 

starting references, these values should not be taken as definitive, as it is still possible to increase the 

loadings of solid materials without compromising printability. This is the case of the work of Maurel 

et al. [278] who were able to load a highly loaded printable PLA/graphite filament (up to 60 𝑤𝑡. % 

graphite) with up to 10 𝑤𝑡. % of carbon black (in respect to graphite) and obtain better 



electrochemical performance than the previous works, thanks to the addition of a plasticizer. For 

comparison purposes, the conductivity of 0.4 𝑆 𝑐𝑚−1,  at 20 º𝐶 was reported. 

As described above, there is no ultimate conductive additive or a combination that allows the 

electrodes to exhibit perfect printability and optimal electrochemical performance at the same time. 

Instead, the focus should be directed towards tuning the ratio between polymer matrix, active material 

and additives. The latter includes not only conductive additives, but also plasticizers and surfactants. 

As shown in Fig. 4.4, samples printed by filament material extrusion printing usually exhibit limited 

electronic conductivity as conductive species are dispersed within the important yet inactive polymer 

matrix. Electronic conductivity of the printed samples obtained via filament extrusion can be 

improved through additional thermal post-processing, enhancing the percolation network, but at the 

detriment of the mechanical strength and flexibility of the electrodes. Electrodes printed via ink 

extrusion usually exhibit appropriate electronic conductivity for battery application through the 

introduction of conductive additives in the ink feedstock. 

 

Fig. 4.4: Characteristics summary of 3D printed electrodes manufactured via filament extrusion (before and after additional thermal 

post-processing step) and ink extrusion. 

 

4.1.6 Towards Environmentally-Friendly and Solvent-Free Material Extrusion of Batteries 

Current studies are concentrated on the implementation of environmentally-friendly fabrication 

processes [284], [326], [327]. Solvent-free formulation of an environmentally-friendly lithium-

terephthalate/polylactic acid (Li2TP/PLA) composite 3D printable filament for its use, once 3D 

printed via filament extrusion, as a negative electrode of a lithium-ion battery was for example 

reported (Fig. 4.5 a) [284]. The process included the introduction of mechanical mixing steps (ball 

and hand-milling) subsequently followed by the direct introduction within an extruder of the organic 

electroactive Li2TP particles, polymer matrix powders and additives. Furthermore, future filament 

extrusion studies must now be focused on the manufacturing of such composite filament using a 

recycled polymer matrix as new feedstock material as suggested by Zander et al. [328]. Regarding 



the ink extrusion process, the fabrication of LiMn2O4 positive electrodes from water-based highly 

loaded slurries was reported by Airoldi et al. [326].  Environmentally-friendly CMC and Pluronic® 

P-123 binders were employed here by the authors. Printable pastes were later optimized through the 

introduction of carbonaceous additives (graphite, multi-walled carbon nanotubes and carbon black). 

With the same purpose in mind, an additive-free and aqueous GO-based ink was synthesized by Lacey 

et al. [313] where the authors demonstrated the printing of complex 3D electrode mesh architectures 

(Fig. 4.5 b). 

 

Fig. 4.5: a) Solvent-free formulation of an environmentally-friendly Li2TP/PLA composite 3D-printable filament for its use, once 3D-

printed via filament extrusion, as negative electrode of a lithium-ion battery [284]; b) 3D-printing of an additive-free and aqueous 

graphene oxide-based ink. Reprinted (adapted) with permission from [313]. Copyright 2018 Wiley Company. 

 

4.2 Hardware challenges and required printer modifications 
 

As shown in the previous section, the addition of a high loading of active materials within the filament 

or ink feedstocks has a detrimental impact on the printability and raises numerous challenges (Table 

4.4). The incorporation of additives (plasticizers, viscosifiers) thus appears as a first option to improve 

the mechanical/rheological performances and to facilitate printability. On the other hand, another 

interesting option often overlooked, consists of performing printer modifications. Hereafter, a 

summary of the issues faced while printing composite battery materials is presented, and an overview 

of the filament extrusion and ink extrusion machine modifications that have been specifically 

implemented in literature to facilitate lithium-ion battery components 3D printing is discussed. 

Particular attention is paid to custom configurations that were specifically developed to overcome 

issues related to the printability of composite lithium-ion battery materials.  



Table 4.4: Summary of previous studies on the topic of 3D printed lithium-ion batteries. 

Lithium-ion battery 

component 
Materials Printing challenges 

Positive electrode 

Filament extrusion → 

PLA/LiFePO4 [261] 

PLA/LiMn2O4/multi-walled CNTs [279] 

LiFePO4/carbon black/PLA/PEGDME500 [262] 

LiCoO2/carbon black [282] 

PP/LiFePO4/paraffinic oil/carbon black [249] 

PLA/LiFePO4/CNT [281] 

TPU/LiFePO4/KB [310] 

 

Ink extrusion → 

LiFePO4 cellulose aqueous ink [289] 

LiFePO4/GO aqueous inks [295] 

LiMn2O4/carbon black/PVDF in N-methyl-2-pyrrolidone solvent  [290] 
LiFePO4/KB/lithium bis 

(trifluoromethanesulfonyl)imide/PC/polyvinylpyrrolidone [304] 

LiFePO4/carbon black/CMC in water and 1,4-dioxane [294] 

Filament extrusion → 

poor filament 

mechanical strength and 

flexibility caused by the 

high loading of fillers; 

break within the extruder 

gears; clogged nozzle 

leading to non-

extrudability; printing 

speed; under/over 

extrusion; first layer 

resolution limitation; 

retraction parameter; 

microporosity control 

 

Ink extrusion → nozzle 

clogging; poor adhesion 

to substrate; under/over 

extrusion; printing 

speed; ink rheology; 

microporosity control 

Negative electrode 

Filament extrusion → 

PLA/graphene [50], [306] 

PLA/nanographite [307] 

PLA/Li4Ti5O12 [261] 

PLA/Li4Ti5O12/graphene [279] 

PLA/graphite/carbon black/PEGDME500 [278] 

Li4Ti5O12/carbon black [282] 

TPU/ Li4Ti5O12/KB [310] 

 

Ink extrusion → 

Li4Ti5O12 cellulose aqueous ink [289] 

Li4Ti5O12/GO aqueous inks [295] 

Li4Ti5O12/KB/lithium bis(trifluoromethanesulfonyl)imide/PC/ 

polyvinylpyrrolidone [304] 

 

 

Current collectors 

Filament extrusion → 

Commercial Cu-based filament [279] 

PLA/Ag-coated Cu [287] 

 

https://paperpile.com/c/9LDmwg/m4Jk


Ink extrusion → 

Cu-based ink [303] 

Electrolyte 

Filament extrusion → 

Polyethylene oxide/lithium bistrifluoromethanesulfonyl imide [269], [285] 

Polyethylene oxide/PLA/lithium bistrifluoromethanesulfonyl imide [280] 

 

Ink extrusion → 

PVDF-co-HFP/TiO2/N-Propyl-N-methylpyrrolidinium        

bis(trifluoromethanesulfonyl)imide        (Pyr13TFSI) / lithium   

bis(trifluoromethanesulfonyl)imide / NMP [277] 

Ethoxylated  trimethylolpropane  triacrylate /Al2O3/photoinitiator/LiTFSI/PC 

[304] 

Polyethylene oxide/LiClO4/TiO2 [296] 

LLZO/polyvinyl  butyral / benzyl  butyl  phthalate / n-butanol [285] 

LLZO/ 441 texanol-based  binder / ethanol [302] 

 

Filament extrusion → 

filament buckling 

phenomenon; printing 

must ideally be 

performed in a dry room 

or glovebox (inert 

atmosphere) to avoid 

H2O and O2 exposure; 

low printing temperature 

often used (<70°C) 

requiring firmware 

modification; only 

possible for solid 

polymer electrolyte or 

hybrid electrolyte; 

printing speed and 

retraction parameter 

optimization 

 

Ink extrusion → 

undesirable porosity is 

induced during the 

solvent evaporation; ink 

rheology 

Separator 

Filament extrusion → 

Pure PLA [262] 

PLA/PEGDME500/SiO2 [278] 

PLA/ polyethylene oxide [324] 

 

Ink extrusion → 

PVDF-co-HFP/Al2O3 ink [295] 

Filament extrusion → 

filament buckling 

phenomenon; 

microporosity control 

 

Ink extrusion → 

under/over extrusion; ink 

rheology; microporosity 

control 

 

4.2.1 Filament extrusion 

 

Due to the high loading composite nature of the filaments specifically designed to print lithium-ion 

battery components, the material occasionally will not extrude through the heated nozzle properly. 

This phenomenon can occur randomly, at the start or in the middle of a print, and is either caused by: 

i) the brittle mechanical behavior of the highly loaded electrode or current collector filaments that 

often break within the extruder gears (Fig. 4.6 a); ii) a buckling phenomenon often reported for 

flexible filaments (separator or solid polymer electrolyte components) (Fig. 4.6 a); or iii) a clogged 

nozzle occasioned by an accumulation of particles within the nozzle head upon printing. These issues 

ultimately affect the quality of the 3D printed battery component [278], [324] and could potentially 

lead to the non-extrudability. 



In terms of 3D printers, commercial and custom systems have been used to print battery components 

via filament extrusion [280], [324], [329]. The main modifications to improve the printability consists 

of: i) implementing a start-and-stop method [285]; ii) changing the nozzle diameter, and iii) 

performing mechanical improvements of constitutive 3D printing machine parts (e.g driver, extrusion 

head). Otherwise, as shown previously, the alteration of the filament composition though the 

plasticizer addition is a different method to improve the printability, without recurring to any machine 

modification.  

Regarding the start-and-stop method, Reyes et al. [279]or also Maurel et al. [262] used a classical 

cartesian Prusa machine (Prusa Research, Czech Republic) to fabricate a fully 3D printed lithium-ion 

battery in a single cycle without requiring any assembly. In order to print all of the components in the 

same printing cycle and from the same nozzle, the authors modified the G-code file to automatically 

pause the printing process or the researchers manually interrupted the printing process after depositing 

each battery component, thus allowing the operator to change the filament manually, switching from 

the old filament to the new one needed for the fabrication of the next battery component. After 

changing the filament feedstock, the printing process was resumed, and an entire battery was 

fabricated in one continuous printing process. 

To facilitate the printability, further nozzle alterations and mechanical improvements have been 

reported on cartesian and delta filament extrusion printers. In conjunction with the preparation of a 

custom filament specifically developed to be employed as a solid polymer electrolyte in a lithium-

ion battery (polyethylene oxide/lithium bistrifluoromethanesulfonyl imide), Maurel et al. [269], [285] 

modified a cartesian filament extrusion 3D printer with a direct drive “open” extruder, and a larger 

0.6𝑚𝑚 nozzle to prevent clogging (Fig. 4.6 b). Original gears were replaced with bondtech drive 

wheels (BondTech, Sweden) to facilitate the pushing process of the flexible filament into the nozzle. 

The heatsink part was also removed to reduce the distance between the gears and the nozzle. The 

latter mechanical improvement was implemented to prevent the buckling phenomenon and to allow 

the operator to see the filament during the printing process. Likewise, Down et al. [50] used a 

commercial Zmorph machine (Warsaw, Poland) equipped with a large diameter nozzle of 1mm to 

prevent blockage. To go further, Maurel et al. [269] developed an inverted delta printer to reduce the 

forces applied to the filament thus facilitating the printability of highly loaded composite electrode 

filaments (Fig. 4.6 c). In the original architecture, the extruder motor was not directly connected to 

the nozzle and the filament was required to pass through a polytetrafluoroethylene pipe. Commercial 

pure polymer filaments can be printed easily but composite filaments were reported to often break 

inside the flexible pipe due to the forces and vibrations applied during printing. To avoid this 

phenomenon, a custom inverted delta printer was developed: nozzle position was kept fixed so that 



only the bed is moving during printing, and the extrusion motor was directly connected to the head 

of the nozzle thus facilitating the insertion of the composite filament and printing. Finally, to prevent 

fracture of a composite filament (ABS/graphene) during the printing process, Dul et al. [330] rolled 

the filament onto spools with a larger diameter of 20 𝑐𝑚, instead of classical spools with 10 𝑐𝑚 

diameter suitable for standard ABS. 

To overcome these common filament extrusion issues while increasing further the active material 

loading within the feedstock, an innovative manufacturing approach would consist of using direct 

pellet extrusion process [331], [332].  This technology is also based on the extrusion of thermoplastic 

materials through a calibrated nozzle, however the main difference with the filament extrusion 

process is the material feedstock being employed. The pellet extrusion 3D printer is fed directly with 

pellets or powders through a single [146] (Fig. 4.6 d) or multiple feeding ports [333] (Fig. 4.6 e) 

located on the printhead while a motorized screw pushes the pellets into the heated nozzle [334]. This 

AM technology has been extensively used to fabricate reinforced-thermoplastic parts but the benefits 

are still underexploited in the field of the battery fabrication. As an example, for the electrodes, 

thermoplastic materials under the form of pellets can be added into the hopper in conjunction with 

active materials and conductive additives powders. In particular, the main advantage of this system 

is that the tedious step of composite filament preparation (mandatory for filament extrusion printing) 

can be simply removed by using a pellet extrusion printer. Such a system can also overcome the 

classic breaking of brittle filaments or buckling of flexible filaments within the printhead gears, 

leading to printing issues. An unprecedented amount of electrochemically active material could be 

added within the material feedstock (here pellets) thus leading to improved battery performances. 

Recent understanding of the pellet extrusion process, particularly regarding the printing parameters 

[146], [335], co-feeding and composite printing [333], microstructure [336], models predicting 

thermo-fluid dynamics [129], and simulations to predict the fiber orientation during the extrusion 

process [97], [98], make this process particularly appealing for the fabrication of functionalized 

materials that can be employed as battery components. Nonetheless, printing resolution appears as 

the main limitation of this process as an inconsistent material intake and output, or also lack of 

retraction during printing, can lead to defects.  



 

Fig. 4.6: a) Extrusion issues due to filament breakage within the gears and filament buckling [269]; b) Extruder modifications 

implemented to facilitate printing of a composite solid polymer electrolyte filament [285]; c) Custom-made inverted delta printer 

facilitating the printability of highly loaded composite electrode filaments  [269]; d) Pellet extrusion 3D printer equipped with a single 

[146]; and e) multiple feeding ports. Reprinted from [333] with permission from Elsevier. 

 

4.2.2 Ink extrusion 

 

The introduction of a high loading of active material was shown to considerably affect rheological 

behavior of the ink used to print battery components. As a consequence, a first option (shown 

previously) to overcome issues such as 1) nozzle clogging [337]; 2) poor adhesion to the substrate 

[298]; 3) under-extrusion [331] and 4) over-extrusion [301], consists in introducing a viscosifier 

within the ink material feedstock, without recurring to any machine modification. On the other hand, 

several printer modifications were explored to overcome the aforementioned problems. Recent work 

were mostly focused on solving the problems mentioned above, using solutions such as: i) changing 

the nozzle diameter [302]; ii) thoroughly controlling the ink viscosity thanks to temperature [277]; 

iii) rheological studies previously the printing phase [299]; iv) the introduction of specific syringe 

and substrate [293]. 

Regarding nozzle clogging, different remedies were proposed. Chen et al. [303] used a highly viscous 

ink loaded with copper particles to print current collectors. To facilitate printability, the authors 

employed a custom ink extrusion printer with a 200𝜇𝑚 diameter syringe. The latter was equipped 

with a ring electric heater set at 120 °𝐶 to improve the fluidity of the high-viscosity paste while also 



preventing clogging problems in the needle (Fig. 4.7 a). Similarly, Nathan-Walleser et al. [338] 

fabricated graphene-based independent electrodes for capacitors using an ink extrusion printer 

equipped with a low-temperature print head to control the viscosity. To advance further, a co-planar 

radio frequency applicator was used by Sarmah et al. [339] to generate an electric field to rapidly heat 

and cure nano-filled composites. This process consists of a sequential print-and-cure cycle allowing 

3D printing of multi-layered and complex structures. Every extruded layer was partially cured using 

radio frequency before depositing the next layer, so the printed part maintains structural integrity. 

Another solution to overcome the extrudability problem was presented by Idrees et al. [314] who 

vacuum filtered the ink to remove any agglomeration and large clusters to prevent the nozzle 

clogging.  

For extrusion problems, Lewis et al. [340] and Liu et al. [339] suggested controlling the ink dynamics 

during deposition to prevent adhesion and thickness-extrusion problems. To further control the 

porosity and particles distribution, Li et al. [290] manufactured a macro-/micro-controlled lithium-

ion battery by employing a fully-custom ink extrusion 3D printer, with three axis stepper controls and 

equipped with a 150 µ𝑚 syringe. The fully-custom 3D printer, consisting of a 3-axis micro-

positioning stage (Sherline 5400) motorized by stepper motors, was assembled and operated inside 

an Ar-filled glovebox to prevent external contamination. 

To solve extrusion and adhesion issues, Almansour et al. [293] used 3Dn-300 ink extrusion printer 

(nScrypt, Inc., Orlando, FL, USA), equipped with a special metal syringe tip. As shown in Fig. 4.7 

b, the electrode samples were printed on a substrate of borosilicate glass that was adhered directly to 

the print bed (temperature of 40°𝐶) with a small strip of masking tape. The metal syringe tip was 

used for the larger initial print runs, but smaller electrodes were printed with yttria-stabilized zirconia 

nozzles having opening diameters ranging from 75 to 100 𝜇𝑚. These shorter nozzles led to less 

material friction and a lower chance of clogging. 

Other solutions consist in the use of custom 3D printers used to fabricate battery components: 

commercial filament extrusion machines equipped/modified with a pressure ink-pump in order to 

switch from filament to ink extrusion [314]. The main benefit motivating researchers to modify 

filament extrusion machines into ink extrusion machines can be summarized as follows: i) low cost; 

ii) the possibility to extrude materials with different viscosities; iii) the possibility to easily modify 

mechanical parts of the set-up to improve the extrudability (delta or delta-inverted machine, needle-

nozzle size, syringe dimensions etc.); and iv) simultaneous multi-material deposition. An example 

was shown by Airoldi et al. [326]a who fabricated a battery cathode using a home-customized “delta” 

inverted machine (Fig. 4.7 c) equipped with a paste-extrusion head with a syringe of 30 𝑐𝑚3 

connected to a controlled pneumatic fluid dispersion (pression up to 5 𝑏𝑎𝑟), and different needle-



nozzle sizes (0.45 𝑚𝑚, 0.24 𝑚𝑚, and 0.20 𝑚𝑚) were used. Wang et al. [341] modified a commercial 

filament extrusion 3D printer (DeltaMaker 3D Printers, United States) by adding a paste extrusion-

type tool head to extrude a LiFePO4 base-ink to fabricate lithium-ion battery positive electrode. An 

interesting custom cartesian filament extrusion 3D printer was used by Tricot et al. [342] equipped 

with an Arduino Mega 2560/Ramps 1.4 board controller, and a volumetric dosing system to extrude 

a conductive ink.  

With an objective of improving the print quality and accurately controlling the line width, Liu et al. 

[294] reported the development of a bespoke ink extrusion machine allowing printing at low 

temperature (−30 °𝐶). After depositing positive electrode inks (LiFePO4, carbon black and CMC 

dispersed in water and 1,4-dioxane), an additional freeze-drying step was achieved at −60 º𝐶 during 

6 ℎ. Employing this low temperature printing process, the resulting electrode was shown to display 

different microstructure in terms of porosity, pore size and particle distribution in comparison with 

classical ink extrusion printing achieved at ambient temperature. Ink with a solid content of 

0.467 𝑔. 𝑚𝐿 − 1 exhibited a specific capacity of 82 𝑚𝐴ℎ 𝑔−1 at current density of 

1700 𝑚𝐴 𝑔−1 (10C). Same group [294] also reported a similar study for the negative electrode using 

Li4Ti5O12 inks via low temperature ink extrusion process. Resulting electrode consisting of 18 layers 

exhibiting areal capacities of 4.8 𝑚𝐴ℎ 𝑐𝑚−2 at 0.2 C and 3.6 𝑚𝐴ℎ 𝑐𝑚−2 at 2C. 

 

Fig. 4.7: a) Schematic diagram of the ink extrusion printer equipped with a ring heater. Reprinted (adapted) with permission from 

[303]. Copyright 2021 American Chemical Society ; b) Printing of a LiFePO4 ink onto a substrate of borosilicate glass to improve 

adhesion [293]; c) Custom-made inverted delta printer facilitating the printability of highly loaded composite electrode inks. Reprinted 

(adapted) with permission from [326]. Copyright 2021 Wiley Company. 

 

4.3 Optimization of printing and post-processing parameters 

In parallel with the printers modification undertaken to facilitate printability of the battery 

components, one of the most important research topics related to material extrusion printing is the 

full understanding of the process parameters (Table 4.1) in order to i) improve several properties 

simultaneously (i.e. mechanical, electrical and electrochemical properties, electrode porosity) of 3D 

printed battery parts and ii) improve the reliability of the extrusion process (i.e. reduction of 

clogging). An overview about several process parameters for filament and ink extrusion, to improve 



the above-mentioned aspects, is presented here. Moreover, post processing treatments are also 

discussed. 

4.3.1 Filament extrusion 

 

In recent years, numerous studies have been specifically investigating the impact of the printing 

parameters such as the i) infill density and pattern; ii) extrusion-head and build plate temperature; iii) 

printing speed; and iv) printing layer height on the resulting performances of the printed battery 

components. In order to improve the electroactive surface area and enhance the liquid electrolyte 

impregnation, Gupta et al. [281] fabricated micro-architected composite electrodes with varying infill 

density to achieve desired macroporosity using a custom-made PLA/LiFePO4/CNT filament as 

feedstock (Fig. 8.4 a-h). While fixing an infill density of 30%, Maurel et al.  [284] rather proposed 

to 3D print electrodes with various infill patterns including gyroid, rectilinear and archimedean chord 

designs to optimize the resulting electrochemical properties upon cycling (Fig. 4.8 i). Gnanasekaran 

et al. [294] took advantage of a multi-material 3D printing machine as polybutylene 

terephthalate/CNT/graphene and pure PLA were extruded at the same time, using two different 

nozzles. The authors showed that the best way to prevent warpage was both setting the build plate 

temperature to 70 °𝐶 and using double-sided tape as substrate. The graphene-based composite 

material proposed in their work could be theoretically employed as anode in a classical lithium-ion 

battery. A good intralayer adhesion was achieved by Dul et al. [330] while extruding a custom-made 

ABS/graphene nanoplatelets thanks to a low printing speed of 40 mm.s-1 and a deposition rate 

of 4 𝑚𝑚. 𝑠s1. Moreover, a layer height of 0.2 𝑚𝑚, a printing temperature of 230 °𝐶 and build plate 

temperature of 60 °𝐶  were set as well, in order to obtain good extrudability of the filament. 

Iffelsberger et al. [283] printed three different PLA/graphite electrodes while setting the nozzle at 

185, 200 and 220 °𝐶 (Fig. 4.8 j). It is possible to appreciate that the electrode printed at 185 °𝐶 

provides poor quality as the adhesion between single lines and layers is weak. The best quality was 

achieved for the electrode printed with nozzle temperature of 220 °𝐶. At this temperature, the 

dispersion of graphite particles into the PLA matrix was enhanced and resulted in higher electronic 

conductivity. Moreover, to avoid the nozzle clogging, high extrusion temperatures must be utilized: 

Vaneckova et al. [343] set the nozzle and build plate temperatures equal 𝑡𝑜 215 and 60 °𝐶, 

respectively. In this way, the authors were able to use a very low layer height value (0.05 𝑚𝑚) to 

fabricate a high-resolution battery anode. Percoco et al. [150] later reported that the total printing 

force occurring during the manufacturing process is directly linked with the printing temperature. 

Vernardou et al. [344] deposited over a build plate having a temperature of  50 °𝐶, a custom filament 

made up of PLA and graphene by setting high nozzle temperature (220 °𝐶) and employing a nozzle 



having a diameter equal to 0.4𝑚𝑚. It is important to point out that as soon as fillers (active material 

and conductive additives) are loaded within a pure polymer filament, the nozzle temperature must be 

slightly increased to prevent traditional clogging issues. At higher temperature, the viscosity of the 

melted polymer within the nozzle will decrease, thus ultimately facilitating printability and preventing 

under-extrusion. 

Post-processing treatments such as vacuum drying, vapor polishing, debinding and sintering were 

also studied in order to improve mechanical, electrical or electrochemical properties. Paz et al. [345] 

performed acetone vapor polishing at 57 °𝐶 for 1 𝑚𝑖𝑛 and subsequently dried the 3D printed item 

(ABS/graphene nanoplatelets) at 37 °𝐶 to ensure surface smoothing, and homogeneous electrical 

conductivity (Fig. 4.8 k). Chen et al. and Ragones et al. [261], [288] dried the 3D printed battery 

positive electrode under vacuum at 100 °𝐶 for 12 ℎ𝑜𝑢𝑟𝑠 in order to remove residual solvent and 

moisture to later improve electrochemical performances. In a similar way, Down et al. [50] additively 

manufactured NaMnO2 and TiO2 positive and negative electrodes for a sodium-ion battery using a 

combination of ABS and polyvinyl alcohol (PVA) as polymer matrix. After printing, the electrodes 

were soaked into water to dissolve the PVA and create porosity. The electrodes were finally dried at 

60 °C and stored under vacuum to evaporate the residual water from the parts. To go further, Valera-

Jiménez et al. [282] added a slow debinding process (up to 550 °𝐶, necessary to ensure slow removal 

of the polymer matrix while avoiding cracks) and sintering process (900 °𝐶 for 6ℎ). 

 

 

Fig. 4.8: a-h) Optical and SEM images of printed LiFePO4-based electrodes with varying infill density to achieve desired 

macroporosity of (a, e) 10%, (b, f) 30%, (c, g) 50% and (d, h) 70%. Reprinted from [281] with permission from Elsevier ; i)  3D printed 

electrodes with various infill patterns [284] ; j) PLA/graphite electrodes printed setting the nozzle temperature at 185, 200 and 220 



°C. Reprinted (adapted) with permission from [283]. Copyright 2021 Wiley Company; k) Optical images of 3D printed ABS/graphene 

nanoplatelets electrodes before and after acetone vapor polishing [345]. 

 

4.3.2 Ink Extrusion 

 

Regarding ink extrusion printing, the following printing parameters have been investigated to tune 

selectively the printed battery component performances: i) infill density and patterns; ii) control of 

pump pressure and printing speed; iii) layer thickness; iv) extrusion-head temperature and diameter; 

and v) temperature of the build plate or printing chamber. Wang et al. [341] used a custom printer to 

print a LiFePO4 electrode ink and investigated the impact of various infill patterns (grid, ring, line) 

on the resulting electrochemical performances during cycling (Fig. 4.9 a ,b). While no particular 

differences were reported at low current densities, the 3D printed electrode with the line infill pattern 

demonstrated superior performances at higher current densities of 1C, 2C and 4C and better capacity 

retention after 150 cycles at 1C, in comparison with the 3D printed grid and ring pattern counterparts. 

The authors thoroughly controlled the applied pressure (between 30 and 50 𝑝𝑠𝑖) and printing speed 

(between 6 and 10 𝑚𝑚. s−1). To ensure good printability of their high viscosity inks, Fu et al. [295] 

optimized the pressure and printing speed (6.8 𝑘𝑃𝑎 and 5 𝑚𝑚/𝑠) of an air-powered fluid dispenser 

to prevent the collapsing of the electrode structures during printing. To fabricate battery separators, 

Liu et al. [301] used an air-powered fluid dispenser with a fixed extrusion rate of 0.7 𝑚𝑚/𝑚𝑖𝑛. The 

authors studied the relationship between the printing pressure (5 Pa and 10 Pa), the separator thickness 

(29, 50 and 100𝜇𝑚) and separator performance. The best performance of the battery separator was 

achieved at 10 𝑃𝑎 and 100𝜇𝑚 of thickness. Needle geometry, pressure, and print speed were also 

tuned by Kohlmeyer et al. [300]to maximize print reliability and wetting of the ink. Similar work was 

pursued by Liu et al. [299] who optimized the printing quality and accuracy by tuning the extrusion 

speed, scanning speed and layer thickness of printed Li4Ti5O12 negative electrodes (Fig 4.9 c-e). 

While the printing step is usually performed at room temperature in most of the reported studies, here, 

the authors [282] maintained the printing chamber temperature at −7 °𝐶 to allow the ink to 

immediately freeze. The 3D printed samples were then stored at −20 °𝐶 and the solvent was 

subsequently removed to create porosity by applying vacuum freeze-drying. In another study [277], 

an extrusion temperature of 120 °𝐶 was leveraged to overcome the needle clogging. Similarly, Chen 

et al. [303] increased the extrusion-head temperature 𝑡𝑜 65 °𝐶 and also heated the build plate to 80 °𝐶 

during the printing step to evaporate the solvent and induce solidification. 

Finally, many efforts were attempted to develop relevant pre- and post-treatments such as: i) curing; 

ii) freeze-drying or vacuum drying; iii) thermal post-processing; and iv) reduction under H2 

atmosphere. These additional treatments are performed to solidify the printed structure, remove 



moisture and solvent residuals, remove non-electrochemically active polymeric binders, obtain 

correct sample dimensions, or also to allow electrochemical activation of the printed item. An 

innovative process reported by Sarmah et al. [339] consisted of immediately adding a curing step for 

45– 60 𝑠 after printing of each layer (𝐹𝑖𝑔. 4.9 𝑓). The final structure was cured completely for 

10 𝑚𝑖𝑛 after the last printed layer. In another study, Wang et al. [341] immersed the 3D printed 

LiFePO4 electrodes in a water coagulation bath followed by freeze drying to remove solvent residuals 

and finally obtain free-standing electrodes with increased mechanical strength. Similarly, Gao et al. 

[291] immediately immersed the printed sulfur positive electrodes in a water coagulation bath to 

create a phase inversion leading to hierarchical porosity, improved adhesive strength, facilitated 

electron/ion transport, and enhanced electrochemical performances. After that, freeze-drying at 

−50 °𝐶 was applied to remove solvent residuals and maintain the 3D structure. As shown in Fig. 4.9 

g, a freestanding and flexible 3D printed sulfur electrode was obtained after freeze-drying while 

samples dried in an oven appeared to be very fragile. Freeze-drying was used in other studies to 

remove the solvent from the electrodes, preventing cracks on the printed structure witnessed when 

using regular vacuum drying [291], [312]. To remove the remaining solvent from the 3D printed GO 

electrodes, Fu et al. [291] first employed freeze-drying, followed by thermal post processing at 

600 °𝐶 in Ar/H2 gas for 2 ℎ𝑜𝑢𝑟𝑠 to enable the formation of rGO. An additional thermal post-

processing step was also employed by Moyano et al. [346] who subjected a 3D printed GO electrode 

to a heat treatment up to 1200°𝐶 under nitrogen atmosphere which assured GO reduction and polymer 

matrix decomposition. 

 

 

Fig. 4.9: . a,b) Optical, 3D design and SEM images of 3D printed LiFePO4-based electrodes with different infill patterns. Reprinted 

(adapted) with permission from [341]. Copyright 2018 American Chemical Society ; c-e) Optimization of the printing quality of 

Li4Ti5O12 electrodes by tuning the extrusion speed, scanning speed and layer thickness. Reprinted from [299] with permission from 

Elsevier ; f) Schematic representing the ink extrusion printing process using radio-frequency assisted heating and curing. Reprinted 

from [339] with permission from Elsevier ; g) Optical images of printed sulfur positive electrodes after drying in an oven and after 

freeze-drying. Reprinted from [291] with permission from Elsevier. 

 



4.4 Conclusions  
 

By leveraging the most recent advancements of additive manufacturing, next-generation shape-

conformable 3D lithium-ion batteries can be co-designed together with the final application, so that 

dead-volume and weight are minimized, while power performance are enhanced. Lithium-ion 

batteries are the predominant battery type employed in portable consumer electronics, power tools 

and electric vehicles, due to the current high energy densities, low self-discharge and adequate safety, 

when compared with other rechargeable battery technologies. Material extrusion 3D printing 

(filament and ink extrusion), due to simplicity, low cost, flexibility, wide adoption, capability of 

printing highly loaded composite feedstocks, and multi-material printing options (enabling the 

printing of a complete battery in a single non assembly process), has been considered for the 

manufacture of custom-shape lithium-ion batteries in recent years. As shown in this reaserach, state 

of the art on 3D printed batteries is mainly relegated to manufacturing single battery components 

(cathode, anode, separator, electrolyte, or current collectors), while only a relatively few works have 

been focused on 3D printing of complete cells in a single non-assembly printing step. Most of 

previous studies investigate the preparation and optimization of material feedstock (filament or ink) 

to facilitate the printability of a single battery component through the addition of a sufficient amount 

of polymeric matrix, plasticizer (filament extrusion), or viscosities (ink extrusion), while also 

maximizing the electrochemical performances of the printed item thanks to the introduction of a high 

loading of battery active material. As a perspective, future studies related to the material feedstock 

must be focused on environmentally friendly processes to limit drastically the use of non-aqueous 

solvents for the filament or inks preparation. The simultaneous impact of the battery active material 

particle size on the printability and electrochemical performances, overlooked until now, should also 

be optimized. Due to the composite nature of the material feedstocks, material extrusion printing 

issues are often faced. To overcome these limitations, innovative machine modifications as well as 

printing and post-processing parameters optimization have been implemented. Still, specific machine 

modifications and printing parameters optimization must be pursued by coupling modeling and 

experiments to facilitate the printing of highly loaded composite filaments and inks for the preparation 

of battery components with superior electrochemical performances. Finally, based on the pioneering 

efforts was discussed, in-depth research must now be targeted on the development and optimization 

of innovative multi-material system allowing the manufacturing of complete battery cells in a single 

step. Manufacturers are encouraged to develop new multi-material systems that consider the 

composite nature of the material feedstocks and the requirement related to avoiding short-circuit 

during printing of the complete battery. 

 



5. General conclusions 
 

The aim of the present PhD thesis was to demonstrate the advancements of Additive Manufacturing 

MEX technologies for the fabrication of smart structures based on the use of electrical and magnetic 

actuation with embedded sensing systems, through custom-made setups and innovative fabrication 

approaches. Thanks to research and work done at the Interdisciplinary Additive Manufacturing (IAM) 

Lab, Polytechnic University of Bari, SMAM 4 Soro, Polytechnic University of Bary, and BruBotics 

Lab, Vrije University of Bruxelles, the goals of the thesis were achieved: different smart structure, 

such as electrical, electrothermal or electromagnetic actuators, sensors and different setups for 

extrusion of non-conventional polymers were studied and characterized.   

As shown in previously chapters, the main benefits and advantages that MEX fabrication offers are: 

i) one-shot fabrication with a reduction of manual tasks, ii) reduction in time and costs fabrication, 

iii) fabrication of multi-material soft robotics structures ready to be activated using electric and 

magnetic external stimuli after remotion from the 3D printer build plate, vi) high level of 

customization of 3D printing machines (custom-made setups), and  v) possibility to embedded 

sensing systems into soft smart structures to provide real-time feedback.  

The use of MEX technology enables the fabrication of complex smart structures, such as shown in 

the PhD thesis, which can self-actuated, self-sensing, and self-healing without expensive materials or 

machines costs. Multi-material MEX for actuation systems based on electrically or magnetically 

driven required a low-cost commercial materials and 3D printer. The use of electrical or 

electromagnetic actuation has demonstrated several advantages, such as reduced activation and 

deactivation times (i.e., return to the original shape) compared to systems based on shape memory 

polymers or alloys. It has also been shown to reduce noise levels, unlike pneumatic systems, and 

offers significantly lower energy consumption. The portability, unlike systems that require light 

sources, heat, or compressed air, makes these systems highly advantageous for both every day and 

industrial applications.  

Moreover, in this research, the use of non-conventional materials, such as Galinstan, allows to 

fabricate smart bending gripper and soft frog by incorporating metal filed channels which can be 

activated via electrical current and external permanent magnet, inducing movements of the smart 

structures. It has also been shown that the high-level of customization available with 3D printing 

machine, as shown in the literature, was used in this work to developed several custom-setups: i) 

entry-level Independent Dual Extrusion (IDEX) 3D machines (500 €) was modified to extrude both 

thermoplastic polymers and silicone (from a custom-made extrusion-head) at the same time and in 

the same printing cycle, thereby reducing the extrusion force in order to fabricate thin-layer structures 



with high details; ii) similarly, the fabrication of sensing systems with increasing of sensitivity 

required only a low-cost innovative setup (roller) and implementation of printing approach, such as 

ironing parameter), with 83% increasing of the sensitivity of the sensors, thereby reduction of voids 

(53%), for the first time in the literature.  

Another achievement reported in the present thesis concerns the possibility to extrude self-healing 

ink material through low-cost custom-made setup: in this way, multi-material self-healing sensor was 

developed shown improvements in mechanical, geometrical, conductivity, and healing performance. 

Additionally, the extrusion force was reduced, and process parameters were improved with the 

custom-innovative second heating system (SHS) implemented on the 3D printer machines for extrude 

self-healing ink.  

 

In the author’s opinion, MEX technology will be utilized over the next years to develop, study and 

fabricate the new-generation of smart structures (such as actuators and sensing devices), though 

customization of 3D printing machine in order to: i) enhance the fabrication process, ii) improve the 

efficiency of actuators and sensors (e.g., increase of electrical sensitivity), and iii) reduce time, costs, 

and manual tasks involved in the fabrication processes. 

Concluding, despite MEX technology is not yet fully mature, it seems to be suitable for the smart 

structures field: new advancement and future studies in simulations, customization setups, materials 

customization, failure-behaviour of the devices and energy consumption will pave the way to 

overcome the current limitations of Additive Manufacturing.  

 

  



Appendix A 
A1- Magnetic nanopowder dispersion in Ecoflex 00-10  

 

As demonstrated in scientific literature, if the mixing of silicone material with external magnetic/ferromagnetic particles 

is properly performed, a good dispersion of the particles inside the ink occurs, preventing the stratification. The 

sedimentation of particles in fluids is governed by the Stoke’s equation, and this phenomenon happens at very low sinking 

velocity v𝑠 which can be calculated as follow: 

v𝑠 =
d2g(ρs − ρf)

18η
 

(eq. 

A1) 

 

Here d is the particle mean diameter (53 𝑛𝑚, accordingly to 𝐹𝑒3𝑂4 datasheet), 𝑔 is the gravity acceleration (9.81 𝑚2 /𝑠), 

ρs is the density of the  𝐹𝑒3𝑂4 nanopowder (5170 𝑘𝑔/𝑚3), ρf is the density of the pure silicone (1040 𝑘𝑔/𝑚3) and η is 

the dynamic. 

From equation (S1), it stands out that the sinking velocity is extremely low, and it ranges from 0.35 𝑛𝑚/𝑠 to 0.18 𝑛𝑚/𝑠, 

when considering 10 𝑤𝑡% (η=18 𝑃𝑎 𝑠) and 30 𝑤𝑡% (η=35 𝑃𝑎 𝑠) of 𝐹𝑒3𝑂4, respectively.   

Since the proposed manufacturing approach is envisioned to be used for the fabrication of small-scale silicone structures, 

which requires very low manufacturing time (no more than 5 𝑚𝑖𝑛), the sedimentation issue can be considered negligible. 

It should be noted that, when extruding silicone mixed with 30 𝑤𝑡% of 𝐹𝑒3𝑂4 (highest reduction of force) a very low and 

neglectable sedimentation of 5.4 µ𝑚 occurs in 5 𝑚𝑖𝑛.  

In addition, to prove the dispersion of 𝐹𝑒3𝑂4 inside the silicone obtained with the mixing method used throughout the 

whole research and the lack of sedimentation, another test was performed. Two different inks (pure silicone with 0 𝑤𝑡% 

of 𝐹𝑒3𝑂4, and silicone mixed with 30 𝑤𝑡% of 𝐹𝑒3𝑂4) were extruded in free-air and the extrusion was recorded by using 

the force sensor placed between the pushing part and the syringe piston. The test was performed by extruding both the 

inks at the same flow rate 𝑄= 0.1 𝑚𝐿/𝑚𝑖𝑛 for 5 𝑚𝑖𝑛. Fig. S1 shows the results of the test for both the inks. 

As expected, the force recorded to extrude pure silicone was constant over time due to the lack of magnetic nanopowder. 

On the other hand, also the force applied to extrude the magnetic ink (30 𝑤𝑡% of 𝐹𝑒3𝑂4) resulted to be constant during 

the whole test (5 𝑚𝑖𝑛). This result clearly demonstrate that the mixing technique used to add magnetic nanopowder inside 

the silicone ensured the full dispersion of 𝐹𝑒3𝑂4 without creating stratification regions. It is important to point out that 

the absence of spikes in the extrusion force is a direct measure of the dispersion of the 𝐹𝑒3𝑂4 nanopowder inside the 

silicone. 

 

A2- Force sensor and methodology for recording every force contribution 

 

Force-Pressure Sensor RP-C18.3-ST was used to evaluate the extrusion force of the pushing part.  The sensor was 

installed between the syringe piston and the 3D printer pushing part, as shown in Fig. A2 a). The sensor was connected 

Fig.A1-Extrusion in free air for 5 min to prove the dispersion of magnetic nanopowder inside the silicone and the lack of 

stratification regions 



to Arduino UNO using the circuit scheme shown in Fig. A2 b).  The resistance changes read by the sensor was shown 

on the PC screen through Arduino sketch and collected in Excel file.  

 

To convert the resistance value in force value, the following code was used: 

 

void setup() { 
  pinMode(13, OUTPUT); 

  pinMode(7, INPUT); 

  Serial.begin(9600); 

} 

 void loop() {   

  int v = analogRead(A0); 

   Serial.println(v); 

  if (v < 900) { 

    digitalWrite(13, HIGH);   

  } else { 

    digitalWrite(13, LOW);   

  }   

  delay(200); 

} 

 

. 

Every force contribution has been calculated using the following methodology: 

 

1) The selected flow parameter was set (i.e. Q = 0.1 mL/min) 

2) The extrusion was run in free-air (around 50 cm away from the build plate) for a total of 7 s. In this way, the 

counter-pressure force ( FC−P ) has been avoided and the force recorded from the strain gauge FT (total printing 

force) was equal to FS (force generated inside the syringe), FS has been experimentally found out. 

3) At this point the bead described in 3.2 (70mm long, and 1.02 mm wide) was extruded on the build plate. The 

select layer height was set (i.e. 0.1 mm) 

4) The strain gauge measured the overall printing force FT which, at this time, also includes the counter-pressure 

force FC−P 

5) By deducting the FS (found out at point 2) by FT (found out at point 4), the counterpressure force FC−P was 

found out. 

 

The following procedure has been used when the copper coils were not provided with electrical current (traditional 

approach). By keeping the process parameters unchanged (same value of Q and same value of layer height), electrical 

current (4.5 A) was provided to the copper coils. At this point another bead (70 mm long and 1.02 mm wide) was extruded 

on the build-plate and the strain gauge sensor recorded the overall printing force (FT) which includes the electromagnetic 

force FEM, as shown in equation (2). It should be noted that FT calculated when exploiting the electromagnetic force is 

smaller than FT calculated when extruding in accordance with the traditional approach, because FEM is a subtractive term. 

Fig.S2- a) Schematic representation of the force sensor attached on the syringe piston, and b) Force sensor circuit using 

Arduino UNO 

 



At this point the new FT was deducted to FT calculated at point 5), and in this way the electromagnetic force FEM was 

computed.  

 

A3- Bio-inspired soft robots  

 

In Fig. A3 all the dimensions of the soft bio-inspired robots described in Fig. 3.9 (chapter 3) are presented. 

 

 

 

Fig. A3- Dimensions (mm) of the 3D printed bio-inspired soft robots presented in Fig 3.9 (main text): A) magnetic soft 

flower, B) knee-like structure, C) bio-inspired finger, D) spider-inspired soft robot, and E) bistable actuator. 

Additionally, Fig. A4 shows a direct comparison between the same bio-inspired structure fabricated with the proposed 

electromagnetic and traditional approach. The dimensions of the bio-inspired finger are shown in Fig A9. In particular, 

the main idea underlying the present comparison is that the silicone joint (magnetic for the proposed approach, pure for 

the traditional approach) has to be composed of 3 consecutive extruded layers. Such number of layers was experimentally 

found to ensure a good adhesion and reduces delamination problems when the finger was bent. The minimum layer height 

achievable with the proposed approach of 0.1 mm was set, and a total thickness of the magnetic ink joint of 0.3 mm 

(corresponding to 3 layers of 0.1 mm each) was set. On the other hand, the minimum layer height achievable with the 

traditional approach was 0.3 mm (smaller layer height values resulted in over-extrusion and distortion problems due to 

extremely high printing forces) resulting in a total thickness of the pure silicone of 0.9 mm (3 layers of 0.3 mm each).  

Thus, the only difference in the dimension of the finger between the proposed and traditional approach is the thickness 

of the soft silicone joint: 0.3 mm in the proposed approach, and 0.9 mm in the traditional approach. 

The same testing procedure was used for both the bio-inspired fingers: a nylon tendon (0.2 mm) was integrated inside the 

finger holes and connected to a stepper motor which was moved at 300 RPM for a total of 3 s. When the motor pulled the 

tendon, the whole finger was bent. The main difference in the performance of the finger fabricated with the proposed and 

traditional approach are shown in Fig. A4. The finger fabricated with the proposed approach results in greater bending 

performance and flexibility since the thickness of the soft joint is just 0.3 mm (against 0.9 mm for the finger fabricated 

with the traditional approach). The present comparison clearly shows the benefits of the electromagnetic-assisted 



approach in fabricating high performance soft robotic devices having small-scale features. 

 

 

Fig.A4- Comparison between the same bio-inspired finger (soft joint composed of 3 extruded layers) fabricated with the 

proposed and traditional approach: the proposed approach produces a finger with improved bending behavior and 

flexibility. 

 

 

 

 

 

 

 

 

 

 

 

 



APPENDIX B 

B1- Diels-Alder self-healing materials: Characterization 

 

The self-healing materials Pripol1040_DPBM was characterized using Differential scanning calorimetry (DSC) with a 

temperature window of -100 to 150 °C and rate of 5 K/min (see Fig. B1 a). The glass transition temperature (𝑇𝑔) was 

found at 53°C.  

Regarding the rheology, Dynamic rheometry was performed to determine 𝑇𝑔𝑒𝑙 , resulting to be 135°C.  

Fig.B1- a) Thermal analysis using Differential Scanning Calorimetry (DSC, and b) Dynamic rheometry. 

 

B2- Force sensor for recording extrusion force 

 

Pressure force Sensor CP 150 (RS Components, Belgium) was used to evaluate the extrusion force of the pushing part.  

The sensor was installed between the metal-custom syringe piston and the metal pushing part, as shown in Fig. B2 a). A 

3D printed support was used to fix the sensor to the syringe-piston.  

Arduino UNO R3-board (RS Components, Belgium) was used to control the sensor through the circuit schema shown in 

Fig. B2 b).  The sensor resistance values were shown on the computer screen using Arduino sketch.  Excel file was used 

to collect the data.  

 

The following sketch was used to convert the resistance values in force value: 

 

int fsrPin = 0;     

int fsrReading;   

  

void setup(void) { 

  Serial.begin(9600);    

} 

 void loop(void) { 

  fsrReading = analogRead(fsrPin);   

   Serial.print("Analog reading = "); 

  Serial.print(fsrReading);     // print the 

raw analog reading 

   if (fsrReading < 10) { 

    Serial.println(" - No pressure"); 

   Serial.println(" - Light squeeze"); 

  } else if (fsrReading < 800) { 

    Serial.println(" - Medium squeeze"); 

  } else { 

    Serial.println(" - Big squeeze"); 

  } 

  delay(1000); 

} 

 



  } else if (fsrReading < 200) { 

    Serial.println(" - Light touch"); 

  } else if (fsrReading < 500)  

 

 

Fig.B3- a) Force sensor attached on the syringe piston, and b) Force sensor circuit using Arduino UNO R3-board. 

B3- Printer modification  

 

The ToolChanger motion system was modified in order to extrude ink-based self-healing materials.  

 

The following part were used to modify the printer (Tab B1): 

 

Part name Realization Cost (€/pz) Img 

Pushing element CNC -- 

 

Linear Bearing (x2) RS Components 13,00 

 

Lead screw Rs Components 8,00 

 

Linear rail (x2) Rs Components 14,00 

 

Joint 3D printed -- 

 



Stepper motor E3D ToolChanger 22,64 

 

Custom-plate CNC -- 

 

ToolChanger-plate E3D ToolChanger 34,95 

 

Heating element Rs Components 55,27 

 

Heating block 

(metal element + 

thermocouple + heating) 

E3D ToolChanger 9,99 

 

Dock 3D printed -- 

 

Motor Fan E3D ToolChanger --  

Cooling-Fan E3D ToolChanger --  

Nozzle E3D ToolChanger -- 

 

Thermal isolator Rs Components 11,00  

 

The external PID temperature controller (See Fig. B3 a) was used to implement the Dual Temperature Control (DTC) 

approach. The PID is composed of control-plate with monitor and buttons for setting the temperature, solid state relay 

(SSR), and a thermocouple. The thermocouple was fixed to the syringe-barrel to read the temperature of heating element 

in real-time.  

 



 

Fig.B3- a) PID temperature controller fixed to the ToolChanger Frame, and b) wiring of the PID. 

The heating element (RS Components, Belgium) could work up to 340°C, with a maximum watt density of 6.5 W/cm2. 

The diameter ranges from 25 to 100 mm, according to the rotation of the bull. The heating element is powered directly 

by the PID controller, such as shown in the Fig. B3 b. 

 

The schematic presentation of the modified extrusion ink-based head is shown in Fig. B3- c and d. 

 

Fig.B3- c) front side of the modified ink-based extrusion head, and d) back side. 

 

B4- Custom-made hot metal syringe 

 

 The hot custom-made syringe for self-healing materials extrusion was based on 40 ml syringe model with the following 

dimensions: 

• internal height: 75 mm 

• internal diameter: 13 mm 



• external height: 89 mm 

• external diameter: 28 mm 

 

The syringe was manufactured using Computer Numerical Control (CNC) machine in aluminum metal. The syringe was 

designed according to the CNC manufacturing and to easy clean the internal surface, as shown in Fig B4- b, c, and d 

 

.B5- Mechanical test 

 

For the tensile test the ASTM D638-14 Type V standard was used to design the dogbones, and for the compression test 

the used standard was the ASTM D695.  

The samples were fabricated using three different extrusion temperature to evaluate the relationship between extrusion 

temperature (Fig. B5 a) and mechanical performance, when the DTC is enabled. 90° and 0° printing direction, respectively 

parallel and perpendicular to the y-axis was tested. A total of 12 samples were tested: two repetitions for each printing 

direction and temperature.  

As shown in Fig. B5 b, four different layers were printed resulting in a good adhesion.  

Moreover, the breaking sections of the several samples, after the tensile tests, were shown in Fig. B5 c, when the extrusion 

temperature is equal to 145°C. 

a

) 

Fig.B4-: Custom-made hot metal syringe schema: a) geometrical dimensions of custom-made hot metal syringe b) 

assembled schema of the syringe, c) barrel exploded CAD, and d) piston exploded CAD. 



  

 

Fig.B5-: a) printed dogbones for tensile tests, b) printed layers, c) breaking section of the dogbones after the tensile 

test. 



In order to demostrate the potenziality of the proposed DTC approac, the following pictures shown the deposition of the 

selg-jealing materials during the printing of the dogbones when the DTC is enalbed and the extrusion temperature is equal 

to 145°C. The latter prining parameter allows to print with a good quality the specimens, resulting in a trade-off between 

geometrical accuracy and mechanical performance.  

 

Fig.B5-: d) printing of the dogbone specimen (DCT = On, Text = 145°C). 

 

 

B6- Printing quality  

 

The impact of the DTC, when the extrusion temperature is equal to the better (145°C), is possible to print complex-shape 

structures which result in a good geometrical accuracy and printing quality, as shown in Fig. S6 a. Following the printed 

shape were compared with the original STL shape in order to evaluate the accuracy of the printer: 

 

Fig.B6 a: printed shapes quality vs STL shapes 

 

 

The 2D linear and snake structures 3D printed using the traditional approach shown a different size of the same printed 

bead resulting in a lower printing accuracy. The error of the filament deviation (𝜎𝑓) of the 3D printed structures results 

respectively 0.64, 0.58, 0.83 mm, for 145, 150, and 155°C of set extrusion temperature (only barrel was on). Indeed, the 

d) 



width of the filament (when the best temperature of 145°C is used) ranges from 0.42 to 1.13 mm, with printing error 36% 

bigger than the structures printed using the proposed approach (SHS=On). 

  

 

Fig.B6 b: printed shapes quality vs STL shapes 

 

 

B7- Smart structures: Sensor 

 

The smart structures gained a lot of attention from the scientific community. The sensor was manufactured using two 

different self-healing materials deposited through two different printing heads (Fig. B7-a). The filament-based self-

healing conductive material was extruded by a commercial Titan extruder (E3D, UK), and the dielectric one was extruded 

by the custom-made ink-based printing head. The sensor was fabricated in order to be flexible: a total of three layers (one 

of dielectric and two of conductive) were printed, enabling a bending angle of 38.6°, as shown in Fig. SB- b. Finally, in 

Fig. SB- c was presented the real setup used to test the sensors.  

 

 

Fig.B7-: a) multimaterial printing for ink- and filament-based deposition, b) bending angle of the tested sensors, c) real 

setup.  
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