
Hybridising electrohydrodynamic and aerosol 

jet printing for the manufacture of functional 

soft structures 

 

 

Nathan James Wilkinson 
 

 

Submitted in accordance with the requirements for the degree of 
Doctor of Philosophy in Mechanical Engineering  

 

 

The University of Leeds 
The School of Mechanical Engineering 

 

September 2020 
 



 i 

The candidate confirms that the work submitted is their own, except where work 

which has formed part of jointly authored publications has been included. The 

contribution of the candidate and the other authors to this work has been 

explicitly indicated below. The candidate confirms that appropriate credit has 

been given within the thesis where reference has been made to the work of 

others. 

Chapters three, four, five, and six of this thesis contains work published in the 

journal article “Electrohydrodynamic and Aerosol Jet printing for the co-patterning 

of polydimethylsiloxane and graphene platelet inks”. The work of N.J. Wilkinson 

includes the design and construction of all apparatus; design and completion of 

empirical work; design and validation of functional demonstrators; and writing of 

the manuscript. R. W. Kay and R. A. Harris provided guidance throughout and 

suggestions for the practical work, manuscript production, and review. 

Chapter five of this thesis includes work from the journal article “A review of 

aerosol jet printing – a non-traditional hybrid process for micro-manufacturing”. 

N. J. Wilkinson and M. A. A. Smith jointly compiled the literature and wrote the 

manuscript. R. W. Kay and R. A. Harris provide guidance and made suggestions 

on presentation. 

Chapters five and six include work from “Aerosol Jet Printing for the Manufacture 

of Soft Robotic Devices” from the 2019 IEEE International Conference on Soft 

Robotics (RoboSoft 2019, South Korea). N. J. Wilkinson conducted all practical 

work; designed and analysed the experiments; and wrote the manuscript. M. 

Lukic-Mann completed early stage material formulation. M. P. Shuttleworth built 

the linear strain test equipment. R. W. Kay and R. A. Harris provided guidance 

throughout and made suggestions on presentation. In the same sections, aerosol 

jet printing on to conformal surfaces was completed alongside N. Fry. 

Full details of manuscripts the author contributed to as part of this doctoral work 

can be found in the Academic Publications section.  



 ii 

Abstract 

Soft robotics can bridge the gap between the built and natural environment to 

deliver impact in many areas, including healthcare, biosciences, and haptics. 

Research, to improve the resolution, power density, and efficiency of soft 

actuation and sensing systems, will be essential for delivering their potential. 

Device performance is dependent on their design, the electro-mechanical 

response of materials, and the ability to co-pattern structural and function 

features. For film based soft structures, such as wearable sensors and artificial 

muscles, manufacturing challenges persist that prevent the translation of 

technology from laboratory to practical application. 

This thesis presents a hybrid manufacturing technique that integrates electro-

hydrodynamic (EHD) deposition with aerosol jet printing for the production of 

soft, functional films. The combined approach overcomes the respective 

rheological constraints of the individual process and provides a pathway for high 

resolution computer-controlled patterning. An experimental apparatus for broad 

investigation of EHD deposition is developed and validated, before a focussed 

study on e-jet printing of polydimethylsiloxane is presented. Axial resolution and 

surface roughness of 5µm and 0.26µm (Sa), respectively, demonstrates the 

potential for the technology in emerging thin film technologies, such as dielectric 

elastomer actuators. Aerosol jet printing of a graphene nano-platelet is used as a 

more robust method for producing conductive features. Characterisation and 

refinement enabled the production of 50µm traces with a minimum height of 

~200nm.  

Finally, the aforementioned processes are used to produce functional 

demonstrators that highlight the potential of the manufacturing technology. 

Combining the two materials required a complimentary oxygen plasma surface 

treatment to improve material wetting. Elastomer actuators, resistive strain, and 

capacitive sensors are all produced to demonstrate the efficacy of the techniques. 
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1 Introduction 

Soft robotics is a field that focusses on the construction, control, and application 

of compliant mechanisms to overcome the constraints of traditional rigid-link 

robotics. Pioneering work has demonstrated how improved outcomes in 

rehabilitation [1, 2], surgery [3, 4], grasping [5, 6], and human-robot collaboration 

[7, 8] can be achieved; however, intrusion caused by bulky design, tethered 

devices, and limited control strategies have prevented adoption beyond research 

environments. Improving the integration of soft technologies and removing the 

tether requires the development of devices with greater efficiency and power 

density than existing designs. 

Early work focused on fluidic inflation of cavities within soft bodies to induce 

actuation [9]. Strain limiting layers were introduced for directional motion [10] 

while multi-cavity designs were created to form agnostic pairs. Fluid driven 

actuation systems continue to be the most popular in soft robotics due to their 

ease of manufacture, high speed, and high power. The main developments in the 

field have been driven by innovative design and an expansion of  applications, 

while the fundamental operating principles have largely remained the same. 

With the exception of aquatic soft robotics [11, 12], which use the buoyancy of 

water to overcome the limits of power density (10-1000kWm-3 [13]), most soft 

robotics remain tethered to a gas or hydraulic supply. While suitable for 

industrial settings, these devices cannot effectively be translated to fields, such as 

wearables and rehabilitation robotics, where they hold most promise. 

Furthermore, deformation as an actuation mechanism makes soft systems 

significantly harder to model than traditional rigid body robotics [14]; a challenge 

that is compounded as the structures also distort and deflect as they interact with 

their environment. This has implications for the control of soft devices and 

requires significant developments in proprioceptive sensing that can reliably 

feedback the state of the system [15]. 

Alternative methods of actuation and sensing have been investigated and their 

operating principles are increasingly well understood [16–18]. Perhaps the most 

attractive of these are electrically stimulated devices (electroactive polymers)  

that are capable of large strains (>100% [19]), high-speed actuation (>10kHz [20]), 
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and high power density (103-105kWm-3 [13]). In recent years, a small number of 

studies have shown how the performance gains of these actuators can enable 

tether-free operation in air [21]. Electroactive polymers hold further value as they 

can also be used for positional sensing [22] and energy harvesting [23]. Effective 

implementation of these technologies has been limited by the quality and 

performance of the materials and manufacturing processes used in their creation; 

as recently highlighted in “The Grand Challenges of Science Robotics” [24]. 

Many emerging electroactive polymer technologies are film-based devices that 

are either assembled into or manufactured directly within the bodies of soft 

devices. Manufacturing research in the field is centred around techniques 

borrowed from the micro-electronics industry [25], such as spin coating [26, 27] 

or transfer printing [28], that face challenges due to fundamental differences in 

the required size scales, production volumes, and material properties. Although 

successful in demonstrating the fundamental principles, there is a growing 

appreciation within the soft robotics community that bespoke manufacturing 

strategies need to be developed to advance the field from laboratory to practical 

application. 

Producing soft structures with integrated function requires controlled co-

patterning of structural elastomers and functional materials. The disparate 

mechanical, rheological, and processing requirements of the two material types 

has hindered progress of electrically driven soft robotics.  

1.1 Research Objectives 

The aim of this work was to develop a new manufacturing approach that helps 

overcome the limitations of soft film fabrication while also increasing the range 

of materials that can be processed. More specifically, the work targets techniques 

that can enable emerging forms of actuation and sensing, with a focus on film-

based electrically stimulated devices. The primary objectives of this work were: 

§ A critical review of the current state-of-the-art in manufacturing for 

film-based soft robotics 

§ Identification of manufacturing process requirements for the creation 

of multi-material elastomer films 
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§ Design of specific manufacturing process(es) for the co-patterning of 

elastomeric and functional materials  

§ The engineering and development of experimental apparatus to 

investigate the manufacturing process(es) 

§ Identification of elastomeric and functional inks with the appropriate 

characteristics for processing and application development 

§ Characterisation of the process(es) used for fabrication and 

presentation of a methodology for producing a reliable deposit 

§ Production of demonstrators that showcase the capabilities of the 

manufacturing process(es) 

1.2 Thesis Outline 

Chapter 2 provides a review of current manufacturing techniques for the 

production of soft films. It first introduces the operating principles of soft sensors 

and actuators before exploring the materials used in their construction. A critical 

review of existing manufacturing techniques is then presented and used to 

develop an ideal machine specification for the production of multi-layer films. 

Figure 1 - Thesis structure summary 
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Chapter 3 builds on the previous chapter by documenting the development of an 

experimental apparatus. This includes a brief review of the core technology 

(electro-hydrodynamic deposition (EHD)) and a discussion of the design and tool 

path planning techniques. Finally, this chapter concludes by presenting initial 

deposition results from the apparatus using a model ink. 

Chapter 4 explores the use of the apparatus developed in Chapter 3 for the 

deposition of materials relevant to thin film soft robotics. This begins with an 

exploration of the different EHD modes using a number of elastomeric inks 

before focusing on the deposition of a Sylgard elastomer using electro-

hydrodynamic jet (e-jet) printing. The deposition of a low-viscosity aqueous 

conductive inks using the EHD is also presented. 

In Chapter 5, Aerosol Jet (AJ) is presented as it overcomes many of the challenges 

of using EHD for low viscosity inks compared to more established technologies. 

The higher technology readiness of AJ is shown to produce robust, high 

resolution, and selective patterning of a graphene nano-platelet ink. The process 

is extended to demonstrate patterning on to complex 3D geometries to highlight 

its potential to the wider field of soft robotics. 

Chapter six presents a number of demonstrators produced using the 

manufacturing techniques presented in the preceding chapters. Oxygen plasma 

surface treatment and spin-coated sacrificial supports are presented to overcome 

challenges in material wetting and substrate removal, respectively. The 

development of working dielectric elastomer actuators, resistive strain sensors, 

and capacitive touch sensors are all presented. Finally, conclusions from this 

work are included alongside recommendations for further work. 
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2 Materials and manufacture of thin film soft robotics 

Common thin film manufacturing techniques have been explored by the soft 

robotics community to improve the performance of film-based actuation and 

sensing devices [26–29]. However, challenges persist that require significant 

innovation in material science and processing to realise commercial translation 

[25, 30]. This chapter explores these ideas by introducing the operating principles 

behind common soft film sensing and actuation technologies; highlighting the 

hurdles to successful adoption; and, finally, by reviewing materials and 

manufacturing processes that have been used in their development. The chapter 

concludes by suggesting a list of requirements for an idealised manufacturing 

process.  

2.1 Construction and operating principles 

The performance of soft sensing and actuation devices is dependent on their 

design, the electro-mechanical response of materials, and the ability to co-

pattern structural and functional features. Specifically, the ability to alternately 

form thin layers of elastomers with micro-patterned, stretchable circuitry can 

improve sensor density and fidelity; while the automated and repeatable 

manufacture of low-roughness elastomeric films has importance in soft 

electroactive polymers, such as dielectric elastomer actuators. 

2.1.1 Soft Sensing 

Effective strategies for proprioceptive and exteroceptive sensing are essential for 

producing soft structures with the required dexterity and to transition the field 

away from open-loop control [15]. The most common approaches have 

introduced sensing through the incorporation of conventional rigid sensors [31, 

32] or strain tolerant conductors; such as liquid metals [33, 34], ionic liquids [35–

37], or nanoparticle-filled polymers [38–40]. More recently, optical waveguides 

[41, 42] are being explored as they overcome many of the challenges associated 

with hysteresis and resolution often found in conductive networks.  

These techniques all rely on deformation of the polymer body to induce changes 

to the characteristic response of the sensor. For conductive approaches, changes 

in resistance or capacitance are used to estimate position, whilst optical methods 
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examine time of flight or transmission losses. Since soft devices have infinite 

degrees of freedom (continuum mechanics), determining the direction or 

magnitude of deflection presents a challenge for all sensors when devices operate 

without constraint [43]. Increasing the number of sensors, collating their relative 

outputs, and using machine learning to build complex models are currently the 

most promising methods for improving their efficacy [14]; however, this approach 

will be dependent on the development manufacturing processes that can pattern 

emerging elastomer and functional materials with the required electro-

mechanical properties at the required resolution.   

2.1.2 Electroactive polymers 

Electroactive polymers (EAP) is a term used to describe number of soft 

technologies (Table 1) that achieve mechanical work from electrical energy [18, 

44]. These can be split into devices that rely on ion mobility (ionic EAP) or the 

build-up of Maxwell stresses (electronic EAP) (Table 1). 

Table 1 - Common types of electroactive polymer [28] 

Electronic EAP Ionic EAP 

Liquid crystal elastomers Ionic polymer gels 

Electro-viscoelastic elastomers Electro-rheological fluids 

Electro-strictive paper Conductive polymers 

Electro-strictive graft elastomers Ionic polymer metal composites 

Ferro-electric polymers - 

Dielectric elastomers - 

Ionic EAPs typically exhibit low forces, response times, and require the 

encapsulation of liquids or gels that are vulnerable to evaporation and device 

deterioration. Electronic EAPs, more specifically Dielectric Elastomer Actuators 

(DEAs), overcome many of these constraints and offer high-speed and force 

operation, efficiency, simple construction, and have sufficient power density for 

tether-free operation [21]. The key challenges for the technology are the 

requirements for driving fields on the order of 100-150V/µm and the development 

of electrodes that are strain tolerant over a high number of cycles. 
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DEAs are comprised of a soft dielectric layer sandwiched between two compliant 

electrodes (Figure 2) [45]. Actuation is achieved through electrostatic attraction 

upon the application of a voltage [46]. The resultant pressure produces axial 

strain through compression of the soft dielectric and radial strain as the soft 

dielectric expands to conserve mass. Through radial expansion, researchers have 

presented strains of 1692% [47]. 

 

Although the viscoelastic response of the actuator can be difficult to model, the 

interaction of charges on parallel plates is well understood and borrows much of 

the theory from the electronics industry’s modelling of capacitors. In their 

seminal paper, Pelrine et al. [19] derived Equation 1 for predicting the pressure 

output of a DEA. Where P is the actuation pressure, ε0 is the permittivity of free 

space, εr is the relative permittivity (dielectric constant) of the dielectric material, 

U is the applied voltage and z is the thickness of the dielectric material.  

Using Pelrine’s model, the pressure produced by an actuator is proportional to 

the magnitude of the electric field. Therefore, any moderate decrease in electrode 

separation or applied voltage will have a significant impact on the achievable 

pressure. Improving an actuator’s performance (pressure at a given voltage) 

requires improvement in the relative permittivity of the dielectric materials or a 

decrease in the separation of the electrodes. Innovation in manufacturing to 

enable a reduction in dielectric layer height and, therefore, a reduction in the 

required driving voltage will be essential to the effective commercialisation of the 

technology [25].  

2.2 Materials: Elastomers 

Soft robotic technologies are usually developed from materials (Figure 3) with an 

elastic (Young’s) modulus in the range of 102 - 107 Pa [48, 49], with silicone 

Figure 2 - Dielectric Elastomer Actuator Schematic 
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elastomers, PDMS, and polyurethanes being widely used. Designs often use a 

range of elastic moduli materials or geometrically vary the stiffness to constrain 

the devices and trigger directional motion. Compared to conventional robotics, 

which use materials with moduli ranging from 109 – 1012, this has allowed the 

development of devices that can more easily operate in delicate environments, 

improve human-robot interaction, and allow more robust operation. The 

diversity of materials, and Young’s modulus available, means that their selection 

is driven by the force and strain requirements of the application. In this section, 

materials for DEA applications are reviewed as it is one of the technologies will 

gain the most from the development of effective manufacturing techniques for 

soft films. Furthermore, any technology that realises effective implementation of 

DEAs will have direct applications in soft sensing and power generation. 

 

  

Figure 3 - Young's modulus of materials found soft robotics, conventional robotics, and the natural 

environment (Adapted from [50])   
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2.2.1 Dielectric elastomers 

Typical dielectric elastomer actuators use silicone rubbers, thermoplastic 

polyurethanes, acrylic elastomers, and rubbers [16] due to their availability; low 

cost; and relatively high performance. In their influential paper, Pelrine et al. [50] 

demonstrated DEAs constructed from six common materials and reported their 

peak strain and actuation pressure (Table 2). 

Table 2 - Performance of dielectrics in Pelrine's initial experiments in 1997 (adapted from [50]) 

Polymer 

Energy Density 

(Jcm-3) 

Strain 

(%) 

Pressure 

(MPa) 

Young’s 

Modulus 

(MPa) 

Polyurethane 0.10 11 1.9 17 

Silicone 0.034 32 0.21 0.7 

Fluoro-silicone 0.019 28 0.14 0.5 

Ethylene propylene 0.013 12 0.022 1.8 

Polybutadiene 0.011 12 0.19 1.7 

Isoprene 0.0052 11 0.094 0.85 

These seminal results demonstrated that electrostatic attraction could be an 

effective soft actuation mechanism. DEAs based on silicone elastomers were able 

to achieve strains of 32% and polyurethane devices could achieve pressures as 

high as 1.9MPa. The materials each demonstrated a unique strain and pressure 

response, therefore highlighting an opportunity to tailor actuator performance by 

modifying the elastic modulus or by combining materials. Research continued to 

investigate common laboratory materials; with Brochu and Pei providing an 

updated list in their 2010 review [45]. 

Pre-strain of Elastomer Films 

Pre-strain of elastomer films has been shown to suppress the electromechanical 

instability of DEAs [51], which is caused by the positive feedback loop established 

during actuation: the dielectric is compressed under the application of a voltage 

and the distance between electrodes is decreased; therefore, the magnitude of the 

electric field increases and further actuation is induced. While proving a 

theoretical basis for the instability, Zhao and Suo showed that pre-strain 
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overcame the instability by increasing the dielectric breakdown strength of 

elastomers [52]. 

In practice, this allows the application of higher magnitude electric fields and a 

higher peak strain. However, the strain achieved from a given voltage is 

diminished (Figure 4). Zhang et al. [53] showed that increasing elastomer pre-

strain from 40% to 82% led to a 15% reduction in actuation strain during 

exposure to a 40V/µm electric field. This effect has been attributed to an 

increased Young’s modulus in pre-strained films for acrylic [54] and silicone 

films.  

A challenge for pre-strained elastomers is the requirement for a stiff support 

structure, which removes the benefits of compliance and conformity that have 

been key motivations for the field. Work has been completed to investigate 

interpenetrating polymer networks (IPNs) to achieve a compromise between 

actuator stiffness and performance [55, 56]. In this approach, a secondary 

polymer network is crosslinked to a pre-strained base polymer. When the base 

polymer is released, the secondary network is placed in a state of compression 

that retains a degree of pre-strain. Although inhibiting the most conformal 

applications, such as wearables, pre-strained elastomers are being readily applied 

to emerging applications, with impressive results in tuneable lenses [57, 58] and 

active cell culture platforms [59, 60]. 

Figure 4 – a) Effect of pre-strain on Actuator Performance (Percentages Show Amount of Pre-

strain)  [53]. Pre-straining of elastomer film [29] 

a) b) 
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2.2.2 Improving the properties of the dielectric layer 

Beyond ‘off-the-shelf’ materials, researchers are developing bespoke material 

formulations for DEAs. The focus has been on materials with a high relative 

permittivity (dielectric constant) that also maintain a sufficiently low elastic 

modulus. Approaches to increasing the relative permittivity broadly fit within 

three categories: creating composite elastomers using high dielectric constant 

fillers; developing polymer blends; and modifying the backbone of elastomeric 

materials. An overview of these approaches can be found below and a more 

comprehensive study has been completed by Romasanta, Lopez-Manchado, and 

Verdejo [61]. 

Filled elastomer composites 

High permittivity fillers distributed within a polymer matrix can raise the overall 

permittivity to increase the response of a dielectric elastomer actuator. 

Disrupting the crosslinked polymer network with particles can lead to a decrease 

in the elastic modulus of the material and high volume fractions can lead to a 

complete loss of elasticity and even brittle properties. 

The inclusion of conductive fillers (carbon black [62], carbon nano-tubes [63, 64], 

graphene platelets [65]) below the percolation threshold has been shown to 

increase the permittivity. Micro-scale particles should be avoided as 

agglomeration can lead to localised conductivity and device failure. Evenly 

distributed nano-scale conductive particles have achieved greater success as the 

material properties become increasingly dependent on the interface between the 

filler and the bulk material [66]. By encapsulating multi-walled carbon nano-

tubes (MWCNTs) within polyacrylonitrile and diurethane polyacrylate shells 

within a polyurethane matrix, Galantini et al. [67] demonstrated a 100% increase 

in actuation strain.  

An alternative approach is to introduce high permittivity, insulating ceramic 

fillers (barium titanate [68–70], calcium copper titanate [71], titanium 

dioxide[72]) in to the polymer matrix. In principal, these fillers increase the 

relative permittivity of the composite and, unlike conductive fillers, they should 

provide minimal change in conductivity. Ceramic fillers still interfere with the 

crosslinking of the elastomer; therefore, they suffer from a reduction in elastic 
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modulus at low loading and an increase at high fractions. Yang et al. [70] 

demonstrated that an optimum loading, which strikes a compromise between 

increased permittivity and decreased elastic modulus, can be found to maximise 

actuation strain for a composite. Using a 6wt% loading, the electric field needed 

for ~12% strain reduced from 15.6V/µm to 9.8V/µm [73]. Coating ceramic 

particles in PDMS oil [74] or dopamine [68]  has also been shown to increase  

actuation performance by up to 30%. 

Elastomer Blends 

Elastomer blends are a specific type of composite that combine two or more 

polymers to produce a material with properties more suitable for dielectric 

elastomer actuators. Zhang et al. [75] initiated this work by evaluating the 

performance of a copper-phthalocyanine (CuPc) oligomer in poly(vinylidene 

fluoride-trifluoroethylene) (P(VDF-TrFE)) matrix. A sample with 40wt.% CuPC 

showed significant increases in strain. Although the peak strain value was only 

2%, this could be achieved at a low electric field (13V/µm). 

This early work was improved by incorporating polyaniline alongside CuPC in a 

polyurethane matrix. This three-polymer blend show significantly improved 

strain (9.3%) compared to the previous two-polymer material (1.92%) and plain 

polyurethane ( 0.82%) from the same applied electric field (20V/µm) [76]. 

Gallone, Galantini, and Carpi [77] used a similar approach to investigate a PDMS-

polyurethane polymer blend that was found to have a significantly higher relative 

permittivity than either of the constituent polymers. At a ratio of 60:40 

(PDMS:Polyurethane), strains of ~3% were achieved from electric fields as low as 

5-6V/µm. Like many of the approaches discussed, a side effect of this approach is 

decreased dielectric breakdown strength, which limits strain through a 

restriction on the applied electric field. Similar results have been demonstrated 

through the addition of polyethylene glycol to thermoplastic polyurethane [78].  

Chemical Modification 

Rather than combining complimentary materials, this approach aims to improve 

the properties of the dielectric elastomers through the synthesis of molecular 

structures or by modifying the backbone of existing elastomers. Stoyanov et al. 

[79] demonstrated this by grafting a PANI macromolecules to a flexible poly-
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styrene-co-ethylene-co-butylene-co-styrene-g-maleic anhydride (SEBS-g-MA). 

Their work increased the relative permittivity of the elastomer by 470% while 

decreasing the dielectric breakdown strength from 140V/µm to 120V/µm 

(~14.3.%). This improved actuation strain from 0.7% to 2.9% from an applied field 

of 90V/µm. The maximum achievable strain was also greater for the modified 

elastomer (4% at 107V/µm) compared to the unmodified elastomer (1.5% at 

136V/µm) [80]. The performance increase was driven by the increase a decrease 

in elastic modulus combine with the increase in permittivity. 

More recently, Dunki et al. [81] have made steps to produce self-repairing 

dielectric materials based on PDMS. Their material has the advantage of being 

able to heal itself following dielectric breakdown, which is a significant step for 

devices that are required to operate near their electrical limit [82]. By modifying 

PDMS with polar nitrile groups and controlling the cross-linking reaction, they 

demonstrated that the permittivity and mechanical properties could be 

controlled. Through their work, they developed a DEA that could achieve 20.8% 

strain at 10V/µm).  
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2.3 Materials: Conductors 

The role of the conductive layer is to supply a potential difference through the 

delivery of charge to the surface of the dielectric. Any conductive material needs 

to achieve this without restricting the movement of the actuator and, as the 

conductive material is not compressed during actuation, the conductive layer 

should be as thin as possible to maximise the total strain [83]. This section of the 

literature reviews common materials and patterning approaches that have been 

used to achieve stretchable electrodes and electronics. 

2.3.1 Conductive powders, greases, and elastomer matrices 

Powders 

Common powders are based on graphite or carbon black due to their low cost 

and ease of processing. A limited number of studies have been completed with 

high conductivity metallic powders but the formation of a non-conductive oxide 

layer often reduces the overall conductivity [84] and they do not sufficiently 

interact with the dielectric due to large particle sizes [85]. Combined with their 

added cost, metallic powders offer little benefit over comparable carbon 

materials. Increased conductivity can increase the actuator response rates as it 

enables charge to be transferred to the dielectric at a greater rate. In most 

practical applications, the electrical charge/discharge rate is faster than the 

mechanical bandwidth of actuation. Rosset and Shea [83] showed that a 1cm2 

Figure 5 - (a) Free powder electrode[100], (b) Embedded 3D Printing of Strain Sensors within Highly Stretchable 

Elastomers [152] , and (c) Low-Cost, Facile, and Scalable Manufacturing of Capacitive Sensors for Soft Systems 

[130] 

a) b) c) 
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silicone DEA with a thickness of 40µm, a capacitance of 65pF, and an electrode 

resistance in the megaohm range would still be able to actuate at frequencies 

above 1kHz. 

Powders are attractive as they are not strictly bonded to the surface of the 

dielectric material, which provides low resistance to actuation. However, the 

freedom of the particles to move relative to one another can lead to problems 

during operation: the powder acts as an abrasive that degrades the elastomer 

layer; powders struggle to maintain a continuous conductive network at 

moderate strains [86]; particles are shed during actuation; and particles do not 

promote interlayer adhesion in stacked actuator configurations. Furthermore, 

powders can cause processing challenges, particularly in cleanroom 

environments that are often used in the production of DEAs. 

Powders have been most successful when used in combination with adhesive 

dielectric films, such as VHB 4905 and 4910, as the inherent stickiness bounds the 

particles the dielectric. A notable exception to the short-life powder electrode 

DEAs are the devices created by Lotz et al. [27, 87, 88] (Section 2.4.1), where 

layers of graphite powder where encapsulated between silicone layers by 

combining spin coating with aerosolised graphite deposition. However, since 

layers of PDMS are cast over graphite powder this perhaps does not fit the 

definition of loose powder electrodes. 

Greases 

Conductive greases were the type of electrode used in Pelrine’s seminal papers on 

dielectric elastomer actuators [19]. They entrap conductive particles (Carbon 

black, graphite, CNTs etc.) within a highly viscous matrix material. Greases 

negate some of the issues of conductive powders as they are easier to process and 

handle; the matrix allows the conductive particles to be better distributed at high 

strains; and particles are prevented from simply falling from the surface of the 

dielectric film. The use of a viscous matrix causes durability issues for an 

assembled actuator as it has a tendency to creep under gravitational forces, 

diffuse in to the dielectric film, and dry out over time [83]. On top of this, they do 

little to improve interlayer adhesion over conductive powders and, as Bingham 

plastics, they are prone to ratcheting under cyclic loading [89]. 
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Conductive elastomer matrices 

Conductive polymer matrices are an electrode class that combine the durability 

of polymer composites with the conductivity of particles based on carbon or 

metallic elements [90, 91]. Fundamentally, conductive polymer matrices are 

similar in nature to the filled elastomers discussed in Section 2.2.2, but with 

conductive filler contents above the percolation threshold. The similarities are 

partly why this type of electrode is so appealing: it is conceivable that a dielectric 

elastomer actuator could be constructed from a single matrix material with 

selective introduction of the filler material. This approach could allow for highly 

tailorable, multifunctional designs in terms of both mechanical and electrical 

properties while alleviating problems regarding inter-layer adhesion. This effect 

has already been demonstrated in a non-DEA context through the Aerosol Jet 

Printing process discussed in Section 2.4.4 (Figure 6) [92].  

Most investigations regarding conductive polymer matrices have focused around 

the introduction of carbon based conductive particles in to elastomer membranes 

[93]. High surface area fillers allow a conductive network (percolation) to be 

achieved at lower volume fractions [94]. For example, percolation thresholds for 

multi-walled carbon nanotubes are as low as 0.0025% [95] compared with 0.1% 

[96] for carbon black compounds. A low percolation threshold has the benefit of 

minimising the impact on the mechanical properties of the elastomer matrix.   

Conductive fillers carry current through physical connection or via tunnelling 

between proximate particles [97]. When tunnelling occurs, the resistance 

increases exponentially as the distance between particles increases. Therefore, to 

Figure 6 - Conductive-on-Demand: Selective Introduction 

of Carbon Nano-tubes in to Polyimide [93] 
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ensure conductivity, it is paramount that fillers are evenly distributed within the 

polymer matrix and that all efforts have been made to avoid the agglomeration of 

the filler. This can increase the complexity and duration of the manufacturing 

process. 

2.3.1 Conductive polymers 

Table 3 - Common Properties of Common Inherently Conducting Polymers (Adapted from a Review by Kaur et 

al.[98]) 

Polymer Conductivity 

(S.cm 1) 

Properties Limitations 

Polypyrrole 10 - 7.5*103 High electrical conductivity, 

Ease of preparation and 

surface modification 

Rigid, brittle and 

insoluble 

Polyaniline 30 - 200 Diverse structural forms, 

Environmentally stable, 

Low cost 

Hard to process, 

Non-biodegradable, 

Limited solubility 

Polythiphene 10 – 103 High electrical conductivity 

Ease of preparation 

Good optical properties 

Hard to process 

Poly-(3,4-ethylene 

dioxythiophene) 

0.4 - 400 Transparent conductor, 

Environmentally and 

electrochemically stable 

Limited solubility 

DEA studies using conducting polymers as the electrode material are relatively 

sparse with those available focusing on the self-clearing ability of the conductive 

polymer electrodes. This is perhaps a side effect of the relatively high stiffness of 

inherently conducting polymers when compared to elastomers, such as PDMS 

[98] (Table 3). 

A study conducted by Yuan et al. [99] focussed on the self-clearing ability of 

PANI, P3DOT and CNTs; where self-clearing is the ability of the electrode to 

cause a localised, rather than global, failure of the actuator when the elastomer 

undergoes dielectric breakdown. This ability is useful for the life of DEAs as it 

allows some leeway in the manufacturing process for imperfections such as dust 
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or air bubbles than can occur on multi-layered structures. The device produced 

had comparable strain to other DEAs fabricated using similar elastomers, 

suggesting conductive polymers could be a viable electrode material [99, 100]. 

Later work highlighted a potential problem for conducting polymers: the 

conductivity of the PANI electrodes were found to deteriorate under high 

electrical fields [101]. This may be curable using alternative conducting polymer 

materials; however, the lack of published data for conducting polymer electrodes 

in DEA applications, despite being relatively established technology, may be 

suggestive that there are significant pitfalls with this approach. 

2.3.1 Nanowire and platelet meshes 

Conductive nanowire meshes are a relatively new solution to flexible electrodes. 

As they are based on metallic elements, their conductivity is higher than many of 

the other flexible, non-metallic electrodes discussed here. Therefore, nanowire 

meshes are increasingly used in applications that are current (Organic Light 

Emitting Diodes and Solar Cells) rather than voltage driven (Capacitive Sensors, 

Liquid Crystal Displays or DEAs) [102]. A nanowire mesh is typically comprised of 

interconnected metallic wires embedded within or on the surface of a flexible 

substrate (Figure 7). 

The bulk of the work in this area uses silver nanowire meshes owing to its higher 

conductivity and increased time before oxidation compared to other metallic 

elements. There is significant interest in developing electrodes based on copper 

nanowire meshes due to its greater natural abundance, comparable conductivity, 

and significantly lower cost [102, 103]. Within the field of DEAs, Wu et al. [104] 

evaluated sliding nanowire meshes on an acrylic VHB 4905 films. Optical 

Figure 7 - Schematic and Optical Microscopy Images of Nanowire Sliding at 0 and 

50% Strain [105] 
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microscopy allowed the sliding-expansion mechanism to be identified by looking 

the nanowire configuration at different strains (Figure 7). 

The performance of the DEA with this type of electrode are comparable to the 

original devices developed by Pelrine et al. [54], with values of 200% and 32%s-1 

reported for the strain and strain rates, respectively [104]. The device had an 

optical transmittance that ranged from 13 to 58% depending on the degree of 

actuation, which opens the device for use as an optical gate. A primary issue with 

the device developed by Wu is that the electrodes were not bonded to the surface 

of the elastomer, meaning it faces many of the same issues as conductive powders 

in a multi-layered DEA arrangement. A feasible, long-term solution would 

require the nanowires to be embedded within a membrane’s surface [105]. 

However, this would have the undesirable effect of stiffening the electrode and 

potentially stifling the DEA’s performance. Further to this, the use of metallic 

elements presents issues regarding oxidation that lead to a loss in conductivity. 

The relative novelty and limited commercial availability of these types of 

materials means steep challenges need to be overcome if they are to be more 

widely applied to DEAs. 

2.3.2 Geometrically stretchable  electrodes 

Metal coatings have greater conductivity and allow soft devices to interface with 

traditional electronic technolgies, such as solder surface mount [106]. However, 

bulk metallic coatings have been shown to crack at relatively low strains (<5%) 

[107] and, while continuous plastic deformation can be encouraged by improving 

adhesion, this limits their use for soft robotics. Furthermore, the inclusion of 

metallic electodes, even at low thicknesses, can lead to high increases in the 

elastic modulus. Rosset et al. [108] demonstrated that a 8nm sputter coated gold 

layer on a 30.6µm PDMS substrate can lead to a 400% increase in Young’s 

modulus. High-magnitude, reversible elastic strain requires structures that can 

maintain conductivity while minimising local stresses to prevent cracking [109].  
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In plane patterning of electrodes 

Pelrine et al. [86] were amongst the first to demonstrate geometrically 

stretchable electrodes for soft robotics when they increased the achievable strain 

of gold from 4% to 80% by switching from bulk patterning to planar ‘zig-zag’ 

electrodes (Figure 8a). Verplancke et al. [110] improved on this by depositing a 

200nm thick gold electrodes on to a silicone membrane in a horseshoe 

configuration  (Figure 8c). These electrodes could undergo strains approaching 

100% and, at 10% strain, were able to withstand over 500,000 cycles. A large 

number of studies have been completed using this technique with a variety of 

metals in a plethora of applications. A full review of all demonstrations of this 

approach is beyond the scope of this report and a number of groups have 

published comprehensive reviews [111–113]. [114, 115] 

These electrodes introduce anisotropy into devices since electrodes exhibit lower 

stiffness along their length when compared to their width. Depending on the 

specific design and application, this constraint may be an advantage or 

disadvantage of the technology. Fractal, or self-similar, designs [112, 116] have 

been used to minimise the anisotropy but these still face challenges with 

electrode density. For sensing applications, this presents less of an issue and has 

been one of the driving forces behind ‘e-skin’ technologies [109, 117]. However, for 

actuation devices, these designs limit the active area of the electrode layers and 

restricts device performance. Through a combination of empirical and numerical 

Figure 8 - Zig-Zag Patterned Gold Electrodes [87] at (a) 0% strain and 30% strain (b) Flexible and stretchable 

electronics for wearable health devices , (c) Microelectrostrictive Actuator With Large Out-of-Plane 

Deformation for Flow-Control Application [114],  (d) Stretchable Circuits with Horseshoe Shaped Conductors 

Embedded in Elastic Polymers [115] 
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studies, Pimpin et al. [114] showed that the electrode gap to width ratio should be 

0.3 for their design to achieve maximum actuation in a DEA for a given electrode 

height (Figure 8d). Pelrine’s [19] initial study examined challenges in electrode 

spacing and used a secondary, lower-conductivity material to bridge the gap. 

They also showed that the humidity of ambient air may be sufficiently conductive 

for actuation provided that low actuation speed is not an issue. 

Corrugated metallic electrodes 

Corrugated electrodes use similar shapes to planar patterned devices; however, 

the metallic features are patterned perpendicular to the plane of the film Figure 

9. This is achieved by depositing metal on to a designed micro-patterned surface. 

This alleviates challenges with electrode density while maintaining the 

conductivity and strain performance of planar patterning. Benslimane et al. [118] 

first introduced the approach for DEAs by coating a 110nm silver film on an 

elastomer film patterned with a quasi-sine wave optimised to achieve 30% strain 

before loss of conductivity through cracking. A device, consisting of two 

opposing actuators, was shown to achieve over 3 million cycles with minimum 

change in strain or actuation performance in this initial study. [119] 

The manufacturing technique has since been refined and scaled by Danfoss 

PolyPower, where the corrugation profile was further optimised to achieve a 4.5x 

reduction stiffness and an increase in maximum strain to 80% [120]. Numerical 

modelling has shown that corrugated electrodes are 8100x less stiff than planar 

counter parts. Push actuators capable of 3% linear strain, 6N/cm2, and sub-10ms 

response times were produced by rolling films to produce push actuators [121]. 

Corrugated electrodes retain many of the anisotropic characteristics of planar 

Figure 9 – a) Corrugated Membrane Actuator and (b) Factors affecting the surface and release properties of 

thin polydimethylsiloxane films [119] 

a) b) 
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patterned electrodes but overcome the challenges with electrode density. The 

compromise is in manufacturing complexity and expense due to the 

requirements for micro-structured moulds and back-to-back lamination (Section 

2.4.3). 

Out-of-plane buckled electrodes 

Out-of-plane buckled electrodes are conceptually and visually similar to 

corrugated electrodes as they achieve improved elasticity by patterning the 

conductive layer on a plane perpendicular to the film (Figure 10). Buckled 

electrodes, however, reduce the anisotropy by randomly orientating the 

corrugations. Creating a micro-mould to produce randomly orientated features 

would likely be prohibitively expensive at medium to large scales, therefore 

stretchable electrodes are produced by inducing buckled features in metallic 

coatings. To date, this has been achieved by pre-straining the elastomer and then 

depositing a metallic layer or by leveraging differences in the coefficients of 

thermal expansion for elastomer and metallic materials. [122] 

When relying on the thermal expansion of elastomer substrates, precise and 

uniform control of the amplitude of the patterned features is difficult to achieve 

as it is dependent local thermal stresses. The application of a 10-20% pre-strain 

before deposition of a 25nm gold layer produced electrodes with an 8.4µm 

wavelength and 1.2µm magnitude. The electrodes could withstand strains up to 

28% and maintain a stable resistance over 100 cycles.  

Figure 10 - Out-of-Plane Buckled Electrode (Surface Modification of Anisotropic Dielectric Elastomer 
Actuators with Uni- and Bi-axially Wrinkled Carbon Electrodes for Wettability Control) [122] 
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Jun et al. [122] built on this work produce functional DEA devices. In their work, 

uniaxial and biaxial pre-strain was used to produce anisotropic and isotropic 

devices, respectively. The DEAs were able to produce areal actuation strains of 

30%. In this work, they actuated the DEA to dynamically change the wettability 

of liquids on the surface of the actuator as it altered the structure of the surface. 

There has been a relatively small body of work investigating this technique since 

it is largely incompatible with conventional microfabrication technologies as it 

requires removal from a common substrate [83]. 

2.3.3 Ion gels 

All of the above work relies on conventional electronic conductivity using 

metallic or carbon elements, which has led to challenges in resistance, hysteresis, 

increased stiffness, or limited electrode durability. Furthermore, metallic 

elements present application specific hurdles due to a lack of biocompatibility. 

Ion-gels – ionically conductive liquids that are immobilised within a polymer 

matrix [123] – have gained popularity as they provide more stable resistance 

response while providing opportunities for novel behaviour, such as self-healing, 

extreme softness, and transparency . 

In soft robotics, Keplinger et al. [124] demonstrated that an ion gel can maintain 

lower resistivity per unit stretch when compared to SWCNT or graphene coatings 

and, in a uniaxial strain test, an acrylamide-sodium chloride ionic skin developed 

by Sun et al. [37] could withstand strains up to 600%. While doing so, the 

capacitance was found to increase linearly with strain and a number of sensing 

applications were presented. The culmination of these works led to the 

development of an acrylic elastomer ion gel DEA that could actuate at 

frequencies of 20kHz and achieve strains >150%. As a demonstration of the 

technology, the researchers created an optically transparent loud speaker that 

recreated Edvard Grieg’s Morgenstimmung [124]. A number of other publications 

using the more stable response of ionically conductive liquids have been 

demonstrated for sensing in soft robotics [15, 36]. 

In a recent paper, a self-heling elastomer actuator using ion gel electrodes was 

presented [125]. This effect is of great benefit for any device, but for technologies 

that are aimed at wearable, assistive devices this could be a significant 
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development in ensuring their longevity. In the figure below, it can be that the 

self-healing ionic conductor is able to repair a cut and actuate following a 24-

hour healing time at room temperature.  

Problems with this type of actuator are typically related to the thicknesses of the 

electrodes themselves: in Keplinger’s initial work, the hydrogel electrodes were 

100µm. This is significantly thicker than elastomer actuators produced by many 

other groups and means a single unit DEA has a total thickness of 1.2mm: 100µm 

for each electrode and then 1mm from the dielectric layer. To achieve the 

reported area strain (>150%), the applied voltage was ~18kV. If this technology 

was to be scaled for larger actuators, the electrodes would likely be on the same 

size scale as the dielectric. The passive nature of the electrode means the total 

device strain would significantly lower than currently reported. Although 

promising in terms of flexibility, transparency, sensing capabilities, and self-

healing; this technology currently faces serious challenges for application in film 

based soft robotics. Improvements in processing to allow fabrication at smaller 

scales, could be a significant step forward for the technology. [125]  

Figure 11 - Self-repair of Ionic Conducting Electrodes [125] 
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2.4 Manufacturing of thin film soft robotics 

Soft films have widely been produced using techniques borrowed from the thin 

film electronics industry, with screen printing and spin coating being the 

predominant technologies. Although useful for initial proof of concepts, they 

have been shown to be limited in their scalability, manufacturing throughput, 

and ability to produce multilayer devices. Furthermore, most processes are bulk 

film coating techniques that significantly design freedom. Vacuum based 

processing shares similar challenges, while also introducing hurdles with 

processing speed. Thin film techniques that rely on transfer printing showed 

some early promise, but limitations on layer thickness and capital expenditure 

have proven restrictive for exploratory, low technology readiness research. The 

following section reviews manufacturing processes for film based soft robotics. 

2.4.1 Spin Coating 

In spin coating, a volume of material is placed at the centre of a substrate that is 

spun around its vertical axis. Centrifugal forces cause radial flow and gradual 

thinning of the material on the substrate [126]. If centrifugal forces overcome the 

opposing viscous and surface tension forces, material is ejected from the 

substrate. The ubiquity, simplicity and short turnaround time of spin coating 

have made it an attractive batch manufacturing technique for soft films. [88] 

[[127] 

Figure 12 – a) Spin coated multi-layers DEAs, b) Peristaltic Pump based on Spin Coated DEAs [88], & c) 

Multilayer Dielectric Elastomers for Fast, Programmable Actuation without Prestretch [127] 
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Elastomer precursor solutions are often viscoelastic materials that exhibit shear 

thinning behaviour and spin coating procedures are less well refined than 

commercially available, Newtonian photoresists. Most soft robotics research labs 

have developed their own spin profiles with minimal reporting of film 

characterisation, experimental procedure, and repeatability. As a rule of thumb, 

spin coating PDMS, or other viscoelastic materials, requires lower spin speeds but 

increased spin duration when compared to Newtonian fluids. The lack of volatile 

solvents in PDMS compared to photoresists means reliable models can be built 

that can lead to reliable micro-scale PDMS films when combined with in process 

metrology [128]. 

PDMS surface coatings with thicknesses as low as 30nm have been produced 

using precursors heavily diluted in toluene [129]; however, these approaches have 

primarily focussed on biocompatible coatings and limited investigation in to the 

mechanical properties of films, multi-layer devices, or the effect of solvent have 

been conducted. The elastic modulus has been shown to be highly dependent on 

the thickness of the films when the layer height is less than 200µm. Liu et al. [130] 

demonstrated a nearly 5-fold increase in elastic modulus as the thickness of film 

decreased from 250µm to 30µm. In their work, they attribute the sharp increase 

in modulus to the shear stresses induced during spin coating. 

Lotz et al. [27] first presented spin coating as an effective technique for producing 

thin film soft robotics. By combining spin coated silicone elastomer (Elastosil 

P7670) layers with masked aerosol deposition of graphite electrodes, they 

developed a technique that could reliably produce DEAs. They ultimately 

showcased their approach by producing a soft, DEA driven peristaltic pump and a 

capacitive touch sensor mounted on a coin [88]. Although elastomer films with 

thicknesses a low as 3µm were produced, functional actuators required films 

thicknesses of 20µm.  

More recently, work from David R. Clarke’s and Robert J. Wood’s laboratories at 

Harvard have used spin coating to underpin their work on modular and rolled 

dielectric elastomer actuators. Spin coating of PDMS (Sylgard 184, 1:40), silicone 

elastomers (Ecoflex 0030), or a blend of the two in combination with pad 

printing/stamping of carbon nanotubes [131] (Section 2.4.2) has led to a number 
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of novel demonstrators. Their first work created a free-standing, ‘multi-morph’ 

film that can bend, twist, and distort. Subsequent publications have 

demonstrated muscle like actuation [132] and flight of a microrobot powered by 

soft elastomer actuators [131]. The thickness of their spin coated elastomer layers 

were reported to be ~30µm [127].  
Spin coating is attractive for stacked devices as it removes the requirement for 

handling thin, delicate films as many layers can be produced before removal from 

a substrate. Lotz et al. [88] claim that the spin coating approach allowed the 

production of devices with up to 100 layers. Although no explanation is provided, 

this limit is likely imposed polymer becoming unstable on the spin coating 

platform and reduced manufacturing yields for devices with a high number of 

layers. In a stacked arrangement, breakdown or insufficient coverage of an 

elastomer layer will cause they entire stack to fail. Therefore, increasing the 

number of layers significantly reduces manufacturing yields. Commonly, reduced 

sized stacks (25-50 layers) are produced and then assembled to produce larger 

actuators. Such a method is used by CTSytems, a spin out from the Swiss Federal 

Laboratories for Materials Science and Technology, to commercialise DEAs [25, 

133]. 

A key challenge for widespread commercialisation of DEAs using spin coating is 

the speed of manufacture. Existing approaches take anywhere from 20 seconds to 

a couple of minutes to produce an individual silicone layer of ~30µm. Building 

devices with sufficient stroke length will be time prohibitive especially as spin 

coating only covers substrates of a limited size. In addition, if the low voltage 

operation (<24V) is to be achieved, an order of magnitude decrease in film 

thickness needs to be realised [134]. Existing work suggests that a two-fold 

decrease in thickness requires a 4-fold increase in spin time [128]. As an increased 

number of layers will be required for an equivalent stroke length in ultra-thin 

film DEAs, manufacturing timescales will become prohibitive beyond low-

volume laboratory scales.  
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2.4.1 Blade casting of Elastomers 

Blade casting (tape casting or doctor blading) uses a blade set at a well-defined 

height to drag layers of material across a substrate (Figure 13). Its application to 

silicone elastomers has been pioneered by Prof. Herbert Shea’s group at École 

Polytechnique Fédérale de Lausanne (EPFL), where it has been used to produce 

elastomer films for sensing, power generation, and actuation devices. Their 

process first deposits a sacrificial layer of polyacrylic acid dissolved in isopropanol 

(5wt%) on to a polyethylene terephthalate (PET) substrate before casting a layer 

of silicone elastomer (Sylgard 186, Dow Corning). Application of polyacrylic acid 

results in a 20µm wet layer that evaporates to 1µm. Using the same universal 

applicator, a layer of PDMS can be applied and left to cure for 30 minutes at 80°C. 
[135] 

The thickness and uniformity of silicone films is dependent on the distance 

between the blade and substrate (blade gap) and the speed of the applicator. At a 

50µm effective blade gap and 1mm/s blade speed, 20µm layers have been 

demonstrated; however, the films exhibited a large variance across their width 

due to manual setting of the blade height. Increasing the blade gap to 100µm led 

to increased thickness (~40µm) but reduced variation to approximately ±1µm. 

Figure 13 - Universal Applicator used in the Screen Printing Technique [135]  
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Further increase to the blade gap led to ‘wavy’ films due to solvent evaporation 

[29].  

To produce DEAs, the silicone films were attached to acrylic frames using a 

pressure sensitive adhesive. The PET film was then removed by submerging the 

assembly in to boiling water. A 30% pre-stretch is applied, which reduces the 

thickness to ~34.5µm, before electrodes are pad printed on to the film. The final 

devices have been shown to achieve ~10% actuation strain from voltages of 3.6kV 

[59]. This approach has been used to make biological cell stretchers [59, 136], 

rotary motors [137], grippers [5], and tuneable lenses [138].  

Current blade casting techniques are unable to produce multi-layer stacked 

structures, have limited manufacturing throughput, and cannot fabricate layers 

thinner than 20µm. Furthermore, device demonstrations using this method have 

all required pre-strain to achieve practical application. Screen printing – a related 

process that introduces a mask to selectively apply material to a substrate – has 

been more widely investigated for the application of conductive features [139, 

140]. However, since the process still struggles to produce sub-micron layers, its 

primary application is likely to be in sensing networks, rather than actuation or 

energy harvesting. 

2.4.2 Pad Printing 

Pad printing (tampography) is used for the transfer of two-dimensional patterns 

from flat templates (cliché) to more complex three-dimensional substrates. A soft 

pad collects ink from the cliché and then deforms around the target substrate to 

create the desired pattern. The soft pad makes it viable for interacting with soft 

films, which can be prone to tearing when transferring ink using rigid transfer 

pads. The Soft Transducer’s lab at EPFL have been the primary proponents of the 

technique for the production of electrodes [135] and silicone films [141, 142]. 

Manual versions have been applied more widely for electrode production [127]. 
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When applying electrodes to pre-strained elastomer films pad printing has been 

shown to tear films with thicknesses below 20µm. Application of the electrodes 

to the elastomer films before removal from the rigid substrate provides 

mechanical support and can stop the films from tearing. Using a PET support, 

Poulin, Rosset, & Shea [142] printed electrodes on to elastomer layers with 

thicknesses as low as 1µm.  This approach only allows patterning on one side of 

the elastomer and prevents the patterning of pre-stretched films; therefore, two 

films need to be assembled back to back to create viable actuators or capacitive 

sensors and limited pre-strain can be applied as it reduces the conductivity of the 

electrodes.  

Pad printing elastomers is achieved by carefully controlling the rheology of the 

elastomer precursors as well as the contact pressure of the silicone transfer pad 

[143]. Achieving uniform layers required dilution (OS-2, Dow Corning) of the 

elastomers (Sylgard 186 & 184, Dow Corning; Silbione LSR4305, Bluestar 

Silicones)  combined with a resting time of 30 minutes post deposition to allow 

elastomers to ‘self-level’. Using pad printing to produce the elastomer and 

conductive features enabled the production of 3µm actuator that achieved 7.5% 

strain from an actuation voltage of 245V. The main challenge for this fabrication 

strategy is the inability to pattern multi-layer films and the secondary assembly 

processes reduces manufacturing yield by introducing opportunities for 

Figure 14 – a) Loading ink in to cliché, b) transfer of ink to pad, c) print material on substrate, d) remove pad 

from substate, & e)Fully Pad Printed Dielectric Elastomer Actuators [135] 

b) a) 

d) c) 

e) 
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imperfections such as dust and air ingress. Furthermore, the requirement of 

extended materials settling times (30 minutes) currently makes the process 

unfeasible for scale up. 

2.4.3 Roll-to-roll transfer Printing 

Gravure printing is a transfer printing technique that is used to produce low-cost, 

high volume products such as food packaging or wallpaper [144]. With 

manufacturing throughput at rates of up to 500m/min, the process is increasingly 

applied as an alternative method to produce high volumes of thin film electronic 

components [145]. A Danish company, Danfoss PolyPower, aimed to 

commercialise DEA technology by using the gravure technique to pattern large 

areas of thin elastomer films. 

Gravure printing is a well understood transfer printing process. The complexity 

in Danfoss’ system is caused by the rheology of the ink and the secondary 

elements required to produce a working actuator, particularly: the design of the 

carrier web, or mould; peeling the elastomer films from the carrier web; and 

laminating the sheets into multiple layers.  

Production of Elastomer Films and the Carrier Web 

The gravure process uses a series of rollers to transfer a liquid elastomer, 

Polydimethylsiloxane (PDMS), from a reservoir to a carrier web (Figure 15). The 

carrier web featured a corrugated surface profile allow stretchable electrodes. The 

elastomer then goes through a curing process, changing the elastomer from a 

liquid to a solid state [28]. The reported process used thermally (100°C) 

crosslinking  PDMS elastomers; but it would be relatively trivial to use another 

curing process (e.g. Ultraviolet light) [146].  

Curing Process

Carrier Web Carrier Web 
and Elastomer Roll

Print Material
Reservoir

Figure 15 - Schematic of a Roll-to-Roll Gravure Printing Process 
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Once cured, the elastomer is peeled from the carrier web [146] to expose the 

corrugated geometry ahead of the electrode deposition [28]. The electrode 

deposition is a three-stage process: a plasma treatment to promote adhesion 

followed by a low and high seed rate Physical Vapour Deposition (PVD) (Vacuum 

Sputtering) [146]. Being a commercial attempt, specific details were hard to 

establish but in Vudayagiri’s thesis on the process it is stated that ‘silver, gold, 

nickel and alloys’ can be deposited at thicknesses of approximately 100nm at a 

rate of ~36m/hour[28]. 

The major criticism of this technique is that the corrugation pattern (electrodes) 

can only be manufactured on to one side of the elastomer film. Therefore, to 

create a functioning actuator two of these films need to be manufactured and 

then laminated back to back. A single layer of the elastomer is 39µm (Figure 

16))[146], therefore the thickness of the assembled device will be 78µm. This 

drives the required actuation voltage up to the region of 2.5kV for relatively small 

stroke length device (Figure 17) (~1.2mm) [147].  

A further implication of the secondary lamination step is that it provides an 

opportunity for the ingress if imperfections such as air bubbles or dust. The 

dielectric breakdown of air is in the region of 3V/µm, which is substantially lower 

than the PDMS films. These imperfections create sites in which dielectric 

breakdown, and therefore failure of the elastomer can occur. 

Figure 16 - Film Thickness of a Gravure Printed Elastomer 

[28] 
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The final point regarding the carrier web is its expense: the roll actuators 

produced using this technique require 7m of continuous dielectric laminate to 

produce a single actuator [147]. The carrier web must at least match this size 

while having micro-scale corrugation on its surface. No other roll-to-roll 

processes uses a similar carrier, therefore at this stage in the processes 

development each must be bespoke. This makes replacing, iterating, or 

experimenting with mould design prohibitively expensive for low TRL research 

[28]. 

The bulk of the published work for this manufacturing process relates to the 

peeling, or release, of the PDMS elastomer films from the surface of the carrier 

web [28, 119]. The release of the elastomer from the carrier web is not a smooth 

process, despite the application of consistent pressure levels. When this is 

combined with the delicacy of the 39µm films, it leads to defects or splits in the 

elastomer[119]. Even when the films remain intact, variation in release force leads 

to spatially varying mechanical properties in the film due to the Mullins effect. 

Vudayagiri [28] showed it is possible to decrease the required separation force by 

using additives or release agents. Experiments using additives were shown to 

negatively affect the properties of the dielectric layer by reducing the Young’s 

Modulus of the material or by decreasing the voltage at which dielectric 

breakdown occurs. The use of a non-ionic release agent was shown to 

significantly lower the adhesive force from 118N/m to 2.8N/m without any 

apparent effect on the dielectric material itself. Despite this though, the 

production of a dielectric elastomer with an average thickness lower than 39μm 

has not been reported.  

Figure 17 - Elastomers Produced using Roll-to-Roll Gravure Printing [28] 
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2.4.4 Additive manufacture 

Additive techniques, those that selectively build three-dimensional structures in 

a layer-wise process, have driven recent advances in soft robotics [148, 149] and 

film-based structures are poised to be revolutionised through the same 

methodology. Work completed at EPFL’s Soft Transducers Lab has shown the 

value of inkjet printing for soft devices and demonstrated an initial application in 

printed electrodes for DEAs. Their initial study on the deposition for seven 

elastomeric materials shows promise, but also highlights the limitation of the 

process when working with higher viscosity elastomeric inks. Similarly, 

commercial additive techniques have all faced similar issues when working with 

elastomeric inks: they either lack the spatial resolution or struggle to reliably 

process the materials. 

Direct Ink Write 

Direct ink write (DIW) (robocasting) is a material extrusion process that uses 

back pressure and controlled ink rheology to selectively extrude material (Figure 

18a). Along with stereolithography [150], it has been a key driver in the 

advancements of printed soft robotics. Primarily, it has been used to produce 

pneumatically actuating structures with comparable performance to devices 

produced using soft lithography [151]. Multi-material DIW has recently enabled 

embedded sensing in soft robotics [15, 36, 152] and the first fully soft, autonomous 

robot [153].  

Successful DIW requires the development of inks with the correct rheological 

response to printing. Inks are required to easily flow from the nozzle but then 

retain their shape once deposited on to a substrate. This response can be 

achieved by a sharp stress reduction, rapid solvent evaporation, polymerisation, 

phase change, or combination thereof [154]. For the shear-thinning viscoelastic 

polymers used in soft robotics, a sharp reduction in stress as the material exits 

the nozzle is most commonly used to transition the shear stress fluid below the 

yield point of the elastomer. Although the response from off-the-shelf materials 

may not be sufficient to limit material spreading, the inclusion of thixotropic 

additives can be used to increase the shape retention [148]. Furthermore, full 

curing of the deposited material can be used to increase the stiffness of printed 
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features through external heating (thermal cure) or increased humidity (moisture 

cure).  

The resolution of DIW processing is limited by the size of the nozzles with most 

examples demonstrating minimum features of 10-250µm. Further reductions in 

nozzle orifices combined with rheology optimisation has driven smaller feature 

sizes; however, the additional empirical work and the inverse proportionality of 

nozzle diameter and print speed rarely justify the research time or expense. 

Multi-nozzle systems have been developed to increase throughput through 

voxelated printing [155] but fundamental limitations in nozzle density continue 

to plague the process. For functionally loaded materials, such as conductive 

elastomers, there are further challenges for the minimum feature size as they 

increase the likelihood of nozzle clogging. As a rule of thumb, Lewis [156] 

suggests that the nozzle orifice should be at least 100x the size of the building 

blocks of the ink. 

For film based soft robotics, equivalent resolution but extended print times 

means there has been little motivation to explore application of the technology. 

Recently, however, the Lewis Group at Harvard have demonstrated how DIW can 

Figure 18 - 3D Printing of Interdigitated Dielectric Elastomer Actuators [157] 
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allow DEA to be fabricated directly within 3D structures (Figure 18b-c) [157]. 

Using their approach, they can selectively orientate electrodes to introduce novel 

actuation modalities. The filament size (minimum feature) in this work was 

approximately 80µm from a 100µm nozzle. The demonstrated device could 

achieve actuations strains of 9% from an 25V/µm electric field. This work shows 

the first example how selective patterning of both the electrode and elastomer 

materials can be used to create novel actuation modalities. 

Inkjet 

Inkjet (IJ) printing selectively deposits droplets of build material to produce 3D 

structures (Figure 19). Commercial systems can be split into continuous jetting 

and drop-on-demand (DoD). Continuous IJ ejects a pressurised stream from a 

nozzle that  breaks in to a series of droplets through surface tension effects 

(Plateau-Rayleigh instability) [158]. Acoustic vibrations are introduced into the 

fluid to provide consistent jet disturbances (perturbations) that lead to uniform 

droplet size and distribution. Droplets are electrically charged and deflected out 

of the print head towards the substrate using an electric field. Continuous IJ is 

best suited to higher volume manufacture as it can achieve high droplet ejection 

frequencies. Continuous jetting is vulnerable to ink contamination and requires 

greater material volumes, which can be prohibitive for high value inks [159]. 

Figure 19 - Schematic of inkjet printing 
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In contrast DoD IJ, generates individual droplets, or droplet streams, as required 

using either piezoelectric or thermal print heads. Both techniques generate 

pressure waves within a reservoir to force the ejection of a droplet from a nozzle. 

Piezo print heads achieve this by mechanical actuation within the chamber [160], 

while thermal print heads rapidly heat the ink to produce vapour bubbles that 

increase nozzle pressure [161]. Thermal print heads are simpler and less expensive 

to produce; however, the ink must include low-volatility solvents that can be 

easily vaporised. Furthermore, heating of the ink can leave residue inside the 

nozzles that increases instances of nozzle blocking. Piezo print heads are more 

expensive to produce but have less restrictive solvent requirements. DoD 

typically produces smaller droplets and has greater spatial resolution when 

compared to continuous IJ [162] and is the technology most widely targeted for IJ 

of soft robotics. 

As with all types of additive manufacturing, the greatest challenge for IJ-printed 

soft robotics is the development of suitable inks. For consistent patterning, 

droplets should be generated with no satellite droplets or significant tail. The 

maturity of IJ means that ink requirements are well understood and are 

characterised by the ratio of inertial to viscous forces (Reynold’s number, Re); the 

inertial forces to surface tension (Weber number, We); and viscous forces to 

surface tension (Ohnesorge, Oh) [163]. For IJ, these are combined into the Z-

number (Z) for printability: 
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Where, v, γ, ρ, η, and α are the velocity, surface tension, density, viscosity, and 

characteristic length (droplet diameter) of the ink, respectively. Inks with print 

numbers between 1-10 are typically found to be printable [164]. Low Z leads to 

viscous dissipation of pressure waves and high Z leads to a high number of 

satellite deposits. For functionally loaded inks, the rate of solvent evaporation 
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and particle-nozzle size ratio also need to be considered to prevent nozzle 

clogging [165]. 

Early application of IJ to soft robotics used commercial systems and materials 

that have a higher hardness than silicone rubbers or polyurethanes. Objet’s 

(Stratasys) polyjet process, which uses IJ to deposit photocurable polymers, 

provided the Tango-range of materials that was used to develop simple fluidic 

[166, 167], combustion [168], and DEA [169] driven soft devices. Eventually, the 

carbon black filler in the Tango-black ink was found to exhibit sufficient 

conductivity for soft resistive sensing [170]. 

Subsequent work targeted IJ printing of materials with hardness comparable to 

conventional soft robotics (Figure 20). A detailed study by McCoul et al. [171] 

investigated seven commercially available, UV-cure silicones for deposition 

through inkjet printing. All materials were diluted using OS-2 solvent (Dow 

Corning) so that the Z number fell within the calculated range for ink jet 

printing. Materials with low pre-dilution viscosity were found to achieve the best 

results and, through careful control of the ejection waveform, stable satellite-free 

drops could be deposited. Since the printed layers were sufficiently thin, diffusion 

mixing allowed the production of films using two-part materials. Nusil CF18-2186 

IJ printed films were found to have increased performance (6.1% strain at 

84V/µm) when compared to screen printed films (3.9% strain at 82.4V/µm). 

The high viscosity of silicone elastomer materials presents a challenge for IJ and, 

even in McCoul’s successful study, nozzle blocking and process inconsistency 

presents a challenge. Despite filtering the materials using a 1µm pore filter, the 

authors still report frequent nozzle blocking as a challenge for the process. Inkjet 

Figure 20 - Inkjet printed silicone film, and b) inkjet printed DEA and strain response [171] 
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printing has been most successful in the production of stretchable electrodes and 

its application in this area has been covered by a number of reviews [164, 172, 173]. 

Aerosol Based Direct Write 

The first attempt at using aerosols as a technique to produce dielectric elastomer 

actuators was completed by Araromi et al. [174] at the University of Bristol 

(Figure 21). Their approach used an artist’s airbrush to deposit aerosolised 

silicone (Dow Corning Silastic 3481) and conductive powders (Graphite) on to a 

rotating drum. Deposition from a static nozzle led to a Gaussian material 

distribution, which led to an uneven electric field distribution for completed 

films. Empirical investigation showed the material distribution could be 

improved by increasing the nozzle-substrate distance; decreasing the ink 

concentration; or by offsetting the nozzle between passes. Ultimately, the process 

produced an actuator with a strain of 3.4% from an actuation voltage of 4kV. 

Although the performance is limited compared to other work presented in this 

thesis, the use of a non-standard deposition arrangement and deposition 

mechanism has contributed towards more innovative approaches to soft film 

manufacture. 

Figure 21 - Low-Cost Aerosolisation Equipment for the Manufacture of DEAs at the University of 

Bristol [174 
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Aerosol Jet Printing 

Aerosol Jet (AJ) printing is a commercial aerosol based direct write technology 

sold and developed by Optomec Inc. that couples aerosol production with an 

innovative focussing mechanism to increase the resolution and uniformity of the 

deposit (Figure 22). The process can atomise materials with viscosities ranging 

from 1-1000cp and produce features with lateral resolution approaching 10µm and 

sub-micron layer thicknesses. A more comprehensive review of the technology is 

provided in Section 5 and a review paper, which was authored and published as a 

part of this body of work, can be found in Appendix A. 

The Factory Automation and Production Systems Research Group is currently 

leading the way for the Aerosol Jet Printing of DEAs [175]. They have shown the 

deposition of a two-part silicone material (Elastosil P760) using Aerosol Jet 

deposition. Their approach atomises the two parts separately and then combines 

them in a static mixer prior to ejection from the nozzle. This approach increases 

the print window by preventing material curing and allows elastomer layers to be 

printed in a single pass. This mixing method also introduces the option to control 

the relative flow to dynamically alter the composition of a printed composite. For 

two-part silicone elastomers, this could enable the production of components 

with spatially varying mechanical response. More interestingly, by selectively 

controlling the ratio of elastomer to functional filer content, monolithic devices 

Figure 22 - Schematic of the AJP, and b) Aerosol-Jet-Printing silicone layers and electrodes for stacked 

dielectric elastomer actuators in one processing device [175] 
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with variable conductivity can be produced. Outside of a soft robotics context, 

this has already been demonstrated for a CNT-filled polyimide structure. 

2.4.1 Molecular beam epitaxy/vacuum processing 

Molecular Beam Deposition (MBD) is a technique commonly used to produce 

high purity, structurally precise, ultra-thin films in the optoelectronics industry 

[176]. The process works by holding a purified powder, or liquid melt, in a 

crucible and heating the material between its sublimation temperature and 

chemical decomposition temperature. The chamber is held at an ultra-high 

vacuum which causes evaporation of the material. As the evaporated material 

moves through the chamber towards the substrate it is collimated by a series of 

small orifices. Eventually the material is deposited and grows as a continuous 

film[176].  

This approach was the first to demonstrate that sub-micron DEAs could be 

successfully manufactured and maintain performance when compared to micron 

scale actuators. Topper et al. [177] produced, and actuated, a 200nm cantilever 

device that produce an almost identical bend radius to a 4µm, spin-coated 

actuator. Furthermore, the 200nm actuator achieved this from a driving voltage 

of just 12V compared to 800V for the more conventional DEA [177] (Figure 23).  

The price for high purity, ultra-thin films is the time taken to complete a 

deposition and the limited patterning capabilities. The 200nm layer produced for 

this study took upwards of two hours to produce (Figure 24). The requirement 

for high vacuum conditions also makes this an expensive process to maintain. If a 

multi-layer actuator is ever to be produced using this manufacturing technology, 

Figure 23 - Inverse Bending Radius of Cantilever DEAs Produced using MBD and Spin Coating 

[177] 
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then it could take upwards of 10,000 hours to produce am actuator no larger than 

a couple of millimeters [178]. Realistically, if dielectric elastomer actuators are 

ever going to become a more widely adopted technology then a manufacturing 

process that can match the performance of MBD at a lower cost and at higher 

deposition rate will be required.  

2.5 Summary and Process Specification 

The literature review introduced thin film soft robotics, the materials used in 

their construction, and common manufacturing methods. It is clear that the 

translation of these robotic technologies from research laboratories to 

widespread practical applications still requires significant innovation in materials 

and processing. Spin coating, blade casting, and pad printing have all been used 

as effective batch manufacturing techniques for low-volume research; however, 

fundamental constraints in throughput mean they are unlikely to deliver 

products for widespread societal impact. Additive manufacturing faces similar 

challenges for high volume production although it provides novelties in design, 

actuator response, and mass customisation. Higher volume, roll-to-roll processes 

have been explored but are resolution limited and have a high fiscal barrier for 

entry that limits their development. In recent years, novel approaches, such as 

molecular beam epitaxy and electrohydrodynamic deposition, have begun to 

present possible pathways for improved performance and throughput.  

2.5.1 Process Specification 

This process specification outlines the ideals of a process that would improve the 

capabilities and viability of film-based soft robotics. Many of the targets within 

this section have been derived from, arguably, the most challenging aspect of soft 

Figure 24 - MBD Layer Growth Times for Different Molecular Weight PDMS Films [178] 
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robotics manufacturing research: the development of low-voltage dielectric 

elastomer actuators. Other film-based technologies, such as e-skins, do not have 

the same requirements, particularly in terms of resolution and roughness of the 

printed films. 

Material Compatibility  

Current work in soft robotics is dominated by silicone elastomers, with options 

from Wacker, Dow-Corning, and Smooth-on regularly being used. These 

materials are purchased as two-part elastomer kits that are mixed and then cured 

through the application of ultraviolet light or heat. Processing two-part materials 

can be achieved through premixing followed by processing or by the sequential 

application of each part. If the two parts are applied separately, the layers must 

be sufficiently fine to allow mixing through diffusion. A viscosity compatibility of 

0-1500cp should provide enough scope for these types of materials, as most of 

their viscosities can be modified to this range through the dilution or the 

addition of solvents. Therefore, any proposed fabrication strategy should be 

capable of processing these types of materials. 

The significant interest in printed electronics means a number of techniques have 

already been developed that could be used for soft structures. Nevertheless, the 

technique proposed in this work should aim to be compatible with both 

particulate and solution-based inks, while also having a wide enough material 

compatibility to not limit material choice. Commercially available functional inks 

are typically aqueous or have low viscosity to ensure compatibility with IJ 

printing (1-15cp) 

Solution Processing  

Since soft robotics are built using polymeric materials, plastic processing 

techniques, such as casting and moulding, have the greatest prevalence within 

the research community. The relatively low-cost and barrier to entry of these 

techniques have been instrumental in the increased interest of the 

technique[179]. Furthermore, low-cost and immediate suitability for scale-up also 

help feed into the potential commercial interest for soft robotics. Solution based 

processes that still enable bench top manufacture with relatively low investment 

is important for a technology that promises to make robotics ubiquitous. 
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Transition to high-value manufacturing techniques will likely remove many of 

the advantages introduced through the application of soft structures. 

The development of a technique that is obviously transferable to mass-

manufacturing approaches, such as roll-to-roll or injection moulding, are perhaps 

most immediately appealing. It is also worth noting that previous work at 

Technical University of Denmark has shown that large scale template-based 

methods face severe fiscal limitations during the research and development stage. 

As such, they should also be avoided in this type of project. 

Resolution 

For the proposed impact areas, the critical resolution of the process is dependent 

on the function of the material. For the elastomeric structures the lateral 

resolution is of secondary importance to the axial resolution of the process. That 

is, control over the thickness of the elastomer layers is much more important 

than the ability to pattern the elastomer structures on a 2D plane. Particularly for 

dielectric elastomer actuators, a sub-1µm resolution is paramount for low voltage 

operation [134]. For this work, a target of 10µm, which is comparable to DIW and 

inkjet resolutions, is set. For lateral resolution, a 500µm has been set. This value 

is comparable to the state of elastomeric direct write and provides more design 

capabilities than film-based methods, such as spin coating. 

For patterning functional inks, high lateral resolution is required to provide 

scope for increased sensor density. Also, since functional inks have a tendency to 

increase stiffness and are not active in artificial muscle applications, the thickness 

of the layers should be as fine as possible. The proposed targets in this work is 

150µm and 1µm for the width and thickness, respectively. Both techniques should 

be able to maintain the aforementioned resolutions while enabling multilayer, 

patterned structures. The transition to multilayer structures will be essentials as 

the complexity of soft devices continues to increase. 

Roughness 

Low roughness films are important for the production of DEAs. A high roughness 

can create regions of greater electric field strength that can lead to premature 
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actuator failure. Determining an appropriate roughness target has been set by 

using the current capabilities of inkjet printing as a target.  

Manufacturing Time 

A key challenge for film based soft robotics is the time for manufacture. Again, 

this has been particularly evident in for DEA devices. Films produced using 

molecular beam epitaxy had a growth rate of 200nm/day, which makes 

commercial adoption unfeasible. A developed process should present a 

substantial increase on this while offering further opportunities for reduced 

production speeds. Printing based manufacture should aim to at least meet the 

current state-of-the-art printing techniques.  

Cleanliness 

Any developed process must be able to be locally contained to prevent the 

requirement for full cleanroom conditions. This will be paramount to reducing 

cost and ensuring commercial viability. Ensuring this can be achieved by 

minimising the requirement for the manufactured device to move between 

workstations. 
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2.5.2 Table of manufacturing requirements 

Title Requirement Measurable 

Material compatibility Wide range of viscosities and ink 
types w/minimal nozzle clogging 

1-1500cp with instances of 
nozzle clogging less than 1/hour 
of printing 

Multi-part materials Must be capable of depositing 
and curing Sylgard elastomers 
(Y/N) 

Solution 
Processing 

Must not require special 
environmental conditions (e.g. 
Vacuum) 

Y/N 

Resolution X-Y Comparable resolution to state-
of-the-art 

500µm elastomer ink 
150µm functional ink 

Z Thin features Sub-10µm features 

Roughness Comparable to state-of-the-art Thickness std. dev <0.32µm 

Manufacturing 
Time 

Direct-write Comparable to state-of-the-art >=Inkjet print speeds 

Bulk Coatings Comparable to state-of-the-art Sub-1µm: >200nm/day 

Cleanliness Non-clean room 
process 

Process must be able to operate 
without requirement of clean 
room 

Y/N 
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3 Development of Apparatus 

The literature review introduced film-based soft robotics, examined the materials 

used in their creation, and discussed common manufacturing techniques. 

Translation of the core actuation and sensing technologies requires innovation in 

process engineering as current methods are limited in their reliability, resolution, 

and/or speed of manufacture. The research presented in this chapter builds the 

fundamental work completed by Weiss et al. [178] at University of Basel who 

demonstrated the electrospraying technique for the production of thin elastomer 

films. Here, an automated experimental apparatus for investigating multi-modal 

electro-hydrodynamic deposition is developed. The chapter first introduces the 

three primary electrohydrodynamic deposition modes (electrospray, 

electrospinning, and electrohydrodynamic jetting) before discussing the 

challenges for the process and the apparatus design. The chapter will conclude by 

presenting initial results from the apparatus using aqueous polyvinylpyrrolidone 

(PVP). 

3.1 Electro-hydrodynamic deposition for soft films 

Electrohydrodynamic (EHD) deposition is a term for processes that use an 

electric field to charge, direct and deposit a material on to a substrate. This 

method has been recognised for over a century [180]; however, it has only begun 

to have direct industrial applications in the last couple of decades. EHD 

deposition encompasses three primary deposition regimes: electrospinning [181], 

electrospraying [182], and electro-hydrodynamic jet (e-jet) printing [183]. Most 

practical applications of EHD deposition have used electrospinning, which 

provides a low-cost method of producing fibres in the micro and nanoscale. The 

fibrous nature of the technique has made it invaluable in the production of high 

performance filtration systems [184], drug delivery [185], and tissue scaffolds 

[186].  

The primary application of electrospray techniques has been in electrospray 

ionization mass spectrometry (ESI-MS) [187], where it is used as a method for 

converting ions in the liquid phase to the gas phase. Since its discovery, the 

technique has become a standard technique in analytical chemistry and its 
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creation won John B. Fenn and Koichi Tonaka the Noble Prize for chemistry in 

2002. In manufacturing, electrospray deposition is increasingly being investigated 

for film based devices, such as photovoltaics [188],  that are geometrically and 

fiscally limited by vacuum-based manufacturing. 

E-Jet printing is the most recent technology and has been described as the 

convergence of electrospinning and additive manufacture [189]. In 

electrospinning, fibres are randomly orientated due to inflight instabilities that 

cause whipping effects. Although techniques have emerged to increase fibre 

alignment, true spatial control for more complex patterning remains a challenge. 

E-Jet overcomes this by depositing material before the whipping or spraying 

instabilities can arise. Coupling this with computer controlled articulation of a 

collection plate allows feature resolutions that surpass more established additive 

techniques [183]. Again, much of the pioneering work in this area has focussed on 

structured cell culture scaffolds, however it has the potential to revolutionise 

micro- and nano-manufacturing by offering a low-cost, cleanroom-free 

alternative to lithographic processing [190].  

3.1.1 Process Overview: liquid droplets to Taylor cones 

A spheroidal meniscus (Figure 25a) will form when a small volume of liquid is 

ejected from a nozzle under normal conditions as the surface tension is the 

principal force dictating its shape. As the volume of liquid grows, gravity will 

become increasingly influential and droplets will start to fall from the nozzle.  

Figure 25 - a) liquid meniscus under no electric field and b) Taylor Cone formation under a high 

electric field 
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Electrical charging of the liquid can alter this behaviour as charge interactions 

become the predominant factor effecting the structure of the fluid. Beyond a 

critical charge, the spheroidal meniscus is pulled in to a conical shape (Figure 

25b) referred to as a Taylor cone [191].  The apex of this cone emits a micro-jet 

that is used in all of the EHD processes.  

Despite conceptual simplicity, cone formation is heavily dependent on the 

characteristics of the working fluid. Lee et al. [192] produced a useful study of the 

parameters effecting electrohydrodynamic deposition, where they identified 10 

variables – density (%), viscosity (ƞ), surface tension (ɣ), permittivity of free space 

(0"), permittivity of the fluid (0#), conductivity (K), nozzle diameter (d), nozzle-

substrate distance (L), fluid flow rate (Qs), and applied voltage (Va) – that 

determine the electro- and fluid dynamics of an EHD system. By applying the 

Buckingham π method, these parameters were broken in to six dimensionless 

variables (Table 4) that govern the process. 

Table 4 - Dimensionless variables governing electrohydrodynamic deposition 
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The first of these (D1), which is the ratio of the characteristic time of charge 

transport (Tq) to the characteristic time of fluid supply (Th), determines whether 

the deposition occurs in the classical electrohydrodynamic regime or a more 

recently described non-classical regime, known as an electrically forced jet [193]. 

High conductivity liquids, which operate in the classical EHD regime (Tq/Th  < 1), 

undergo a number of deposition regimes (Figure 26) depending on the 

magnitude of the applied voltage and flowrate for a given apparatus geometry. As 

discussed above, the first dripping mode occurs when surface tension and gravity 

are the predominant forces acting on the fluid. In the pulsating mode, a cyclic 
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imbalance occurs between the surface tension and electrostatic forces, which 

results in a difference in flowrate between the fluid supply, Qs, and the micro-jet 

output. Increasing the magnitude of the electric field, corrects this imbalance to 

achieve the ideal cone-jet mode. The tilted-jet results from further increases as 

imbalances are re-introduced. Beyond this point, multi-jet regimes begin to occur 

in an attempt minimise energy through an increase in surface area.  

When Tq/Th  > 1, the structure of the charged liquid shifts from the traditional 

cone-jet to a ball-jet [193]. In these cases, where the electrical relaxation time is 

greater than the hydrodynamic time, surface charge at the air-liquid interface 

does not exist which prevents the occurrence of the electrohydrodynamic jetting 

system. In these cases, the electric field and flow rate combine to induce an 

acceleration in the liquid that ejects a bead from the bulk liquid [194]. In practice, 

the primary consequence of the electrically forced jetting mode is increased 

feature size when compared to the classical jetting mode.   

3.1.2 Process Overview: Fibres, Films and Direct-Write 

Emission of the microjet is the starting point of all three of the common EHD 

processes. Variation in morphology is largely influenced by the material’s 

behaviour in-flight; therefore, the properties of the deposit are dependent on the 

properties of the ink, the spatial relationship between the nozzle and the 

substrate, and the applied electric field. The key determinant between the three 

regimes is whether the ink remains as a jet or breaks into discrete droplets. 

Figure 26 - Jet evolution with increasing electric potential [191] 
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Stable jet formation is achieved when any unstable perturbations are convected 

downstream faster than they can travel upstream (Plateau-Rayleigh instability)  

[195]. Growth of perturbations leads to the break-up of a liquid jet and forms the 

basis of electrospray deposition (Figure 27a). Perturbation growth is driven by 

surface tension for fluids with low Ohnesorge numbers; however, charge 

interactions become more influential for higher values [196]. Newtonian fluids - 

such as water, organic solvents, and dilute solutions or suspensions in those 

solvents – typically undergo jet break up if there is sufficient time of flight.  

This process often results in a bimodal distribution of droplet sizes through the 

production of large ‘main’ and smaller ‘satellite’ droplets (Figure 28a) [197]. Main 

droplets are produced at jet swells, whereas satellite droplets form as the jet 

necks down (Figure 28). After initial jet break-up, repulsive charges within 

droplets can lead to further droplet separation through Coulombic fission (Figure 

28b). Through this electrospraying process quasi-monodisperse micro- and nano-

droplets can be formed. 

Figure 28 - a) Main and satellite droplets and b) coulombic fission in electrospray deposition (Charged Satellite 

Drop Avoidance in Electrohydrodynamic Dripping) [197] 

Figure 27 - Electrohydrodynamic deposition modes: a) electrospraying, b) electrospinning, and c) e-jet printing 
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Viscoelastic fluids, such as polymer melts and high concentration polymeric 

solutions, are able to counteract the effects of surface tension and resist droplet 

break-up [198]. Chain entanglement – overlapping or interlocking of physical 

polymer chains - allows the material to remain as a continuous stream and 

produce a fibrous deposit through electrospinning (Figure 27b). The diameter of 

fibres can be reduced by altering the ink or by adjusting the process parameters 

Approaches centre around increasing the force provided to elongate fibres 

(voltage [199], conductivity [200]), decrease the resistance to elongation 

(viscosity [201]), or increase the time of flight (electrode-collector distance [202]).  

Viscoelastic and Newtonian inks can be used for electro-hydrodynamic direct 

write (Figure 27c). The emission of material is achieved in the same manner as 

above, but the time in flight is significantly reduced by minimising the distance 

between the deposition head and substrate. The spatial resolution, deposition 

mechanism, and deposit morphology are still dependent on rheological 

differences and machine layout. For high-viscosity polymeric solutions, EHD 

direct write is often referred to as near-field electrospinning [183]. In this process, 

continuous fibres are deposited and the related effects of the whipping instability 

are visible in the deposit (Figure 29). Although fibres with sub-micron diameters 

can be deposited, the instability limits the spatial resolution of the deposit. These 

can be minimised by high-speed actuation. In contrast, low-viscosity fluids can 

be deposited as discrete droplets in a similar manner to common ink jetting 

techniques, which maintains minimum feature size while improving the spatial 

resolution [203]. However, this performance is usually achieved at the expense of 

process throughput.  

Figure 29 - Fibre pulsing in near-field electrospinning (Fibre pulsing during melt electrospinning writing) [183] 
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3.1.3 Challenges for Electrohydrodynamic Deposition 

Multi-layer deposition: Build-up of Substrate Charge 

Most common EHD apparatus rely on the application of a direct current (DC) 

source to drive a fluid towards a grounded substrate. Upon impaction, charge 

within the material dissipates through a grounded electrode to maintain the 

potential difference between the deposition head and the substrate. If low-

conductivity or insulating substrates are used, then the time taken for charge 

dissipation can become greater than the rate of substrate charging. When this 

arises, interaction between incoming material and residual substrate charges can 

lead to a loss of resolution or process inhibition (Figure 30). 

This phenomenon can also arise when the deposited material is insulating [204], 

irrespective of the type of substrate used. If the deposited ink behaves as an 

insulator, it will eventually impede the route to ground for subsequent droplets. 

In practice, this places a limitation on the depth of features that can be produced 

using EHD techniques. Although the thickness of the films targeted in this work 

are small, this effect will likely present a challenge when transitioning to multi-

layer structures. 

Brown, Gladstone, and Chariot [205] investigated the evolution of polystyrene 

nanoparticle deposits during DC electrospray. By observing the development of 

nanoparticles during the early stages of deposit in DC electrospray through dark 

field microscopy, they were able to draw conclusions about the influence of 

residual charge and Coulombic interactions [206]. They discovered a bimodal 

Figure 30 - Spray inhibition during Dc electrospray on to insulating substrates 
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distribution in the spatial positioning of particles over time (Figure 31). This was 

explained by suggesting that early in the deposition (a) the particles were 

deposited centrally as it is the minimum path to the ground. After some time (b), 

charge begins to build in the central location and pushes the droplets radially 

through Coulombic repulsion. After more time (c), the central charge dissipates 

allowing droplets to once again be deposited. This could also coincide with 

repulsion from charges in the outer region. After more time (d), the deposition 

will become densely populated, but may not yet be completely uniform.  

As the charge decay rate increases - through increased material thickness or the 

use of highly insulating substrates - the effects of residual charge repulsion 

become more extreme. If the charge is unable to dissipate in a useful timescale, 

then DC EHD techniques become ineffective as material cannot transfer from 

source to substrate. Kessick, Fenn, and Tepper [207] demonstrated this through 

the deposition of carboxymethylcellulose (CMC) on to an insulating 

polycarbonate substrate using a DC voltage up to 10kV (Figure 32). During the 

Figure 31 - Electrospray Deposits of 460nm Polystyrene after (a) 50ms, (b) 2s, (c) 7s and (d) 
20s [205] 

Figure 32 - Images of CMC on a Polycarbonate Substrate after Several Hours of Exposure using DC 

Electrospray [207] 
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early stages of deposition, a small volume of material was transferred, before 

charge accumulated and inhibited deposition. Even with exposure times of 

several hours they were only able to deposit small amounts of material. Although 

highlighted for electrospray, residual charge repulse presents a challenge for all 

modes of EHD deposition. 

Alternating current (AC) electrospray is being increasingly investigated to 

overcome the challenges associated with surface charging. By sequentially 

depositing using positive and negative polarities, the net charge on the surface 

remains neutral. As a consequence, deposits can be achieved on highly insulating 

substrates over prolonged time periods. In Kessick’s work, they demonstrated 

how AC allows improved coverage with voltages as low as 5kV. Weiss’ work to 

deposit elastomer films used a similar approach [178]. In E-Jet printing AC is 

increasingly being explored for the production of higher aspect ratio features at 

the micron scale.  

Increasing Deposition Rates 

Increasing process throughput is a key challenge for film-based soft structures. 

Many of the manufacturing techniques are too slow or labour intensive for 

practical scale up. Even more commercially relevant techniques, such as gravure 

printing, have proven to be prohibitively expensive due to processing costs and 

the speed of electrode deposition. The only successful attempt to produce low-

voltage DEAs, using molecular beam epitaxy, required two hours to produce a 

single dielectric layer of ~200nm. Early studies of electrospray deposition suggest 

speeds on 5.53nm/s are currently achievable, which offers a significant 

improvement over MBE whilst maintaining film quality. However, for a modestly 

sized actuator (millimetre scale) would still require days of continuous 

deposition. 

Multiplexing, the introduction of multiple deposition heads, can be used to 

increase material deposition rate through parallel deposition. This area is being 

explored across industries to meet the throughput requirements of colloidal 

thrusters, mass spectrometry equipment, and manufacturing processes. 

Parhizkar et al.’s [208] recent study investigated four nozzle linear and circular 

arrays (Figure 33a) for their effect on the deposition speed.  Through this simple 
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approach, the deposition mass increased from 50mg to 180mg for a three-hour 

exposure. 

Despite the success of this ‘brute force’ approach, simply mounting multiple 

stainless steel nozzles in close proximity is not a feasible approach for further 

increasing the material throughput[209]. Micro-machining [210] and lithography 

[211] processes have been implemented for producing high density nozzle arrays. 

Through a combination of photolithography and deep reactive ion etching, Deng 

et al. [212] have demonstrated the production of devices with up to 1027 

individual nozzles on a single chip with a packing densities ranging from 253 to 

11547 sources/cm2 (Figure 33b). Although the flow was not characterised for the 

11547 sources/cm2 nozzle, a 91-nozzle array was shown to have a total throughput 

of 54.5cc/hour. Their highest stated value for a single nozzle is 2cc/hour, showing 

there are significant benefits of a multiplexed electrospray approach. 

Figure 33 - Multiplexed nozzle arrangements for increased through put electrospray deposition: a) Performance 

of novel high throughput multi electrospray systems for forming of polymeric micro/nanoparticles [208],  b) 

Compact multiplexing of monodisperse electrosprays [209], and c) Increase of electrospray throughput using 

multiplexed microfabricated sources for the scalable generation of monodisperse droplets [210] 
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Additional challenges are introduced for multiplexed electro-hydrodynamic 

processes when compared to pressure backed extrusion techniques. Highly 

packed nozzle arrays require proximate points to be charged to voltages in the 

order of kilovolts. Doing this in a standard electrospraying arrangement, results 

in space charging: a phenomenon that causes a region of free space to become 

charged when exposed to excess charge [213]. To overcome this, more complex 

designs for electrospraying equipment, or at least nozzles need to be created. 

Deng’s solution was to separate the electric fields used for deposition in to two 

distinct areas (Figure 33b): a jet forming region draws the fluid from the nozzles 

and then a spray region directs the aerosol to the substrate. This approach has 

been successfully demonstrated for DC electrospray, but it remains to be seen 

whether a similar approach will be applicable for AC systems. 

3.1.1 Applications in soft robotics 

Applications of EHD within soft robotics are limited due to the immaturity of the 

two fields. A number of pioneering publications have illustrated the technique for 

the production of either functional or structural soft matter applications, but 

with only a small number focussing more specifically on soft robotics.  

Fibrous matts of electrospun elastomers have been explored for stretchable 

sensing by applying a thin conductive coating using secondary processes, such as 

roll or sputter coating. Lee et al. [214] presented a force sensitive touch interface 

by combining electrospinning of polyether block amide with a rolled PEDOT:PSS 

coating. Where materials do not naturally exhibit large elastic responses, they 

have been induced through the application of auxetic structures within the matt. 

Ko et al. [215] demonstrated this approach by patterning a PCL sheet using a 

femto-second laser. Electrical conductivity of the sensor was achieved by sputter 

coating a 15nm gold layer on to the surface of the PCL. 

Rather than relying on bulk patterning, E-jet can be used to produce stretchable 

serpentine traces for strain measurement. Patterning of high aspect ratio silver 

nanowires in strain tolerant geometries allowed Cui et al. [216] to produce a 

number of heating and strain sensing elements on PET and PDMS substrates. 

When used as dry ECG electrodes, these devices where shown to perform 

comparably to commercially available wet solutions. 
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In thin film soft devices, the Nano-Tera Smart Sphincter project explored 

electrospray deposition as a high-speed alternative to molecular beam epitaxy of 

PDMS films for dielectric elastomer actuators. Preliminary studies with a 

simplified material demonstrated the potential for producing high-quality, low-

roughness (< 1 nm) films with sub-micron resolution [30, 178]. A key challenge is 

the use of materials without the photo- or thermal initiators normally used to 

achieve cross-linking in elastomer materials. As a result, deep UV (<200nm) is 

required to cure the deposited material. The limited penetration depth of deep 

UV and cure times significantly lower than the electrosprayed film growth rate 

makes the material unsuitable for practical application [217]. Moreover, the 

mechanical properties of the simplified material are less suited to soft robotics 

than those used in competing technologies and the reported low roughness is 

only present over a small surface area. If electrohydrodynamic deposition is to 

make a significant impact on the field of soft robotics, processes that are tolerant 

of the rheology of existing materials need to be developed.  

3.2 Machine design, layout, and validation 

The equipment used by Weiss et al. manually placed a static spinneret (nozzle) 

50mm from a stationary substrate to electrospray a simplified PDMS material. 

The point deposition of this system led to a limited coating area and required the 

use of low concentration solutions that are compatible with the electrospray 

regime. Here, it is hypothesised that the quality and coating area of films can be 

improved by introducing autonomous motion between the deposition head and 

substrate. Since equipment requirements are similar for all deposition modes, 

such a system will also allow investigation of alternate deposition modes (e-jet 

and electrospinning) by dynamically changing the material formulation and 

machine geometry. This should allow an extended range of material to be 

investigated as films could be made through electrospinning of wet fibres, 

consecutive direct-write of droplets, or aerosol deposition. 

 

A system capable of transitioning on-the-fly also opens up opportunities for 

devices with spatially varying morphology as well as material composition. In 

wearable devices, for example, a three-layer device could consist of an 



 59 

electrospun breathable interface, an electrosprayed dielectric elastomer actuator, 

and e-jet printed sensors and circuitry (Figure 34). This section documents the 

development of an experimental, proof-of-concept apparatus capable of all three 

deposition modes and serves a precursor to a more focussed study on the 

development of a soft film structure. 

Equipment for electrospray and electrospinning have similar requirements, with 

the transition between the two regimes being driven by the rheology of the ink. 

Deposition heads are usually static and placed at a relatively large distances from 

the substrate, providing the required time of flight for droplet fission or fibre 

elongation. Electrospinning typically features more complex substrates for fibre 

collection to encourage alignment. Perhaps the most common of these is a high-

speed rotating mandrel. These similarities mean there are a small number of 

papers that have combined spinning and spraying [218, 219]. Conversely, E-Jet 

deposition requires significantly more complex equipment to enable 

synchronised motion for 3D patterning on small scales, while still tolerating the 

high voltage requirements. Furthermore, as the process is driven by the 

application of electric fields, control over the relative positions of the nozzle and 

Figure 34 - Multi-modal electro-hydrodynamic deposition for functional, soft devices 
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substrate is much more important at the small distances used during E-Jet 

printing. Compared to the other techniques, the low-speed of the E-Jet printing 

also contrasts with the high-speed rotation often used in electrospinning.  

 

The use of a rotating mandrel, as per typical electrospinning arrangements, 

enables further opportunities for a continuous manufacturing process rather than 

a serial, lineated arrangement (Figure 35) that has been used for printed 

elastomer devices. A mandrel flanked by two, two axis platforms will enable the 

co-deposition of multiple inks and morphologies (Figure 36). For an application 

like DEAs, this approach has significant appeal as both the dielectric and 

conductive elements can be deposited in unison. Since they require a high 

number of layers, the continuous manufacturing approach could significantly 

reduce manufacturing time compared to lineated processing. In addition, this 

approach allows for co-deposition using two complementary processes. In this 

work, Aerosol Jet printing was eventually incorporated to overcome some of the 

challenges associated with direct write of conductive materials using the low-cost 

apparatus in this work. 

Deposition of 
Dielectric 

Curing 
(e.g. Ultra-violet) 

Deposition of 
Electrode 

Curing 
(e.g. Thermal) 

Figure 35 - Cartesian apparatus process flow 

Figure 36 - Cylindrical apparatus process flow 
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3.2.1 Physical Machine Layout 

Print Engine 

The development of an effective print engine is essential for the development of a 

successful deposition system as it will likely define the limitations regarding 

material compatibility. The initial selection of the syringe pumps, tubing and 

connectors is relatively arbitrary as they are typical laboratory supplies. The main 

concern related to the selection of an appropriate power supply. In this type of 

experimental, exploratory study a power supply that allows process flexibility is 

essential. The literature review provided a framework for the selection of a power 

supply: 

- Alternating Current 

o Alternating current prevents the build-up of charge on the surface 

of non-conducting substrates. The use of AC potentials will allow 

for deposition on to non-conducting substrates 

- Voltages between 0-25kV 

o Review papers have suggested that voltages in the region of 0-25kV 

should be suitable for the deposition of most materials. Töpper et 

al. have shown electrospray deposition of PDMS from voltages as 

low as 5kV 

- Low current requirements 

o Charge is carried through the material being deposited on the 

substrate. As a result, total flow of charge is on the order of a few 

milli-amperes. 

- High Slew Rate 

o The slew rate of the power supply is the rate at which the voltage 

output can change. A high slew-rate allows for higher frequency AC 

potentials. 

The final limitation on the selection of a power supply was cost. High voltage, 

low power alternating current power supplies are an order of magnitude more 

expensive than comparable direct current power supplies. Therefore, a selection 

had to be made within budgetary requirements. Ultimately, it was decided that a 

Trek 20-20 High Speed (20-20C-HS, TREK, USA) power supply would be used. 
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This high voltage amplifier is capable of producing ±20kV with a slew rate of 

800V/µs.  

Motion Platform 

The translation axes of the machine are belt driven using the Core-XY 

arrangement (Figure 37) that has recently gained popularity in additive 

manufacturing equipment. Core-XY allows two-dimensional planar motion using 

two stationary motors, which reduces the deposition head carriage weight. Low 

weight reduces the forces required for acceleration, therefore allowing higher 

speed translation. As a secondary benefit, it also allows spatial isolation between 

the low-voltage motion electronics and high voltage deposition head.  

The Core-XY implementation is a low-cost solution for relatively fast automation, 

especially when compared to lead or ball-screw based designs. Some sacrifices are 

made to precision and accuracy because of the belt’s elasticity; however, for this 

early stage investigation, an expensive high-resolution stage would likely be 

superfluous. When using 1.8° stepper motors, 1/32 micro-stepping, 20 tooth 

pulleys, and a 2mm pitch timing belt the theoretical minimum step size on the 

gantry is 6.25µm.  

Figure 37 – a) Schematic of core-XY two-axis motion platform and b) the actual machine layout 
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The central mandrel was also belt driven from a stepper motor to provide 

isolation between substrate and drive electronics. This also allowed the mandrel 

to be adjusted for either high precision or speed by changing the gear ratio 

between the driven and driver pulleys. When a 1:1 ratio was used, this allowed a 

theoretical minimum step of 0.05625° that translates to a minimum surface travel 

of ~50µm. Adjusting the ratio to 1:5 led to resolution comparable to the x-y 

gantries.  

Control 

To limit development time, open-source machine control software libraries were 

used to achieve synchronised motion. Initially this combined an Arduino Mega 

microcontroller coupled with GRBL, which is a software package originally 

intended as a lightweight CNC controller. Since the current GRBL release is 

limited to three-axis motion, two microcontrollers were combined to control the 

five axes of this machine. Control of the timing between the two controllers was 

achieved using a second piece of software on the main PC.  

This approach was successful for simple motion, but coordination between look 

ahead buffers proved challenging for more complex actuation. Furthermore, the 

reliability of the controllers provided an additional challenge, especially when 

trying to interface the system with the ancillary components. To simplify the 

system and reduce software development time, the Arduino based systems was 

replaced with the Smoothie platform. This platform combines an integrated CNC 

control board with modular software. The ability to quickly modify and create 

modules greatly simplified the interfacing with ancillary components, such as 

syringe pumps, the power supply, and heating elements. The controller is also 

compatible with 5-axis motion, which negated the need for software to control 

motion timing between the two axes. Motion commands were sent to the 

apparatus using G-CODE from a GUI developed using the tkinter library in 

python. 

Toolpath planning 

Time delays, caused by charge and pressure decays in continuous E-Jet and AJP, 

respectively, can present a challenge when frequently starting and stopping 

deposition. Toolpaths targeting continuous deposition were used to reduce the 
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need for intermittent deposition. The toolpaths to achieve this were generated 

from .DXF by converting them to G-CODE using a python program and the 

NetworkX library for network inspection. 

The developed program extracted co-ordinates from the .DXF files to create a list 

of nodes and edges that represent the required geometry. If multiple discrete 

patterns are present within the design, then each is stored as an individual 

network. Each network is then inspected and defined a Eulerian, semi-Eulerian, 

or non-Eulerian circuits (Figure 38), where: 

• Eulerian – each node in the network has an even degree 

• Semi-Eulerian – exactly two nodes in the network have an odd degree 

• Non-Eulerian – either one or more than two nodes in the network have 

an odd degree 

Any Eulerian and semi-Eulerian graphs can be solved to find the minimum path 

that passes through each edge in the network. For semi-Eulerian graphs, 

deposition is required to commence and terminate at the nodes with an odd 

degree. For non-Eulerian networks dummy edges are added between nodes to 

produce a semi-Eulerian network. In practice, these manifest themselves as 

passing the shortest two edges twice during printing. A simple example of each 

type of network is presented below. 

Mandrel alignment compensation 

The 3030 aluminium extrusion frame of the machine was selected to provide a 

flexible construction, which was important for an early stage experimental 

apparatus. The low-cost allowed resources to be spared for critical machine 

Figure 38 - Examples of a) Eulerian, b) Semi-Eulerian, and c) Non-Eulerian graphs 
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components, such as the power supply. A modular approach created a challenge 

to ensure alignment between the mandrel and the x-y translational stages. 

During installation, the mandrel was aligned by mounting a dial test indicator 

(DTI) to the deposition head and adjusting the mandrel and gantry to minimise 

deviations. Although the error could be minimised for a single side (~30-40µm), 

it proved difficult to achieve variation of less than 100µm for both gantries. Since 

EHD deposit morphology is driven by the magnitude of the electric field, this led 

to inconsistent printing and electrical shorting when the distance between the 

nozzle and substrate decreased. 

To overcome this, a laser displacement sensor (IL-100, Keyence, Japan) was used 

to measure the position of the mandrel relative the deposition head. During a 

scanning cycle, the machine would record data in a grid pattern to produce a 

surface map of the substrate (Figure 39). This data could then be used to pre-

process the G-Code ahead of deposition to compensate for any alignment errors. 

To define the correction value for points between the measured values, the three 

closest nodes were used to define a plane that captures the desired position. The 

required correction could then be calculated from the plane and the desired x-y 

position.  

To illustrate the efficacy of this approach the mandrel, a scanning cycle was run 

on a 40x200mm area of the mandrel and the data used to correct the G-Code for 

a second cycle. For the uncorrected and corrected scan, the standard deviation 

for the mandrel-deposition head distance was 1200µm and 40µm, respectively. 

The corrected deviation represents a 4% variation in distance at a nozzle 

substrate distance of 1mm. This reduction increased the reliability of the print 

(x3, y3, z3) 

 

(x2, y2, z2) 

 

(x1, y1, z1) 

 

(xd, yd, zd) 

 

Figure 39 - a) Surface map of mandrel and b) finding the offset of the unknown point 
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and prevented electrical arcing between the nozzle and substrate during direct 

write deposition. Despite the improvement, variation in distance likely 

contributed to the variation in deposit for the near-field process (Section 4). 

Further improvement could be achieved through more rigorous assembly 

approaches; however, the large span and limited stiffness of the machine meant 

vibrations of the machine were of a similar magnitude to the static error. 

Achieving lower errors would require an alternate and less modular approach to 

the machine design and construction, which would add significantly to the 

machine cost. A standard deviation of 40µm was found to be acceptable for this 

exploratory study. As an additional benefit, this software also allowed deposition 

of patterns on to non-planar substrates as illustrated in Section 5.4. 

3.3 Initial Results 

Initial validation of the machine was achieved using polyvinylpyrrolidone (PVP), 

which is an ink that has been widely studied and documented. This allowed 

exploration of the fundamental capabilities of the machine and provided a first 

insight into the factors that can affect the quality of the deposit. An attempt was 

made to validate that machine can transition between the three primary EHD 

deposition regime to produce three distinct morphologies through manipulation 

of the process parameters and ink concentration.  

3.3.1 Materials and methods 

Polyvinyl pyrrolidone (PVP) (Sigma Aldrich, Mw: 1300000) was dissolved in 

deionised water at 1, 5, 10, 15wt% for 24 hours at room temperature under 

Figure 40 - SEM images of torn PVP fibres 
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constant magnetic stirring at 200rpm. The ink was loaded in to 10ml syringes and 

supplied to the nozzle at a flow rate of 1ml/hr using a syringe pump (AL-2000, 

WPI, USA). A blunt 30-gauge dispensing tip (8001104, Fisnar, USA)  was used as a 

spinneret in all instances. Deposits were conducted at distances of 60mm on to 

polyimide (50µm) backed copper (35µm) substrate (AN10, CIF, France) that was 

secured to the mandrel using a copper tape (Chomerics, UK). In the direct write 

mode, the fibre was deposited on to a PET sheets (125µm, Goodfellow, UK) as it 

simplified imaging through optical microscopy. 

The morphology of the deposits was characterised using a combination of white 

light interferometry (NPFLEX, Bruker, USA), Scanning Electron Microscopy 

(SEM) (SU820, Hitachi, Japan), and optical microscopy (BX53M, Olympus, 

Japan). For comparison SEM micrographs of an untreated substrate have been 

supplied alongside the treated samples. SEM images were captured using samples 

that were sputter coated with a 5nm layer of iridium. Approximate measurements 

from the SEM images were taken using ImageJ. 

3.3.2 Results and discussion 

Electrospun fibres (Figure 41c-e), electrosprayed films (Figure 41b), and selective 

patterning of aqueous PVP has been demonstrated through variation of the 

solution concentration or machine layout. Qualitatively, reducing the solvent 

concentration from 12.5wt% to 1wt% led to a significant decrease in the viscosity 

of the PVP solution. During deposition, this change led to a decrease in mean 

fibre diameter from ~180nm (12.5wt%) to ~40nm (2.5wt%) (Figure 41f) from the 

same electric field. This reduction in fibre diameter is the direct result of a lower 

resistance to flow, and therefore elongation, for low-concentration, low-viscosity 

solutions. Once the polymer chain interaction is sufficiently low, continuous 

fibres can no longer be maintained and discrete droplets are deposited, which 

leads to the production of low-roughness films of PVP.  
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At greater solvent concentrations, the uniformity of the deposit decreased and 

the number of bulbous artefacts, islands of PVP, and conjoined fibres all 

increased (Figure 42). Furthermore, deposition time of the solutions with PVP 

content <10wt%  had to remain relatively low (<60 seconds) to produce 

micrographs with a high number of visible fibres. Prolonged exposure led to large 

islands of bulk PVP. These effects can be attributed to insufficient inflight solvent 

evaporation. Therefore, these effects can likely be eliminated by increasing 

evaporation rates by using higher volatility solvents or include enclosure heating. 

Figure 41 - Effect of solution concentration on electro-hydrodynamic deposition of PVP 
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3.4 Chapter summary 

This chapter introduced electro-hydrodynamic deposition for the manufacture of 

soft films. The electrospinning, electrospraying, and E-Jet techniques were all 

introduced as ways of depositing material with varying rheological properties, 

therefore providing a versatile approach to thin film manufacture. Opportunities 

for a process that can dynamically switch between the processes, to spatially vary 

the morphology of the deposit were also introduced. 

The design and build of an experimental apparatus that can dynamically change 

material and geometry to explore the different EHD regimes was presented. 

Software techniques to drive continuous deposition and minimise variation in 

nozzle-substrate distance were also developed. The machine allows deposition 

from distances up to 30mm on to a 100mm diameter substrate using AC electric 

fields up to ±20kV. Initial validation, using PVP as a model ink, allowed 

validation of the equipment and demonstrated the transition from direct write 

(5µm beads) to electrospun fibres (40nm) and electrosprayed films.  

  

Figure 42 - a) Islands of bulk PVP, b) conjoined fibres, and c) bulbous fibres 
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4 Electro-hydrodynamic deposition 

The previous chapter introduced electro-hydrodynamic deposition; discussed the 

development of an apparatus for exploring EHD as a manufacturing technique; 

and presented result from initial deposits using materials that have previously 

been deposited used with the technique. This chapter explores the use of the 

machine for the deposition of elastomeric and conductive materials with a view 

towards applications in soft films.  

4.1 Deposition of elastomers 

Low electrical conductivity and high viscosity present barriers when attempting 

to deposit unmodified, commercially available PDMS elastomers. These materials 

often require tailoring through the addition solvents; simplification of the 

precursor solution [178]; using carrier materials within the solution [220]; or, 

more commonly, some combination of the two [30]. The addition of solvents 

typically increases the conductivity while lowering the viscosity, which combine 

to improve the material’s affinity to the classical EHD regimes (Section 3). At low 

polymer concentration solutions, the degree of polymer entanglement is reduced, 

which increases the likelihood of droplet generation through the electrospray 

regime.  

The addition of a carrier materials can be used to increase entanglement within 

the solution to encourage the deposition of fibres rather than droplets [220]. Co-

axial extrusion of PDMS with a long chain polymer sheath material, which can be 

dissolved away post-deposition, has been demonstrated as a successful technique 

to produce structured fibrous meshes [221]. Although these modifications have 

been successful in enabling the deposition of PDMS materials, there has been 

limited research on their effect on the properties of the final material. 

Furthermore, the required development time to achieve this behaviour is of little 

value unless the application specifically requires a structured mesh. 

A less common type of EHD deposition, known as electrically forced jets, may 

provide an opportunity to accelerate the adoption of EHD deposition of soft 

films. Initial studies demonstrated the compatibility of electrically forced jets 

with highly insulating dielectric fluids with viscosities similar to the elastomeric 
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materials often used for soft systems [194]. Silicone oils with viscosities ranging 

from 970-58200cP and conductivity as low as ~10-9mS/m have been demonstrated 

[193]. Despite this, there has yet to be any comprehensive study on its application 

as a viable manufacturing technique for soft robotics. The process is perhaps 

overlooked since it lacks the resolution achievable in the classical regime. For 

many soft film applications, increased lateral resolution may present a suitable 

compromise for increased material compatibility, especially if axial resolution can 

be preserved. An initial scoping study using common materials was used to 

determine the most immediately practicable approach for thin elastomeric films. 

4.1.1 Material screening 

Four commercially available silicone materials were purchased and investigated 

for their response to the application of a high electric field. Materials were 

selected based on their viscosity, mechanical properties once cured, pot-life, and 

use within the literature. Biocompatibility was a secondary consideration driven 

by the technology’s potential end use in cell culture platforms and implantable 

technologies. Since many of the materials targeted in this work are proprietary, 

viscosity was used as an indicator of polymer chain length and entanglement. 

Four types of PDMS were selected for the initial investigation: Sylgard 184, 

Sylgard 186,  Sylgard 1-4128, and Gelest DMS-V21.  

The Sylgard family of elastomers were chosen over alternatives from Smooth-on 

or Eco-flex due to their significantly greater pot-life despite their increased 

hardness. The properties and applications of Sylgard 184 and 186 are well 

documented and widely studied due to their use in microfluidics and soft 

robotics research. These two materials have the highest viscosities of the selected 

materials and are normally processed through soft lithography. Sylgard 1-4128 is 

less widely used in soft robotics, however it has significant application as a 

conformal coating for electronics, where its low hardness helps to relieve strain 

and absorb impacts. It is typically applied through dip coating or pneumatic 

spraying during automated PCB manufacture. 
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Table 5 - Properties of commercially available polydimethylsiloxanes 

*Young’s Modulus has been provided as data for tensile strength is not available 

DMS-V21 from Gelest is a vinyl-terminated PDMS telechelic polymer normally 

used as a component within 2-part addition cure silicone elastomers. According 

to the supplier, the material is brittle and features a low-elastic modulus when 

cured without the addition of complementary monomers. It has been included in 

this initial scoping study since Weiss et al. [30] demonstrated its suitability to the 

electrospray deposition regime. Rudimentary mechanical analysis has shown the 

elastic modulus may be suitable for low-thickness (<1µm) films. 

 

 

 DMS-V21 184 186 1-4128 

Viscosity (cP) 103 3500 66700 475 

Pot life (mins) - 90 99 - 

Cure method Deep UV Thermal Thermal Thermal 

Cure time (mins) 6nm/s 2880 (25°C) 

35 (100°C) 

10 (150°C) 

25 (100°C) 

15 (150°C) 

5 (105°C) 

Shore hardness - 43A 24A 64 OO 

Tensile Strength  

(MPa) 

4.7* 6.7 2.1 0.2 

Strain (%) - - - 70 

Dielectric Strength 
(kV/mm) 

- 19 - 20 
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Gelest DMS-V21 

DMS-V21 was combined with ethyl acetate in a ratio of 1:19 before being mixed in 

a planetary degasser (ARE-310, Thinky, Japan). The solution was then 

continuously stirred for at least 48 hours to ensure sufficient mixing and 

minimise chain entanglement. The solution was drawn in to a five-millilitre 

syringe and placed into a syringe pump. Using a flow of 3ml/hour, the nozzle was 

actuated to 30mm from the surface of the PET substrate, before electric field was 

applied to initiate deposition.  

At electric fields up to 1kV gravity remained as the predominant factor effecting 

deposition (Figure 43a), therefore droplets were ejected from the nozzle in the 

dripping mode. From ~1.8kV onwards (Figure 43b), the meniscus was pulled into 

a Taylor cone and the stable cone-jet was established, which broke down into a 

plume of droplets. As the voltage approached 3kV (Figure 43c), the twin-jet mode 

arose before complex multi-jets were established from 4kV upwards(Figure 43d-

Figure 43 - Electrospraying modes of DMS-V21 solution in ethyl acetate: A) dripping, B) stable cone-jet, 
C) twinjet, D) & E) complex multi-jet. All scale bars are 2mm.  (colour inverted for clarity) 
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e). Deposition through the twin and multi-jet modes were observed to be erratic, 

with jets appearing to flicker, initiate, and decay at random. 

Deposition in the stable cone-jet was found to exhibit the classic target profile, 

with the amount of fluid present on the substrate reducing radially. As substrates 

were suspended vertically long exposure time led to the material running. 

Enclosure heating to more readily evaporate excess solvent may have helped 

minimise these effects; however, for the initial study, exposure times were kept 

below 60 seconds. 

Figure 44 shows cured deposits of DMS-V21 produced using DC and AC 

electrospray at exposure times ranging from 10 to 60 seconds. At low exposure 

times, both AC and DC fields lead to isolated islands of material due to 

insufficient material delivery and spreading. Increasing exposure times reduced 

the number and size of gaps in the films for both field types, however pores and 

surface defects remained in DC films even at extended periods of deposition. In 

contrast, the use of an 18Hz, ±5kV AC field showed improved deposition at all 

exposure times with relatively large areas (2-3mm2) with low roughness. Analysis 

using white light interferometry shows a roughness of 65.23nm (Sa) over an area 

of 1x0.8mm from a 30 seconds deposition time.   

Although these results show promise, the absence of photo-initiators or 

crosslinking catalysts in the base material presented challenges when 

crosslinking the polymer. In this work, samples were baked at 100°C for 10 
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Figure 44 - Optical micrographs of electrosprayed DMS-V21 at varying exposure times from a A) 5kV DC 
applied voltage at 50mm and B) a 5kV, 18Hz electric field at 50mm. All scale bars are 500µm. 



 75 

minutes to remove any residual solvent before being exposed to a broad 

wavelength UV source for one minute to cross-link the polymer. The low-

wavelengths (~200nm) present in spectrum were able to cure the polymer despite 

the absence of photo-initiators; however, optical attenuation limited the 

penetration depth of the light source, and therefore achievable cure depth. When 

attempting to cure materials of greater depth, a ‘skin’ of cured material is 

produced on the surface of the uncured elastomer (Figure 45). Deposition times 

greater than 60 seconds led to inconsistent curing across the deposit area, which 

manifested as visible wrinkles in the optical micrographs. Literature suggests 

curing materials with thickness approaching 1µm can be challenging through this 

approach [217]. 

 

The films produced here were within a curable range, however this was only for 

single point depositions. Away from the centre, the deposit soon transitions from 

a confluent film to a series of islands. Achieving large area films will likely rely on 

an array of multiplexed nozzles, automated nozzle scanning, or a combination of 

the two. These approaches will allow improved coverage and will require a 

greater minimum film thickness to ensure uniform coverage. 

This approach to materials presents several processing advantages and is 

immediately suitable to the electro-spraying regime, however the challenges with 

cross-linking, combined with limited bulk material properties and long cure 

times, means significant work is required to translate the approach to practical 

application. 

Figure 45 - Skin curing of DMS-V21 through exposure to deep UV 
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Electrospray: Sylgard 184, 186, & 1-4128 

The syringe pumps could not provide sufficient force to deliver the higher 

viscosity Sylgard 184 and 186 solutions; therefore, they were diluted using ethyl 

acetate prior to deposition as is common in solution processing. The base 

solutions were diluted using 5wt% ethyl acetate to decrease the viscosity. The pot 

life of Sylgard 184 and 186 – the time taken for viscosity to double – is reported as 

approximately 90 minutes, which meant long periods of mixing could not be 

used as for DMS-V21. Instead, the materials were mixed and degassed in a 4-

minute cycle using planetary mixer (ARE-310, Thinky, Japan) before deposition.  

Experimentation immediately highlighted challenges with this approach: firstly, 

the process was found to have a high time dependency, which is likely caused by 

solvent loss and partial cross-linking of the polymer. Secondly, as reported for 

EHD deposition of polymers in high volatility solvents [222], the solvent and 

PDMS appeared to separate at the nozzle exit (Figure 46). This led to either only 

the solvent being transferred to the substrate or, during extended deposition, 

nozzle clogging. If the solvent and temporal effects could be isolated, 

understood, and used to develop a suitable ink, the print stability would be 

limited due to the material’s pot-life. Therefore, Sylgard 1-4128 became the focus 

of the study since it had an indefinite pot-life at room temperature. Droplet 

deposition of 1-4128 could be achieved without dilution and became the focus of 

this work 

4.2 Droplet deposition of elastomers 

Either the pulsating jet or pulse-on-demand modes are used to generate droplets 

during E-jet deposition. When using a pulsating jet, oscillation of the cone under 

Figure 46 - Separation of Sylgard 184 and ethyl acetate at nozzle exit 
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a constant, DC electric field is used to periodically emit a droplet from the 

nozzle. In pulse-on-demand, the selective application of an electric field is used 

to trigger droplet ejection. Although these regimes appear sub-optimal when 

compared to steady jetting – ejection of a continuous bead/fibre - it is 

parametrically distant from the unstable modes of deposition (multi-jet) that are 

difficult to direct and control. In practice, this has made the process the most 

useful for E-Jet applications as it is less sensitive to small deviations in local 

processing conditions. The following section provides a comparison of both 

droplet deposition techniques, before focussing on the pulse-on-demand 

technique and the primary factors effecting the deposits. 

4.2.1 Method and Materials 

Material and substrate preparation 

Square substrates (50x50mm) were prepared from 300x300 sheets of 125µm 

polyethylene terephthalate (PET) (Goodfellow, UK).  The silicone elastomer, 

Sylgard 1-4128, was prepared by mixing part A and B in a ratio of 10:1 as per the 

manufacturer’s instruction. Once prepared the material was loaded in to a ten-

millilitre syringe and secured into a syringe pump (Harvard Precision 

Instruments, USA). Using luer-lock connections, the syringe was attached to a 

30-gauge (OD: 310µm, ID: 160µm) stainless steel blunt nozzle by a length of 

Tygon tubing. The nozzle was then mounted to the deposition head before 

deposition. Flow from the syringe pump was left to stabilise for 10 minutes prior 

to beginning deposition.  

  Deposit analysis 

Images of the droplets were captured using optical microscopy (BX53M, 

Olympus) using 2.5x, 5x, or 10x objective depending on the radius of the droplets. 

The captured images were analysed using the OpenCV library in python. All 

images were converted to 8-bit grayscale and a median filter applied to remove 

defects from the images that may be mistaken droplets. Binary thresholding was 

used to allow pixel counting of the droplet area, while a canny edge detection 

algorithm was used to define the droplet boundaries. This data then allowed 

calculation of the mean distance from the centroid of the deposit to the edge of 
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the deposit (Figure 47). The variation in the mean distance is also used as a 

measure of droplet circularity. Validation of the automated analysis was 

accomplished by comparing results to manual measurement through ImageJ and 

the Olympus Stream Essentials. The figure below illustrates the analysis and 

provides example images at each stage of the analysis. A non-circular deposit is 

displayed since it exemplifies why alternate approaches, such as Hough 

transforms, struggle with the analysis. 

Three-dimensional analysis was achieved using white light interferometry 

(NPFlex, Bruker) and analysed using open-source visualisation software 

(Gwyddion, Czech Republic). Deposition on to a cylindrical mandrel and curing 

at temperatures above the softening point of the PET substrate led to non-linear 

backgrounds, therefore data flattening was required to extract useful data from 

the deposit. A second-order, single axis polynomial background removal followed 

by a mean plane subtraction of the bare substrate was adequate in most cases. A 

3-pixel median filter was also applied to minimise scan errors. Figure 48a-b shows 

example plots before and after processing. White light interferometry data was 

also used to generate a series of cross-sections for droplets to allow calculation of 

Figure 47 - Example analysis of optical micrographs for E-Jet printed PDMS droplets 
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the mean contact angle. Droplet volume was calculated from a plane at the level 

of the substrate and the surface of the masked area in Figure 48e. 

4.2.2 Droplets by Pulsating Jet 

The pulsating jetting mode is the result of cyclic imbalances between the surface 

tension and electrostatic stresses within a droplet at the nozzle’s tip. When no 

charge is present, the droplet is spheroidal as its shape is driven by its surface 

tension and mass. As charge, and therefore Maxwell stress, builds, the droplet is 

pulled into a conical shape with decreasing tip radius. A jet is then ejected when 

electrostatic stresses overcome the surface tension. This emission transfers 

Figure 48 – White light interferometry plot before (a) and after (b) processing; c-i) Profiles used for generation of 

cross surface profiles, c-ii) examples of surface profiles used to measure contact angle, and c-iii) masked region to 

calculate the volume of the droplet 
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charge from the nozzle to the substrate, therefore reducing the charge-induced 

Maxwell stress within the liquid. This, in turn, causes the cone to recoil towards 

its original shape and the process is repeated.  

Using this phenomenon to produce droplets means that the frequency of 

emission is driven by the properties of the ink, such as viscosity and conductivity, 

in combination with the applied voltage, nozzle-substrate distance, and material 

flowrate. Furthermore, the periodic ejection of droplets means that their spacing 

is dependent on the translational velocity of the deposition head. As such, the 

first step to characterise the deposition was to determine the effect of the feed 

rate on the shape and distribution before investigating how the frequency and 

size of the droplets are influenced by the remaining parameters. 

Feed rate 

For a given set of process parameters, the emission of droplets in the pulsating jet 

mode should occur at a consistent frequency. Therefore, the effect of increasing 

the travel speed of the deposition head was expected to maintain droplet 

diameter, while increasing the spacing between subsequent droplets. Through 

testing at various rates, calculation of the droplet frequency should be possible 

based on the translational speed of the head and the relative spacing between 

droplets. 

Samples were prepared by setting a flowrate of 100ul/hr, applied voltage of 

2000V, and then travelling at feed rates ranging from 1000-5000mm/min for 

Figure 49 – a) Droplet spacing and b) mean diameter with increasing feed rates. Error bars represent 1 

standard deviation. Microscope images of deposits at feed rates of c) 100mm/min, d) 2000mm/min, and e) 

5000mm/min. Scale bars are 1mm. 
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30mm. The diameter of the droplets and the spacing between consecutive 

droplets were measured using optical microscopy. Three repeats were conducted 

for each feed rate and the mean, minimum and maximum are plotted in Figure 

49. As expected, the droplet spacing increases linearly with feed rate, while the 

mean droplet area remains relatively constant. At low feed rates, the mean 

droplet area is comparable to the droplet spacing, which caused challenges when 

distinguishing between droplets.  

The standard deviation in droplet spacing was found to increase significantly 

with nozzle speed. Examination of optical micrographs show that droplets are 

grouped together in pairs and, although the droplets are of comparable size, the 

leading droplet is consistently larger than the trailing droplet. This observation 

suggests ‘main’ and ‘satellite’ droplets are being produced as the material jet 

necks down and droplets. If these droplets are treated individually, the mean 

droplet ejection frequency was calculated to be 25.3Hz with a standard deviation 

of 1.06Hz for the given parameter set. 

Voltage 

Bounds of the pulsating jet deposition mode were determined by increasing the 

voltage from 1kV-3kV and examining the response of the jet under stroboscopic 

optical microscopy (AM3715TB, Dino-lite, Taiwan). Deposits were then produced 

with a nozzle-substrate distance of 5mm and a feed rate of 1000mm/min over a 

distance of 30mm. Five samples were produced and the results are presented in 

Figure 50. 

Figure 50 - a) Droplet spacing and b) mean diameter with increasing applied voltage. Error bars represent 

±1 standard deviation. Microscope images of deposits at voltages of c) 1800V, d) 2000V, and e) 2400V. 

Scale bars are 1mm. For each voltage 10 samples were taken. Each sample consisted of 10 droplets 
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Increasing the magnitude of the applied voltage led to a reduction in the 

diameter of the deposited droplets. As expected for a constant ink flow rate, the 

this decrease in diameter was accompanied by an increased in the droplet 

ejection frequency (8Hz at 1800V to 33Hz at 2400V). Satellite droplets were less 

obviously present in droplets produced at the lowest voltage (1800V).  

Flowrate 

For a voltage of 2000V and a stand-off height of 5mm, the flowrate was increased 

from 10ul/hr until the limit of the syringe pump was reached (8ml/hr). Both the 

droplet diameter and the frequency of emission was found to increase with flow 

rate. The flowrate was found to have the most significant effect on the volume of 

the deposit, with a more than 200% increase in droplet diameter between the 

lowest and greatest flow rate (Figure 51). The droplet ejection frequency had the 

inverse relationship, falling from ~16Hz at the lowest flowrate (0.01ml/hr) to 

~8Hz at the greatest (8ml/hr). The standard deviation of the spacing and droplet 

diameter reduced with flowrate, which is likely caused by a more consistent 

droplet volume being present at the nozzle’s tip during printing.  

Figure 51 - a) Droplet spacing and b) mean diameter with increasing flowrate. Error bars represent ±1 standard 

deviation. Microscope images of deposits at flowrates of c) 0.01ml/hr, d) 0.1ml/hr, e) 0.5ml/hr, f) 1ml/hr, g) 

5ml/hr, and h) 8ml/hr. Scale bars are 1mm. For each test point 10 samples were taken. Each sample consisted 

of 10 droplets 
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4.2.3   Droplets by pulse-on-demand 

Conceptually, pulse-on-demand (PoD) is closer aligned to DoD inkjet techniques 

as the timing of droplet release can be directly controlled, rather than as a 

consequence of material and process conditions. This is achieved by selectively 

supplying a high-voltage pulses to trigger the release of a droplet, or series of 

droplets, from the nozzle. The period, or distance for constant velocity motion, 

between droplets is controlled by configuring the time between consecutive 

pulses. Although this is more complex to control than a pulsating jet system, it 

can achieve improved spatial positioning of droplets as well as allowing the 

waveform to be varied on a droplet by droplet basis. Using a similar approach to 

above, here a systematic approach is taken to gain an understanding of the effects 

of processing conditions on the shape and size of the deposits. By selectively 

applying the electric field, these results should demonstrate the volume and 

frequency of the droplets can be controlled independently while improving the 

spatial positioning of the droplets.  

  Voltage and minimum pulse width 

When a voltage of sufficient magnitude is applied to a neutral meniscus, it is 

pulled into a conical shape that emits a jet as the electrostatic stresses overcome 

the surface tension. In PoD deposition, both the width and magnitude of the 

pulse needs to be sufficient to allow the initiation of jetting. To determine the 

minimum pulse width required to establish jetting at a given voltage, pulses of 

increasing duration were applied until a deposit could be detected on the PET 

substrate (Figure 52). This minimum pulse width provides the upper bound for 

the maximum jetting frequency. The non-biased jetting frequency can often be 

Figure 52 - Minimum pulse width required to trigger droplet ejection at 

increasing electric field strengths  
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lower than this boundary as the meniscus needs to time to recover and stabilise 

to avoid driving unwanted oscillations. Increased jetting frequency can be 

increase by biasing the material with a voltage just below the jetting onset 

voltage, therefore reducing the time taken for charge build-up.  

Pulse Width 

The value of the pulse width above the minimum value was investigated to 

determine its effect on the deposition volume. For a voltage of 2kV and a stand-

off height of 2mm, the diameter of deposits was measured for increasing pulse 

widths. For pulses of 35-80ms, the diameter of deposits increases linearly. 

However, for pulses with a duration of greater than 90ms there is a step-change 

increase in the volume of droplets (Figure 53). Inspection of the deposition under 

Figure 53 – a) Mean droplet diameter with increasing pulse width. Error bars represent ±1  standard deviation. 

b) Initial and c) secondary material ejection from a 100ms pulse width. Droplets produced with d) 35ms, e) 

50ms, f) 60ms, g) 80ms, h) 90, and i) 100ms. All scale bars are 1mm. For each test point 10 samples were taken. 

Each sample consisted of 10 droplets 
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stroboscopic microscopy showed a primary and secondary deposit. In effect, a 

pulse width greater than 90ms appeared to be sufficient for the onset of the 

pulsating jet mode. 

Voltage 

For a constant pulse width of 100ms, increasing the applied electric field was 

found to increase the droplet diameter from ~600um to ~1500um (Figure 54). 

This is in contrast with the results from the pulsating jet, where an increased 

electric field resulted in a reduced droplet volume but increased the frequency of 

emission. In POD jetting the deposits for a given pulse took place from a static 

nozzle. Therefore, sequential ejection of droplets during the same pulse can lead 

to an increased magnitude in the size of the deposit. Again, optical microscopy at 

the deposition head showed the ejection of several deposits at greater voltages. 

4.2.4 A comparison of pulsating jet and pulse-on-demand deposition 

mechanisms 

Both deposition techniques are effective in producing droplets of PDMS, however 

the close coupling between jetting frequency and droplet volume presents a 

significant challenge for the pulsating mode. Significant empirical work is 

required to understand the interdependence and the factors that drives it. In 

practice, the simplest approach tailored the parameters for a specific droplet size 

before the nozzle head speed was adjusted to account for the corresponding 

ejection frequency. This approach will dictate print speed and droplet 

throughput. 

Figure 54 - Deposit diameter with increasing voltage and deposits at 2000, 3000, & 4000V. Error bars represent 

±1 standard deviation. For each test point 10 samples were taken. Each sample consisted of 10 droplets 
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Across all experiments, the variation in droplet diameter was found to be larger 

for pulsating jet deposition. The use of flow-based ink control, rather than 

pressure, led to temporal variation in meniscus volume at the nozzle tip. 

Qualitatively, this was found to have a significant impact on the volume of the 

deposited droplets. In the pulse-on-demand experiments, periodic cleaning of the 

nozzle to minimise material build up led to the deposition of more consistent 

droplet volumes. Such an approach was less feasible in the pulsating jet mode 

due to the continuous nature of deposition. In addition, high-speed translation of 

the nozzle is required to achieve suitable spacing at high droplet ejection 

frequencies in the pulsating jetting mode. Resonant vibration at certain actuation 

speeds led to increased variation in droplet size and position (Figure 55) due to 

changes in the relative position of the nozzle and substrate. This could perhaps 

be improved by adding stiffness or mass to the system to shift the system’s 

natural frequency beyond the operating range. 

Pulse-on-demand overcame many of the above challenges by de-coupling droplet 

size and volume through the selective application of a high magnitude electric 

field. Independent control of the droplet frequency and volume allows the size 

and spacing of the deposit to be driven by the requirements of the applications, 

while dynamic control of the pulse width and volume provides scope for on-the-

fly changes in deposit volume. The sacrifice for this is reduced throughput for a 

given electric field and increased machine complexity. Increasing the voltage 

while reducing the pulse width can help increase the ejection frequency, however 

it is unlikely to match the higher frequency of biased pulsating jet printing. 

Figure 55 - Perpendicular distance of droplets from the mean print line and b) droplet positions relative to mean 

print line for feed rates of 1000mm/min and 3000mm/min.  
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Increasing the voltage beyond the usual stable jetting range was found to be 

effective but led to increased variation in droplet size.  

In this work, deposition through the pulse-on-demand technique was conducted 

using a static deposition head to overcome challenges in vibration. Laser 

profilometry was used to decrease variation in the nozzle-substrate distance 

through pre-processing of G-Code, however this may be improved by 

transitioning to in-process monitoring of the nozzle-substrate distance or by 

monitoring material transfer by measuring the substrate current. Alternatively, 

improvements in alignment and machine stiffness could be achieved by moving 

away from the modular aluminium extrusion design.  

4.2.5 Confluent elastomer features 

Reducing the spacing between consecutive droplets allows the production of 

confluent features, however the magnitude of the spacing needs to be considered 

with respect to the volume of the droplets. Inadequate spacing can cause 

consecutive droplets to coalesce into a single larger droplet rather than forming a 

linear feature. In contrast, over-spacing can lead to poor edge definition with 

periodic bulging or the deposition of discrete droplets. In this work, the 

production of continuous features was made difficult due to the relatively large 

variation in droplet size during printing.  

A series of experiments were conducted to evaluate the effect of decreased 

droplet spacing on the edge quality of printed lines (Figure 56). Droplets with an 

approximate diameter of 500µm produced through the pulse-on-demand 

deposition mode by applying a 1.8kV pulse for 80ms to the nozzle at 1mm 

distance from the substrate. Droplets were deposited over a distance of 20mm 

with decreasing spacing, ranging from 700µm to 300µm on to a PET substrate. 

This represented a maximum droplet overlap of approximately 60% (Figure 57). 

Figure 56 - Deposition of PDMS droplets with decreasing spacing. All scale bars are 500µm. 
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To define edge quality, optical micrographs of vertically aligned deposits were 

examined on a row-by-row basis to identify mean line width and variation in 

along the edge. At high spacings, discrete droplets were formed, however as the 

spacing decreased, ‘necking’ between droplets began to arise as deposits 

coalesced into confluent features. At droplet spacing of 300µm, or about 40% 

droplet overlap, continuous features with a mean width similar to the diameter of 

the individual droplets was produced. Beyond this point, confluent features with 

increasing width were produced.  

The production of films extended this approach by depositing droplets with an 

overlap of approximately 40% in two directions. Experiments for investigating 

individual droplet and short linear deposits were achieved using positive polarity 

pulses. However, when transitioning to larger area films, the accumulation of 

charge on the insulating PET substrate introduced challenges with edge 

definition. Charge repulsion within the deposited fluid led to the production of 

dendrites, or fingers, that severely impacted the edge definition of the deposits. 

By altering the polarity of consecutive pulses accumulation was minimised and 

the edge definition improved (Figure 58b-c). 

The polarity of the applied pulse was found to have minimal effect on the droplet 

volume, especially when compared to magnitude or duration of the pulse (Figure 

58a). The surface roughness of the films was found to be ~0.26µm (Sa) over a 

2mm2 surface area. Inspection of the surface plots and microscopy data showed 

the surface roughness was negatively impacted by atmospheric dust ingress 

during manufacture. 

c) 

 

Figure 57 - Standard deviation as a measure of line quality 
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4.2.6 Challenges with electrohydrodynamic printing of elastomer 

features 

A high variance in the diameter of droplets has been observed during the 

experiments in this chapter. Therefore, producing larger features with closely 

controlled geometry can be a challenge, especially during extended periods of 

printing. Transitioning to the pulse-on-demand approach improved the variance 

as it allowed in-process cleaning of the nozzle, however this had a detrimental 

effect on deposit time and mechanical cleaning of a thin, flexible nozzle had a 

tendency to permanently deform the nozzle tip. On occasion, this would vary the 

distance between the deposition head and substrate, which changed the 

characteristics of the deposit. Transitioning the process to a pressure-controlled 

ink supply, rather than a flow-controlled syringe pump, would help control the 

meniscus volume and minimise variation of the deposit dimensions. 

Figure 58 – a) Variation in diameter for droplets produced using positive and negative pulses with 

equal magnitude and duration and film edges produced using b) DC and c) AC fields. All scale bars 

are 500µm. 



 90 

Furthermore, challenges were discovered when examination of the deposits 

before curing showed temporal variation in the droplet diameter as the material 

wet to the substrate. Due to the low-contact angle and time frames of 

approximately 270 seconds, 2D measurements of the droplet diameter were used 

to define the relaxation behaviour of the droplet at room temperature. Droplets 

were ejected from the deposition head before the substrate was actuated into the 

field-of-view of a USB microscope for inspection. Actuation times meant the 

droplet response could only be monitored from 5 seconds after deposition until 

the droplet remained stationary. Through this approach, the droplet diameter 

increased by ~200% in the 70 seconds after deposition (Figure 60). Inspection 

with white light interferometry showed the final contact angle to be 1.2°. This 

time dependent variation means droplet diameter is driven by time to cure as 

well as the specific process parameters.  

The minimum volume of the droplets presented here are estimated to be ~800pL 

by assuming constant volume during deposition and curing. Although lateral and 

axial resolutions of ~500µm and ~5µm were realised, this is lower than 

demonstrated by McCoul et al. [171] through inkjet printing. Improving the 

resolution will require improvements in fluid delivery as well as a reduction in 

the internal diameter of the deposition nozzle, which may cause challenges for 

high viscosity, functionally loaded materials 

4.3 Deposition of graphene platelet conductive features 

EHD deposition was also explored for the production of conductive features 

alongside PDMS tracks. However,  apparatus challenges, which did not provide 

sufficient value for the required development effort, meant that only a limited 

Figure 59 - Effect of material wetting on the final droplet area: a) droplet area with increasing time, b-i) 

droplet imaged ~0.95s after deposition, and b-ii) droplet imaged ~66s after deposition 
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feasibility study occurred as part of this work. Similar to the study for elastomeric 

inks, the use of direct vs alternating current is explored before a discussion of 

large area coverings using the electrospray mode and finer features using e-jet 

printing. 

4.3.1 Conductive features through electrohydrodynamic deposition 

The graphene ink was loaded into the syringe pump and a 22-gauge nozzle 

(413µm) was fitted to the deposition head. A PET substrate was then loaded into 

the machine and the nozzle moved 50mm away from the substrate. The flow rate 

was set to 25µl/min and the magnitude of the electrical field increased until a 

stable cone could be identified at the tip of the nozzle. 

At 7.5kV (1.5kV/mm) the Taylor cone appears stable in both the AC and DC 

regimes (Figure 60a-b), which allowed a direct comparison of deposit 

morphology with increasing deposition time. Figure 60c-f shows the DC 

electrospraying technique transferred the graphene ink to the substrate during 

the early stages of deposition but then became reduced as time progressed. 

Imaging of the Taylor cone reinforced this observation as droplets stopped being 

emitted after approximately 50s. In contrast, under the AC regime (100Hz) 

material continued to be deposited throughout the exposure. Building on this to 

actuate the deposition head allowed the production of large area coatings of the 

graphene platelet ink through the spraying mode(Figure 60g-h). 
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Direct write patterning was explored to selectively produce conductive traces for 

use in sensing and actuation devices. E-jet was successfully applied to produce 

confluent lines with a width of 200µm and length of 30mm using an applied 

voltage of 2kV at 1mm stand-off distance (Figure 60i). Increasing the frequency of 

field to 100Hz produced consistent patterning at a federate of 1000mm/min. The 

hurdles demonstrated while using e-jet for elastomer materials were also present 

for the patterning of conductive features. However, since the targeted lateral 

resolution is greater for conductive materials and the rheology of conductive inks 

Figure 60 – a-b) Taylor cone formation under a DC electric field, c-f) direct current and alternating current 

electrospray, g) droplets of graphene platelet ink, h) conductivity measurement of electrospray printed 

sample, i) e-jet printed graphene platelet lines 
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are less challenging. Consequently, it was decided to explore more robust 

processes for printing conductive elements. 

4.4 Chapter summary 

Electro-hydrodynamic deposition was explored for the deposition of elastomeric 

inks. An initial scoping study using electrospray and e-jet printing was conducted 

for a number of silicone elastomer materials. A simplified PDMS precursor was 

successfully deposited using the electrospray regime following dilution with ethyl 

acetate. The lack of cross-linking agents in the ink presented challenges with 

material curing and required exposure to deep-UV wavelengths. The limited 

penetration depth (~200nm) of short wavelength UV presents challenges when 

curing films approaching 1µm and led to a skin-forming on the surface of the 

elastomer. Furthermore, the unknown mechanical properties of the deposited 

material creates additional hurdles in practical application. 

Using more conventional silicone formulations, deposition using droplet based e-

jet printing was demonstrated as a feasible technique for patterning silicone 

elastomers. Both the pulsating jet and pulse on demand deposition modes were 

demonstrated with droplet sizes (~800pL) comparable to more conventional 

direct write techniques. The parameters for initiating pulsating jet and PoD 

modes were investigated for their suitability for producing soft thin films. Direct 

spatial control of the droplets was found to be difficult to achieve in the pulsating 

jet mode and required multiple process parameters to be balanced. The PoD 

technique was found to simplify printing and increase the reliability of deposits. 

Droplets with maximum heights of 5µm and diameters of 500µm could reliably 

be produced. Using an overlap of 40% the droplet diameter allowed the 

production of confluent features using PoD e-jet deposition.  

Deposition of conductive inks was also investigated using e-jet and 

electrospraying techniques. The production of films through electrospray was 

found to be successful and relatively simple owing to the higher conductivity and 

lower viscosity of the ink. Selective patterning, through e-jet printing, had severe 

challenges with the size and repeatability of the deposit. Since the targeted 

resolution of the features are significantly smaller then for the elastomer inks, the 

development time and cost were decided to be prohibitive – especially when 
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more conventional, robust, and commercially available techniques can achieve 

the required resolution.  
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5 Aerosol jet printing of carbon conductive inks 

The production of soft devices with embedded actuation and sensing requires the 

integration of functional materials alongside the structural elastomer. Although 

the previous chapter demonstrated the deposition of a conductive ink using 

electrohydrodynamic deposition, the repeatability and robustness of the process 

presented challenges that are compounded as resolution increases. This chapter 

aims to complement the previous by investigating Aerosol Jet, a more established 

direct-write technique, to additionally provide the patterning of carbon-based 

conductive materials. Although leveraging an existing technique overcomes 

many challenges in materials and apparatus development, significant empirical 

work is still required to develop reliable deposition. This chapter explores the 

process, the effect of process parameters on the shape and structure of the 

deposit, and then correlates these to conductivity. As an extension of this work, 

and an illustration of its potential beyond film-based devices, deposition on to 

complex non-planar structures is presented using the toolpath generation tools 

discussed in chapter 3. 

5.1 Introduction to Aerosol Jet printing 

Aerosol jet (AJ) printing emerged from the DARPA-funded MICE (Mesoscale 

Integrated Conformal Electronics) project in the late 1990s, which aimed to 

develop manufacturing processes capable of depositing a range of materials on to 

virtually any substrate [223]. To date, AJ has been the most successful outcome of 

the project with commercialisation through Optomec Inc. and Integrated 

Deposition Systems. Through the use of a directed aerosol stream rather than 

sequential droplet ejection, AJ introduced improved material compatibility, 

increased resolution, and allowed consistent deposition at offsets of 1-5mm [224]. 

This helped accelerate direct write technologies into a range of environments, 

including active and passive electronics; actuation and sensing technologies; and 

even selective chemical and biological processing. A review of the technology was 

published as part of this work and can be found in Appendix A [225].  
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5.1.1  Process Overview 

During AJ (Figure 61), ink is atomised, suspended within a carrier gas, and 

directed towards a substrate that is articulated with respect to the deposition 

head to achieve spatial patterning. By combining an effective focussing 

mechanism with the production of a uniform aerosol, deposits that approach 

10µm can be achieved [226, 227]. Any material that can be suspended within an 

aerosol can be processed using the AJ deposition technique. Commercial systems 

use ultrasonic or Collison atomisation to generate an aerosol from inks with 

viscosities that range from 1 to 1000cp [228].  

 Aerosol generation 

Ultrasonic atomisation produces an aerosol from small volumes (~2ml) of low 

viscosity (1-10cp) inks, which limits material throughput and material 

compatibility. This approach is attractive in many contexts as the distribution of 

droplet sizes (dispersity) is narrower than competing methods [172]. For AJ, this 

removes the need for secondary refinement of the aerosol. In contrast, pneumatic 

atomisation is tolerant of a greater range of viscosities (1-1000cp) and atomises 

from a reservoir of approximately 50ml at the expense of an aerosol with high 

dispersity. 

In ultrasonic atomisation a transducer is submerged within a transfer medium, 

typically water, where it oscillates at high frequency (Figure 62a-1). A wave is 

propagated through the transfer medium to a vial suspended above the 

transducer (Figure 62a-2). Within the vial, a standing wave is formed on the 

surface and the superposition of consecutive waves results in the formation of 

large peaks (Figure 62a-3). Local shear at the top of these peaks results in small 

Figure 61 - Schematic of Aerosol Jet Printing Process 
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droplets being ejected from the bulk ink. Finally, a positive pressure is applied to 

the vial to drive the aerosol from the vial towards the deposition head (Figure 

62a-4).  

During atomisation with a Collison atomiser, a carrier gas is accelerated across 

the top of an ink supply channel (Figure 62b-1). This creates a region of reduced 

static pressure that draws the ink to the carrier gas flow. When the ink reaches 

the level of the carrier gas stream, the topmost layer is sheared producing a series 

of polydisperse droplets (Figure 62b-2). Large, high-inertia droplets within this 

stream are impacted on the side wall of the atomising chamber and return to the 

reservoir (Figure 62b-3), while lower inertia droplets remain as an aerosol and are 

exhausted from the atomiser towards the virtual impactor (Figure 62b-4). 

Aerosol refinement 

Aerosols produced using a Collison atomiser are polydisperse due to the 

inconsistent, chaotic perturbation introduced to the fluid stream. Although the 

sidewall of the atomisation chamber acts as a low-pass filter for removing the 

largest droplets, refinement of the aerosol through virtual impaction is required 

to produce deposits suitable for deposition. The virtual impactor uses a region of 

stagnant flow to separate droplets within an aerosol stream based on their inertia 

(Figure 63). Small droplets, those with insufficient inertia to pass through this 

region, are ejected radially and collected in the major flow. As low-inertia 

Figure 62 - Schematic of an ultrasonic atomiser used for Aerosol Jet printing 
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droplets are often the cause of overspray in AJ, these small droplets can be vented 

to atmosphere or collected and recycled into the main reservoir. The larger, high-

inertia droplets pass through the stagnant flow region and continue towards the 

deposition head.  

 Aerosol Deposition 

Following the production of a suitable aerosol, it is transferred to deposition head 

by the carrier gas flow. Here, it is focussed using a combination of a virtual and 

physical nozzle (Figure 64). The introduction of a secondary flow constrains and 

constricts the aerosol within an annular sheath that forms an interlayer between 

the aerosol and the physical components. The aerosol and sheath gas are further 

focussed by passing through a physical nozzle before being deposited on to the 

substrate. 

Figure 63 - Schematic of a virtual impactor used for flow refinement during aerosol jet printing 

Figure 64 - Schematic of the aerosol jet deposition head 
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The application of a sheath gas results in process characteristics that are unique 

to AJP: the aerosol flow is collimated, which supposedly enables consistent 

deposition at a 1–5 mm stand-off distances; the inter-layer between the aerosol 

stream and the physical nozzle reduces the instances of nozzle clogging; and, 

through the manipulation of the aerosol flow rate relative to the sheath, it 

enables in-process control of the deposition geometry without changes in 

hardware. The combination of virtual and physical nozzles can allow deposits 

that are one tenth the size of the nozzle’s orifice [229]. 

5.2 Effect of process conditions on the geometry of Aerosol Jet 

printed features 

Deposit quality is reliant on a multitude of factors (Figure 66). The apparatus, 

process and design are readily configurable, while the substrate and 

environmental factors are more difficult to control. Materials development is an 

active research area for AJ and the development of bespoke inks contribute to the 

development of reliable, high-quality deposits. Due to the long lead times 

associated with materials development, commercially available inks were 

targeted for this work. Two inks were deposited: a graphene nano-platelet ink, 

which has formed the primary focus of this thesis; and a carbon black-glycerol 

ink developed by Maria Lukic-Mann, who led the materials development aspects 

of the wider project. This section explores the effects of process and design 

parameters on the quality of printed features using the graphene ink.  

Figure 65 - Factors that affect Aerosol Jet printing 
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5.2.1 Methods for evaluating Aerosol Jet printed features 

Control of the nozzle output is achieved through manipulation of the airflows 

used to generate the aerosol (atomiser gas flow), vent excess (exhaust gas flow), 

and focus the aerosol (sheath gas flow). The effects of these parameters are 

investigated alongside the effects of substrate velocity and temperature through 

systematic variation. Unless otherwise stated, 10mm single width lines were 

deposited on to precleaned glass slides and then analysed using optical 

microscopy and white light interferometry. Precleaned glass slides were selected 

to minimise the effect of dust ingress and to simplify measurement from a flat 

glass surface. 

A 50ml volume of graphene platelet ink (CamGraph IJ3, Cambridge Nanosystems, 

UK) was loaded into the pneumatic atomiser, held at a temperature of 30℃, and 

stirred continuously at 200rpm using a magnetic stir bar. When atomiser or 

sheath flow was applied, the flow rates and pressure were left to stabilise before 

initiating a deposit. The glass slides were loaded on to a bespoke 5-axis 

deposition platform (Thorlabs, USA & Aerotech, USA) before initiating 

deposition. 

Deposits were characterised based on their peak height and width; however, 

since the aerosol flow consists of a distribution of droplet sizes, their position 

from the central axis of the line varies dependent on the volume of each droplet. 

This results in deposits with gradated edges (Figure 66), rather than a sharp well-

defined edge. This makes objective measurement of feature width challenging 

when comparing between samples prepared with differing process inputs. To 

Figure 66 - Overspray in aerosol jet printed features 
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overcome this the full width at half maximum height (FWHM) of printed 

features has been used.  

For parameters sets that led to deposits with a central, high-aspect feature and a 

large amount of overspray, FWHM and peak height (Figure 68) presented these 

as positive outcomes despite much of the deposit not contributing to the 

functional capacity of the printed features [230]. Therefore, a subjective measure 

of the width of the overspray was compared to the FWHM as a measure of line 

quality. The ratio of the FWHM to the overspray width has bene defined as the 

quality ratio. Since the FWHM typically fell within the confluent portion, this 

provided a good indication of the portion of the line that contributed to the 

function of the printed feature. 
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Estimation of print height through optical microscopy 

Beyond the geometric limits for design, two observations from the 

characterisation of process parameters can be drawn that have practical 

consequences for this project: firstly, the exact geometry of AJ printed traces can 

be highly variable even with fixed process parameters, especially in environments 

with changeable conditions (temperature, humidity etc.); and secondly, three-

dimensional characterisation of profiles using white light interferometry does not 

represent a time efficient way of comparing the geometry or quality of deposits 

between print runs. 

Figure 67 - Quality ratio for AJ printed lines: a) optical micrograph with annotations for FWHM and overspray, 

b) Average surface profile of an AJ printed line with the FWHM and c) white light interferometry scan of AJ 

printed line 



 102 

Reducing temporal variation required improved control of the environment that 

added increased cost and complexity that was not feasible in the apparatus used 

in this work; therefore, it was decided to use ad hoc iterative test prints to 

compensate for any change in print geometry before initiating the process. To 

achieve this, grayscale values were taken from two-dimensional optical 

microscopy images and correlated to line height data gathered through white 

light interferometry to allow more rapid calibration of print parameters. 

Grayscale as an indication of printed feature height 

A series of depositions were created using a 3mm slotted nozzle travelling at 

2mm/s at a distance of 2mm with a sheath and atomiser flows of 400 and 

500sccm, respectively. The height of the deposits was varied by increasing the 

number of nozzle passes from 1-20 before being imaged using optical microscopy 

Figure 68 - Grayscale as an indication of print height. a-c) (i) Histograms, (ii) optical micrographs, and (iii) 3D 

surface plots of printed features with 1, 6, and 10 layers, respectively. d) Effect of line height on the average 

grayscale of printed features.  
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and white light interferometry. Initially through ImageJ, and later through 

OpenCV, the distribution of grayscale and mean grayscale were plotted in 

histograms (Figure 68). The mean grayscale provided a strong indication of 

thickness, with opacity found from features with approximately 4µm onwards. 

This initial set of results provided a useful tool for the comparative performance 

of the printer between print runs. Collection of data over longer periods should 

allow improved prediction of layer height. 

5.2.2 Effect of substrate heating on Aerosol Jet printed features 

Substrate heating helps drive residual solvent from deposited features and, if the 

degree of heating is sufficiently high, sinters the material to increase the 

conductivity of traces. For AJ, accelerated solvent evaporation can be important 

to prevent the sheath gas from interacting with previously deposited material. 

These effects are most prevalent when printing features in close proximity, for 

example in fine pitch electronics, large areas of infill, or with low nozzle speeds. 

In this work, substrates were heated to 120℃	using	a	silicone	heater	applied	to	the	

rear	of	the	aluminium	bed.	The	effect	of	deposits	produced	on	heated	and	non-

heated	substrate	can	be	seen	in	Figure	69.	

5.2.3 Effect of nozzle height on Aerosol Jet printed features 

Datasheets describe Aerosol Jet as producing a collimated jet that provides 

consistent deposition at stand-off distances of 1-5mm. In academic studies, this 

has largely been reaffirmed with only a moderate increase in the line width with 

working distance [231]. Here, the relationship between the geometry of the 

deposit and the working distance is investigated for the graphene platelet ink. 

The distance from the nozzle to the substrate was varied from 1-8mm in 

Figure 69 - Aerosol Jet deposition a) without substrate heating and b) with substrate heating	
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increments of 0.5mm during a single-pass print at 2mm/s to produce 15 traces on 

to a glass substrate heated to 120℃. The atomiser and sheath gas flow rates were 

set to 600sccm and 300sccm, respectively. This process was repeated five times 

before the samples were analysed. 

The mean width of the deposits was found to be relatively stable at stand-off 

distances ranging from 1-3mm, with a moderate focus point around 2mm  (Figure 

70a). From distances of 3-8mm, the maximum height of printed traces were 

found to decrease from ~0.25µm to 0.05µm (Figure 70b), while the full width at 

half maximum height increased from ~100µm to over 450µm. The standard 

deviation of deposit height was found to decrease with deposit height; however, 

Figure 70 - The effect of nozzle-substrate distance on the mean peak height, FWHM, and quality of 

Aerosol Jet printed features. Error bars represent ±1 standard deviation. n=10 
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the coefficient of variation, or relative standard deviation, was found to be 

independent of nozzle height and remained consistent at approximately 0.4. 

The quality of the printed lines was found to have the inverse relationship to the 

width of features as the quality is stable for moderate to high stand-off distances 

(3-6mm) but decreases significantly when the substrate is in close proximity to 

nozzle exit (1-3mm) (Figure 70c). This can be explained by expansion of the jet as 

it enters atmospheric conditions and a reduction in droplet mass caused by 

inflight solvent evaporation. This reduces droplet inertia and increases the 

material’s tendency to follow gas flow rather than impact on the substrate. As 

small droplets have a greater surface area to volume ratio, they will evaporate 

more readily and lead to a loss of edge resolution, increase in overspray, and 

reduction in line quality. 

5.2.4 Effect of nozzle velocity on Aerosol Jet printed features 

Increasing the translational velocity of the nozzle was expected to decrease the 

volume of material deposited over a given area since the gas and, therefore 

material, flow rates are held constant. Nozzle velocities ranging from 0.1-3mm/s 

were investigated their effect on the droplet geometry when deposited on to glass 

slides held at 120℃ with a nozzle stand-off distance of 2mm.  

The maximum height of printed features decayed with nozzle velocity, starting 

from approximately 65µm at 0.1mm/s and tending towards 200nm at 3mm/s 

(Figure 71b). With increasing velocity, deposits transitioned from confluent 

features to a series of discrete droplets. Further increases in velocity would be 

expected continue this trend until the maximum height is equivalent to the solid 

content within the largest droplets. The FWHM was found to moderately 

increase with velocity (Figure 71a); however, this is the result of the normal 

distribution of droplets within the aerosol stream and the reduced deposit 

volume at high nozzle speeds, as evidenced by the consistent width of the 
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overspray and a comparison of cross-sections. The quality of the printed deposits 

shows a similar trend due to its dependence on the FWHM. 

At speeds below 1mm/s, the width and height of features were found to have a 

high degree of variance. Since the material is in the liquid state upon deposition, 

solvent evaporation takes longer to accomplish due a lower time in flight. This 

makes the wet deposit vulnerable to interaction with residual gas flows, which 

can lead to a loss of resolution and line quality (Figure 71). 

5.2.5 Effect of gas flow rates on Aerosol Jet printed features  

Material flow and delivery is controlled through the manipulation of the atomiser 

and sheath gas flow rates. The effect of these parameters was investigated in 

Figure 71 - The effect of nozzle velocity on the mean peak height, FWHM, and quality of Aerosol Jet printed 

features. Error bars represent ±1 standard deviation. n=10. 
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isolation before their combined effects were explored through investigation of 

the focussing ratio: 
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Initial experiments showed that increasing the sheath flow leads to increased 

mean peak height and reduced FWHM (Figure 72). Excessive increases of the 

atomiser, or reduction of the sheath flow, were found to introduce nozzle 

clogging. Flow rates of approximately 350-600sccm 2atomiser) and 175-300sccm 

(sheath) were found to minimise the instances of nozzle clogging. Moderate 

focusing ratios (~1-2) were found to produce higher quality deposits compared to 

more extreme values (Figure 72c). In practice, controlling the width of printed 

Figure 72 - The effect of the focussing ratio on the mean peak height, FWHM, and quality of Aerosol Jet 

printed features. Error bars represent ±1 standard deviation. n=10 
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features was achieved by increasing atomiser flow with a constant focusing ratio 

of two. The sheath was then adjusted within a closer window to tune the width of 

the printed lines. 

5.3 Conductivity of Aerosol Jet printed features 

Two- and four-point probing were used to assess the conductivity of AJ printed 

features. Two-point probing was used as a comparison of printed traces with 

varying aspect ratios. This experiment was designed to indicate whether multiple 

print passes should target increasing trace width (low aspect ratio) or trace 

height (high aspect ratios). Since the print time is driven by the nozzle travel 

distance required, understanding the most time efficient method of producing 

traces with sufficient conductivity is useful in a design context.  

Four-point probing and measurements of the sample’s thickness were used to 

determine the dimensionless conductivity of the material. Four-point probing 

accounts for contact and test lead resistance to give more accurate reporting of 

the sample’s conductivity. This allows simpler comparisons between results from 

different research groups, experimental setups, materials, and manufacturing 

processes. Four terminal measurements were not used for all conductivity test 

due to limited availability of suitable probes. 

5.3.1 Two-point probe measurement of AJ printed samples 

Two sets of 5 samples were produced with the number of print passes increasing 

from 1 to 8. In the first set, each pass of the AJ nozzle deposited material at the 

same location increasing the height of the printed feature with each pass 

Figure 73 - a) Conductivity of stacked and adjacent multi-pass printing, b & c) single and eight pass printing in 

stacked and adjacent arrangements, respectively	
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(stacked). In the second set of samples, each pass of the nozzle was offset by half 

a line width to increase the width of the printed feature (adjacent). Each sample 

consisted of two 3mm contact pads connected by a 10mm feature . All samples 

were produced on glass substrates heated to 120℃	at	a	nozzle	height	of	1mm	with	

sheath	and	atomiser	flows	of	250	and	500sccm,	respectively.	The geometry of 

each sample was measured using white light interferometry (NP-Flex, Bruker) 

and the resistance measured using was measured using a calibrated multi-meter 

(2110, Keithley).  From 5 repeats, the mean height, FWHM, and resistance were 

calculated, and the results plotted in  Figure 73. Full results can be found in Table 

6 & 7, in Appendix C.  

The conductivity of single pass lines were found to show a high degree of 

variance, with a standard deviation of 13.84kΩ across 8  samples. In both stacked 

and adjacent printing arrangements, the standard deviation in the resistance 

decreased with the number of passes and reached less than 1kΩ for six or more 

passes. The resistance values were approximately equivalent after 4 nozzles 

passes in both approaches; however, before this point the adjacent arrangement 

has a significantly lower resistance. This can be attributed to the increased role 

the region of overspray plays in prints with a low number of passes, which can be 

evidenced through the quality ratio. In practice, adjacent track designs should be 

targeted to minimise the influence of overspray on device performance if the 

number of printed passes is lower than four.  

5.3.2 Four-point probing of AJ printed samples 

Measurements of sheet resistivity were completed using 20mm circular samples 

printed on to glass slides. The samples were printed using the same parameters 

as above, with infill spacing of 50µm. The samples were placed on to a platform 

and a 60g contact probe (1 mm Spacing, 60g, Tungsten Carbide Tip, Rµ 100, 

Jandel Engineering Ltd.) was lowered on to the centre of the substrate. The probe 

was connected to a source meter unit (SMU) (2450, Keithley) that was set to 

deliver 100µA and record the voltage to calculate the resistance of the sample. 

The average of ten readings were taken for each of the three samples and the 

bulk resistivity was calculated to be 62.6Ω/sq using equation:  
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5.4 Conformal patterning of conductive inks 

Many direct write, or surface functionalization techniques are reliant on close 

proximity of the nozzle substrate distance to achieve consistent deposits. As 

such, printing on conformal surfaces requires more complex articulation and 

often imposes geometric limitations when trying to produce toolpaths that track 

a substrate with non-planar, topographically complex geometry. For example, 

printing on small concave radii can be difficult owing to bulky deposition heads.  

Figure 74 - a) 3-axis conformal patterning and b) associated pattern distortion. c) 5-axis patterning schematic 

and d) 5-axis conformal deposition 
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The ability of AJP to deposit consistently at stand-off heights of 1-5mm presents 

an opportunity to simplify this by reducing the degree to which the motion of the 

deposition head needs to replicate the surface. Furthermore, as the nozzle does 

not need to maintain perpendicularity to the surface, printing on to conformal 

surfaces can be achieved even with relatively simple 3-axis motion systems 

(Figure 74a). This simplified approach does introduce new challenges with 

pattern distortion as it projected on to non-planar surfaces (Figure 74b-c). 

Transitioning to a five-axis platform allowed patterning on to complex surfaces 

while keeping the nozzle perpendicular to the surface (Figure 74d). In this, AJ 

still simplifies the process and allows deposition on to concave surfaces that 

would be inaccessible for physical nozzles.  

In soft robotics, patterning on to complex surfaces will become increasingly 

important as designs evolve to meet the needs of applications. Furthermore, if 

film based devices are going to be incorporated within soft devices, then flexible 

methods for interconnection and integration will be needed. 

5.5 Chapter summary 

Aerosol jet printing was introduced for its potential to more reliably pattern 

functional inks within soft robotics. This chapter first introduced the underlying 

principles of AJ before developing before developing a methodology for assessing 

printed features. Exploration of the parameters effecting the quality of the 

deposit was conducted and minimum feature sizes of <1µm and 50µm were 

demonstrated for the axial and lateral resolution, respectively. 

The conductivity of printed features were evaluated using two and four point 

probing techniques and, when printing a small number of passes, it was found 

that adjacent printing had a greater reduction on conductivity than stacked 

passes. This can be attributed to the lower portion of the line consisting of 

overspray, as verified by the quality ratio. Finally, patterning on to more complex 

surfaces was demonstrated for its wider impact on soft robotics. 
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6 Application and Hybridisation 

The previous chapters have characterised individual manufacturing techniques 

capable of depositing conductive and elastomeric materials. This final chapter 

applies these techniques to produce functional, proof-of-concept demonstrators 

of the manufacturing technologies. These simple devices were created to 

highlight how the manufacturing processes developed in this work can be used to 

enable emerging soft technologies. This chapter describes the challenges with 

material wetting and thin film handling that needed to be overcome. A working 

dielectric elastomer actuator and resistive sensor based on aerosol jet printed 

features are produced and, finally, the chapter culminates in the production of a 

fully printed capacitive sensor by combining AJ with electro-hydrodynamic 

deposition of a silicone elastomer. 

6.1 Material compatibility 

6.1.1 Substrate wetting 

Patterning multiple inks can introduce challenges caused by the interaction of 

materials. The low porosity and surface energy of PDMS, coupled with the 

relatively high surface tension of aqueous inks, leads to limited material wetting 

and adhesion. These hurdles are more apparent for conductive inks where 

additives to promote adhesion can have a detrimental effect on the functionality 

of the deposit.  

To encourage adhesion, spreading, and the production of confluent features, 

PDMS was exposed to an oxygen plasma treatment to increase the surface energy 

of the substrate. The sessile drop imaging technique was used to provide an 

indication of the efficacy of the plasma treatment and to understand the effect of 

exposure time on material wetting. Samples of PDMS (1cm2, Sylgard 1-4128, Dow 

Corning) were placed within a plasma oven (PE-25, Inseto, UK) and exposed to a 

75W oxygen plasma under a vacuum of 17torr. The samples were then loaded on 

to the micro-adjustable tilt stage of a contact angle goniometer (Ossila, UK). The 

sample was backlit using blue light and imaged with a 2MP camera. A micro-

dispensing pipette (613-2894, VWR, USA) was used to dispense 25µl on to the 

surface of the PDMS. This approach was taken over the white light method used 



 113 

previously as the contact angles were much larger and measurements needed to 

be taken more quickly to limit the effects of solvent evaporation.  

The contact angle with untreated PDMS was found to be ~65°, and reduced to 15° 

after six seconds of treatment (Figure 75a). Further plasma treatment had little 

effect on the contact angle and, therefore, adhesion of the ink to the plasma 

surface. Excessive exposure to oxygen plasma treatment can lead to surface 

oxidation, therefore 6 seconds was used in all printing on to PDMS surfaces. In 

practice, printing on to untreated surfaces led to material beading on the surface 

in discrete droplets. Post plasma treatment, the graphene ink wet to the surface 

to produce confluent, conductive features (Figure 75b). 

6.1.2 Thin film handling and multi-layer structures 

Thin elastomer films, on the order of 10µm, were found to be difficult to handle 

due to the low Young’s modulus of the material. This caused frequent tearing 

while handling or bundling of the film as a result of internal stress and 

electrostatic interactions. Therefore, elastomer films were deposited on to higher 

stiffness PET substrates to provide mechanical stability. This approach allowed 

multiple layers to be built up before removal, which reduced the potential for 

film damage.  

Figure 75 - Effect of oxygen plasma surface treatment on the contact angle of an aqueous graphene ink on 

PDMS. All scale bars are 50µm. Error bars represent ±1 standard deviation. n=5 
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Manual mechanical peeling of the films was found to have a low-yield and 

imparted variable stress across the films that can lead to variation in the 

material’s mechanical response due to the Mullin’s effect. As an alternative, a 

sacrificial support layer that could be dissolve post-print, was applied to the 

substrate. An aqueous solution of polyvinyl alcohol (PVA) was spin coated on to 

the PET films using a 500rpm spin speed for 60s. The PVA solution was prepared 

by gradually mixing PVA granules (PVA, MP Biomedicals) to deionised water at 

80℃	under	constant	stirring	for	48	hours	until	a	3wt%	solution	was	achieved.	Dip	

coating	was	used	in	some	experiments,	how	beading	at	the	material	edge	was	

found	to	give	less	consistent	results.	After	printing,	the	printed	film	could	be	

removed	from	the	substrate	by	submersion	in	an	ultrasonic	bath	at	80℃. 

6.2 Device development: Aerosol Jet printed functional devices 

The devices described here have been created using substrates produced using 

conventional soft fabrication techniques combined with aerosol jet printing. This 

work formed part of a presentation and publication at the 2019 IEEE 

International Conference on Soft Robotics in Seoul, South Korea (Robosoft, 2019) 

[232]. 

6.2.1 Dielectric Elastomer Actuators 

As covered in Section 2.1.2, dielectric elastomer actuators consist of an dielectric 

elastomer layer sandwiched between to stretchable electrodes. When a voltage is 

applied between the electrodes, electrostatic attraction result in radial and axial 

strain. The most common method of manufacture is through manual application 

of carbon electrodes on to pre-strained VHB elastomer films, which lacks the 

dimensional accuracy, resolution, and repeatability of automated patterning. 

Figure 76 - a) schematic of multi-layer print and b) printed device 
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Furthermore, pre-strained films can be prone to tearing due to the loads 

imparted during contact-based material transfer techniques. AJ was investigated 

as a technique for improving the ability to patterned suspended films for 

prototyping dielectric elastomer actuators. 

A 20mm diameter acrylic elastomer (VHB4910, 3M, USA) disk with a thickness of 

1mm was stretched over a circular laser cut (Epilog Mini 50W, Epilog Laser, UK) 

acrylic frame (3mm, OD/ID: 60/50mm). Copper tape was applied to the acrylic 

frame to allow connection to the printed elastomer (Figure 77). Electrodes were 

then printed on to both sides of the acrylic elastomer (Figure 78a) and small 

amount of conductive carbon grease was used as a compliant interconnect 

between the printed electrodes and rigid copper foils. A high voltage amplifier 

(20/20HS, TREK, USA) was driven using a function generator (2110, Keithley, 

USA) from square-wave frequencies varying from 1Hz to 6kHz. For the 

electrodes, CamGraph IJ3 was used as well as a high strain tolerance ink 

produced using a carbon conductive paste diluted with water and glycerol 

(10:8:2) originally developed by a research group colleague, M. Lukic-Mann.  

The actuator’s response was recorded at 60fps using a DSLR (D7500, Nikon, 

Japan) and analysed using the OpenCV library in python. All frames were 

converted to grayscale and the region of interest (ROI) isolated  by inscribing a 

square from the inner diameter of the acrylic frame. A threshold was then applied 

to produce a binary image. The areal strain could then be calculated by 

comparing the unactuated and actuated area in any given frame: 

 _8?57] = 	
(%&'(+,-./)	%&'(01-230-3/4)

%&'(51-230-3/4
   

Figure 77 - Design of dielectric elastomer actuator 
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The limited strain tolerance of the graphene platelet ink caused cracking of the 

electrodes at moderate strains of ~8% (Figure 78b-c). With this electrode 

material, a small number of actuation cycles led to device failure due to loss of 

electrode conductivity. Transitioning to the ink with higher strain tolerance 

enabled actuation strains of ~25% at a frequency of 1Hz and electric fields of 15-

20kV (Figure 78d-f).  This second type of actuator presented a near linear 

increase in strain for voltages of 1-10kV before it began to plateau. This behaviour 

is likely cause by an increase in apparent stiffness at increased strain rates or 

strain-stiffening as the polymer approaches the limits of chain extensibility.  

Increasing actuator strains to the extreme values reported within the literature 

requires the duration of the applied pulse to be increased. Modelling and 

empirical investigation VHB has shown two phases of actuation upon application 

of an electric field [233]: an initial, short-lived linear elastic response followed by 

an extended period of creep until a steady-state is reached. High strain values 

reported are typically achieved after the steady state has been reached. The 

viscoelastic relaxation time of the elastomer is on the order of 102 seconds at 

room temperature, which makes it impractical for most applications. This 

demonstration proves AJ as available technique for developing and 

Figure 78 - a) Printing of electrodes for a DEA; b) unactuated DEA with graphene platelet ink; c) actuated DEA 

with graphene platelet ink (inset: cracking and arcing of electrode); d) Areal strain response of DEA at 1Hz with 

high strain tolerance ink; e) unactuaded DEA with high strain ink; and f) actuated DEA with high strain ink 
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experimenting with actuator electrode configuration while also overcoming the 

challenges faced with manual application of electrodes. Furthermore, 

characterisation of the devices in an application context should be enabled by 

increased repeatability and process reliability. 

6.2.2 Resistive strain sensing 

The possible degrees of freedom in soft robotics makes the development of 

reliable and repeatable sensors important for the development of closed loop 

control strategies and more complex performance. The most widely investigated 

are resistive sensors, which monitor the change in electrical resistance of a 

conductive material as it undergoes strain. Traditional strain gauge technologies 

provide high resolution, but are not tolerant of the high strains exhibited in soft 

systems. Here, the strain response of the carbon-black glycerol ink investigated 

with a view towards integrated printed sensors. 

Resistive sensors monitor the change in resistance of a conductive material as it 

undergoes strain. Since soft robotics often exhibit strains greater than 100% it can 

be challenging for conductive materials to maintain conductivity during 

operation. To test the strain tolerance and performance of a printed sensor, an AJ 

printed trace was deposited on to an elastomer dog bone (Figure 79). Elastosil 

P7670 was selected as a substrate material as it can withstand strains of 600% 

without failure, which is significantly more than maximum strain of the ink and 

Sylgard materials (<100%). The elastomer was shaped using soft lithography in to 

a fuse filament fabricated (FFF) mould. Once mixed, degassed, and poured, the 

elastomer and mould were placed in to a vacuum chamber to remove any 

Figure 79 - Design of high strain resistive sensor 
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residual bubbles. The elastomers were then left to cure at room temperature for 

at least 48 hours. Samples were then aligned on a glass slide for printing. 

Connections to the soft sensor were made in a similar way to the DEAs in the 

previous section (Figure 79). The sensor was mounted in to a bespoke linear 

strain test rig and the change in resistance was monitored using an SMU (2450, 

Keithley, USA). 

The devices were strained between 0-140% in 10% increments. The sensor was 

cycled through each set point 100 times and the strain response plotted in Figure 

80. This test was extended to include 150% strain, however at this point 

continuity errors begin to present within the sensor. A secondary test was carried 

out that tested the performance of a sensor over 1000 cycles at a 70% strain set 

point to evaluate any performance drift over time. The strain sensor presented 

here is relatively small in size, with a total length of 20mm and an unstrained 

thickness of 2mm.  

The normalized resistance response was found to be stable for any given value of 

strain and exhibited near linear performance, particularly for strain values below 

60%. However, some challenges remain in both the manufacture and 

characterization of the strain sensing devices. Firstly, the starting resistance (R0) 

of different gauges was found to vary significantly (5-30MOhm). Although the 

reason for this is yet to be quantified, it is possibly a result of inconsistencies in 

both the printing and assembly process. Connection between the rigid electrodes 

and soft elastomer was guaranteed through the manual placement of a small 

amount of conductive carbon grease, which likely had an impact. It is also 

expected that the resistance of these devices can be decreased by increasing the 

Figure 80 - a) Resistive sensor response to increasing strain and b) testing of strain sensor. 
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volume of deposited material. The data collected above was produced by 

actuating to a set point, taking a series of measurements, and then returning to 

the unstrained position. This was then repeated for 100 cycles for each value of 

strain. As such, hysteresis effects have been observed but not yet been 

characterized. Future work expects to address some of these challenges through 

optimization and improvements to the manufacturing methodology. A better 

transition from the rigid and soft components will likely help overcome some of 

the challenges with inconsistent values for resistance.  

6.3 Device development: hybrid Aerosol Jet and electro-

hydrodynamic deposition 

Combining E-jet of elastomers films; AJ of conductive traces; oxygen plasma 

surface treatment; and spin-coating of sacrificial supports in to a single device 

creates opportunity for soft films with integrated functionality. Here, a proof-of-

concept five-layer film - consisting of three PDMS and two electrodes layers – 

capable of capacitive touch sensing is presented.  

Square substrates (50x50mm) of PET were prepared and coated with a layer of 

PVA as per Section 6.1.2. The silicone elastomer (Sylgard 1-4128) was prepared 

and loaded in to a 10ml syringe. The PET sheets were then loaded on to the 

mandrel of EHD apparatus and a 30x30mm layer film was deposited using AC 

pulses with a magnitude of 2kV from a deposition distance of 3mm. Two print 

passes were used to increase the uniformity of the film and minimise the 

presence of pin-holes caused by dust ingress or surface contamination. Once 

printed, the elastomer films were cured for 120 seconds on a hot plate at 100℃. 

The films were then placed in a plasma oven and treated as per Section 6.1.1. 

The elastomer films were then loaded on to the AJ apparatus and manually 

aligned using an USB CMOS camera (EO-5012M) and a 5x objective. The stage 

was heated to 120℃ and 3 layers of electrodes were printed. Upon completion, the 

samples were replaced in to the EHD apparatus and the cycle continued until the 

desired number of layers were produced. Electrical connection to the sensors 

were achieved using carbon grease (MG Chemicals, USA) in combination with an 

acrylic frame and cyanoacrylate (3M, UK) for strain relief (Figure 81). A thicker 
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layer of PDMS was cast before removal from the PET films to protect the sensor 

and increase its mechanical robustness. 

Geometric analysis of the samples was achieved using white light interferometry. 

For testing the sensor, a capacitance-to-digital development board (AD7746, 

Analog Devices, USA) was used.  Since the development board had a single input, 

pixel selection and cycling was achieved by combination an Arduino Mega with a 

multiplexer (CD74HC4067, Sparkfun, USA). This allowed readings to be taken 

with a frequency of ~100Hz. 

The thickness of the electrode and elastomer films were found to be 3µm and 

65µm, respectively, which lead to a total device thickness of approximately 

200µm. The surface roughness of the elastomer layers were found to be 0.26µm 

(Sa) when measured over an area of 2mm2. Upon touch, each pixel was found to 

exhibit 5-8% change in capacitance (Figure 81), which allowed reliable 

identification of individual pixels. A key challenge for the device was the limited 

strain tolerance of the materials. Moderate deformation of the film led to 

cracking in the conductive traces and a loss of electrical continuity. Use of the 

higher strain tolerance ink was investigated; however, it did not have sufficient 

conductivity for operation (~100kΩ vs. 10MΩ).  

Although simple in design operation, this device demonstrates the potential of 

the manufacturing processes developed in this thesis for the production of thin 

film soft robotics. By using E-Jet printing alongside Aerosol Jet in a single process, 

inks with disparate rheology can be selectively and repeatably patterned to 

produce soft thin film devices.  

Figure 81 - a) design of capacitive sensor, b) physical device, and c) response of sensor to touch	
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6.4 Chapter summary 

Manufacturing soft devices with sensing, actuation, or other forms of embedded 

intelligence requires the development of processes for both elastomeric and 

functional inks. Additionally, methodologies to ensure the compatibility of 

dissimilar materials need to be established. This chapter first showed how oxygen 

plasma surface treatment and sacrificial support can be used to overcome 

challenges in material wetting and substrate adhesion.  

Functionality in soft structures is then shown by printing conductive carbon inks 

on to elastomer substrates to produce working DEAs and resistive strain sensors. 

Combining AJ with E-Jet printing is then used to successfully demonstrate the 

manufacture of a fully printed, soft capacitive touch sensor; therefore, 

demonstrating the fusion of the two core technologies of this work.  

Challenges with dust and air ingress, alongside the limited strain tolerance of the 

CamGraph ink, prevented application of the printing technology to high strain 

sensing or even dielectric elastomer actuators. However, the work in this chapter 

demonstrates that these goals may well be in reach of a hybridised version of the 

manufacturing technology, provided the hurdles in process refinement and 

materials science can be overcome. 
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7 Conclusions and future work 

7.1 Conclusions 

Through this work, a new manufacturing approach that combines alternating 

current electro-hydrodynamic deposition of high-viscosity, low-conductivity 

elastomer films with aerosol jet direct write for conductive traces is developed to 

overcome the rheological constrains of the respective processes. Using 

electrically forced jets for the deposition of silicone elastomers has addressed the 

high frequency of nozzle blocking associated with the direct write of elastomer 

films. Droplet sizes of 800pL allowed the fabrication of features with a peak 

height of 5µm using a nozzle with a 160µm internal diameter. Integration of 

oxygen plasma surface treatment and aerosol jet printing enabled the production 

of functional devices without the development time or cost required for high-

resolution e-jet printing. Functional actuation and sensing devices were produced 

to highlight the potential of the manufacturing technologies. 

During the literature review, six core requirements (material compatibility, 

solution processing, resolution, roughness, throughput, and cleanliness) were 

highlighted for any new process. Here, the capabilities of the developed process 

are compared to the initial requirements: 

Material compatibility – Initial targets for material compatibility centred around 

their viscosity as it the primary limiting factor in many deposition techniques 

(aerosol jet, ink jet, direct ink write). For electro-hydrodynamic processes, the 

development of inks was found to be equally dependent on the electrical and 

rheological properties, which can make ink formulation more challenging. In 

spite of this, a number of silicone elastomer materials were deposited with 

viscosities ranging from ~100-3500cp using the electro-hydrodynamic technique. 

Instances of nozzle blocking were reduced to instances of user error (nozzle-

substrate shorting).  

The deposition of low-viscosity carbon conductive inks were also shown using 

the same process, however aerosol jet printing provided a more robust solution 

for aqueous inks at the targeted resolutions. The conductive inks used in this 

work presented a compromise between strain tolerance and electrical 
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performance. The graphene platelet ink provided superior conductivity but was 

found to fail at strains of 8% when used for dielectric elastomer actuators. In 

contrast, the carbon-glycerol ink could undergo over 100% strain before failure 

but had a 3 orders of magnitude greater resistance. Although solutions are 

emerging in research contexts, the lack of commercially available functional inks 

with the required electro-mechanical properties continues to be a restriction for 

the field.  

Resolution – The targeted feature sizes for the elastomer ink (X-Y: 500µm, Z: 

10µm) and conductive ink (X-Y: 150µm, Z <1µm) were selected based on the state 

of the art for spin coating and inkjet printing. Through the pulsating jet, a lateral 

resolution of ~500µm was achieved; however, limited spatial positioning and 

droplet inconsistencies meant that PoD was carried forward as the predominant 

jetting technique despite demonstrating minimum feature sizes of ~600µm. 

Although greater than the initial target, the lateral resolution achieved is 

comparable to existing inkjet technologies for PDMS elastomers while 

significantly reducing instances of nozzle clogging. Refinement of the process, 

apparatus, and use of smaller nozzles may provide a pathway to high resolution 

patterning. Both jetting modes demonstrated Z resolution of ~5µm, which shows 

promise for the production of low-voltage dielectric elastomers. 

For the conductive features, aerosol jet printed tracks with FWHM of less than 

50µm were produced with minimum heights on the order of 200nm. The 

thickness of the conductive traces were an order of magnitude smaller than the 

printed elastomer films, even when multiple print passes were required to 

increase conductivity and reduce variation. 

Roughness – Roughness is important for thin film technologies as variation in the 

film height can lead to electrical stress raisers and premature device failure due 

to dielectric breakdown. Inkjet printing of elastomer films has been shown to 

produce layers with a roughness of 0.32µm (Sa). Through droplet spreading and 

mutual coulombic repulsion, elastomer films with a roughness of 0.26µm were 

produced using the e-jet technique. 

Solution processing – solution processing was targeted to minimise the 

requirements for special environmental conditions. Existing processes, such as 
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molecular beam epitaxy, were limited by build speeds and expense due to the 

requirements for a vacuum. Both of the deposition systems were developed in 

atmosphere. Vacuum oxygen plasma treatment was used due to its availability in 

the lab, however atmospheric plasma has been demonstrated to be equally 

effective at improving the wettability in preliminary lab studies. 

Cleanliness – This proved to be a significant challenge for the current apparatus. 

Operating in an open, non-cleanroom lab environment led to significant dust 

ingress that was on a similar scale to the thickness of the films. Attempts to 

produce functional printed actuators led to premature electrical breakdown. The 

current approach of transferring samples between work stations contributed to 

these challenges. 

Throughput – Droplet sizes from PoD deposition were approximately 800pL from 

a 2kV, 40ms pulse. Assuming no pauses between pulses, a 25Hz ejection 

frequency would generate a material throughput of 20µL/s (1.2ml/s, 72ml/hr). 

This represents a significant improvement on molecular beam epitaxy while also 

providing greater geometric freedom. Challenges will persist if this approach is to 

be transferred for high volume production, but multiplexing and improved 

nozzle designs are promising approaches to increase material throughput. 

7.2 Future work 

This work has developed an apparatus and shown a manufacturing approach that 

can underpin ongoing research for the production of soft films with integrated 

sensing and actuation. Translating this initial exploratory study to achieve wider 

impact will require continued development in process refinement and material 

formulation. The success of any process is driven by the capabilities it enables, 

therefore there is also work to be conducted in applying the manufacturing 

technology to products with tangible societal impact.  

7.2.1 Process development 

The current fabrication strategy required samples to be transferred between 

workstations, which contributed to sample contamination and dust ingress. For 

high electric field applications, such as DEAs, this led to premature failure due to 

dielectric breakdown. The logical next step would be the integration of the 
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individual processes in to a single apparatus to minimise dust exposure. 

Operation in a clean environment, or at least in a positive pressure enclosure, 

would likely be required for manufacturing over any significant period, especially 

if micron scale films are targeted.  

The modularity of the apparatus proved essential to the success of this project as 

it helped reduce cost, permitted wider exploration of the experimental space, and 

enabled the addition/removal of ancillary equipment (imaging equipment, 

heaters etc.) when necessary. However, this also contributed to the limited 

stiffness of the system and introduced challenges with alignment. For the e-jet 

deposition technique, which proved most useful for the targeted application, this 

manifested itself in variation droplet volume due to changes in the relative 

distance between the nozzle and substrate. Refinement of the mechanical 

apparatus; improved alignment and construction techniques; and more advanced 

offset compensation could help minimise the errors. However, implementation of 

closed loop control of the droplet volume would likely be the most effective 

strategy in the short term. Initial work monitoring the current transferred during 

droplet ejection appears to be shows promise for achieving this. 

Improved resolution can likely be achieved by reducing the diameter of the 

nozzles used for deposition. This work centred on small-gauge, commercially-

available, steel blunt nozzles. Transitioning to blown-glass needles should allow 

testing with nozzle diameters down from a few hundred microns down to the 

nano-scale. Using these types of nozzles, E-jet printing of nano-meter sized 

features has been demonstrated with more conventional, higher conductivity 

inks.  

This exploratory study allowed an experimental understanding; however, further 

gains will be equally reliant on the developing models to understand the complex 

relationship between the rheological and electrical responses. Significant work 

has been conducted for low-viscosity Newtonian fluids in the classical regimes 

but, apart from the experimental studies of Jayasinghe et al., there is limited work 

on the deposition of viscoelastic materials using electrically forced jets. 

As covered in the published review (Appendix A), aerosol jet still faces some 

challenges as its maturity grows. Primarily, a better understanding of the process 
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and its requirements will be required to accelerate application development since 

its dependence on large bodies of empirical work to develop robust printing is 

hampering adoption [234]. For soft robotics, 5-axis AJ presents opportunities for 

more complex sensing and actuation arrangements that could unlock new 

functionality. Existing patterning techniques are largely limited to 2 or 2.5D 

features that restrains design.  
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7.2.2 Materials 

Following the creation of the apparatus, a challenge of this work was sourcing of 

materials with the properties suitable for deposition. Off-the-shelf elastomers 

were used to demonstrate the potential of EHD deposition; however, ink flow led 

to a loss of resolution when depositing a larger volumes of material in the 

existing machine format. Increasing the yield stress of the fluid and inducing 

thixotropic behaviour would enable increased lateral resolution and provide 

more stable, consistent prints. The addition of fumed silica has been 

demonstrated as an effective way of achieving this when patterning elastomers 

with DIW.  

The development of functional inks with sufficient strain tolerance is a challenge 

across soft robotics, with few commercially available solutions the most 

significant developments are confined to a small number of labs. In this work, 

two inks were explored: a graphene platelet ink that could achieve relatively high 

conductivity but was found to fail at moderate strains of ~8%, and another 

carbon black ink that exhibited low-conductivity but could withstand strains up 

to 140%. Rearrangement of the conductive network within the materials leads to 

a high degree of hysteresis in their response, which limits the use in resistive 

strain sensing. The development of materials with appropriate properties for 

processing and application will continue to be one the biggest development areas 

for soft robotics. 
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Abstract
Aerosol Jet Printing (AJP) is an emerging contactless direct write approach aimed at the production of fine features on a wide
range of substrates. Originally developed for the manufacture of electronic circuitry, the technology has been explored for a range
of applications, including, active and passive electronic components, actuators, sensors, as well as a variety of selective chemical
and biological responses. Freeform deposition, coupled with a relatively large stand-off distance, is enabling researchers to
produce devices with increased geometric complexity compared to conventional manufacturing or more commonly used direct
write approaches. Wide material compatibility, high resolution and independence of orientation have provided novelty in a
number of applications when AJP is conducted as a digitally driven approach for integrated manufacture. This overview of
the technology will summarise the underlying principles of AJP, review applications of the technology and discuss the hurdles to
more widespread industry adoption. Finally, this paper will hypothesise where gains may be realised through this assistive
manufacturing process.

Keywords Aerosol jet . Hybrid manufacture . Micro-manufacturing . Printed electronics . Direct write

1 Introduction

Direct write covers a range of processes that can selectively
deposit material to produce freeform patterns. These processes
are often investigated for the production of conductive traces
[1–3]; however, the capabilities of direct write are being in-
creasingly explored for the deposition of other functional
[4–6] and structural inks [7–9]. Digitally driven and indepen-
dent of orientation, direct write techniques are attractive for
applications desiring conformity and design flexibility [10].
The high-value sectors of aerospace and healthcare provide
significant motivation; however, as technologies mature, they
are likely to be adopted more widely as engineers seek new
functionality alongside improved performance and packaging.
The diversity of applications provides a significant incentive

for the development of capable direct-write processes. This
opportunity was recognised in the DARPA-funded MICE
(Mesoscale Integrated Conformal Electronics) project in the
late 1990s, which aimed to develop manufacturing processes
capable of depositing a range of materials on to virtually any
substrate [11]. The outcome was the development of a number
of deposition mechanisms, most notably the Aerosol Jet and
Nanojet systems that have since been commercialised by
Optomec Inc. and Integrated Deposition Systems (IDS), re-
spectively. The first research publications featuring Aerosol
Jet Printing (AJP) began to emerge around 2001–2002 [12].

AJP (Fig. 1) introduced new capabilities to direct write
through its use of a directed aerosol stream to provide consis-
tent deposition at nozzle–substrate offsets of 1–5 mm [13].
This approach enables the patterning of more complex sur-
faces, which was well illustrated through the deposition of a
spiral pattern on the surface of a golf ball [14]. For an assistive
manufacturing technology—one that is intended to be used as
part of a greater, hybrid manufacturing process—this flexibil-
ity simplifies control, accommodates less precise articulation
and enables patterning on surfaces that cannot be reached by
physical nozzles. This combination greatly simplifies process
integration when compared with other direct write
technologies.
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this review.
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In theory, any material that can be suspended within an
aerosol is compatible with the AJP technique. Commercial
systems use ultrasonic or pneumatic atomisation to generate
an aerosol from inks with viscosities that range from 1 to
1000 cp. Tolerance of a wide range of materials presents op-
portunities beyond competing inkjet technologies, which are
often limited to viscosities below 20 cp. Examples of materials
deposited using AJP range from silver inks [15] and ceramics
[16] to biological matter, such as proteins and strands of DNA
[17]. Material flexibility does not come at the expense of res-
olution, with research groups claiming depositions in the re-
gion of 10 μm [17, 18].

The above-mentioned novelties provide promise for the
field of AJP and the wider direct write approach. This review
provides an overview of the process before discussing the
current-state-of-the-art from an applications perspective. The
future of AJP is, then, explored to provide an insight in to how
it can mature for more widespread industry adoption. This
review has avoided a comprehensive comparison with similar
direct write technologies, such as inkjet printing, as this is can
be found in existing literature [3, 19].

2 Atomisation techniques

Production of an aerosol with characteristics suitable for jet-
ting requires an understanding of both the atomisation tech-
niques and the rheological properties of the ink. The interplay
between the surface tension, viscosity, volatility, and density
of the material with the method of aerosolization presents
unique challenges in process development. These issues are
compounded by a high degree of process variability between
inks of different types.

An ideal aerosol would be monodispersed, highly dense
and contain droplets with sufficient inertia to be impacted on
the substrate. Droplets must not be so large that they negative-
ly affect the minimum feature size or cause nozzle clogging.
Aerosolization is achieved through the application of either
ultrasonic or pneumatic atomisation. The ultrasonic atomiser
produces highly uniform aerosols; however, it is limited to
inks with viscosities in the range of 1–10 cp. The pneumatic
approach enables the atomisation of materials with a viscosity
up to 1000 cp [20], but it sacrifices the uniformity, or mono-
dispersity, of the aerosol that is produced and requires extra
flow refinement steps before deposition.

2.1 Ultrasonic atomisation

Ultrasonic atomisation produces an aerosol from small vol-
umes (~ 2 ml) of low-viscosity (1–10 cp) inks. Its operation
principle is illustrated in Fig. 2; a transducer is submerged
within a transfer medium, typically water, where it oscillates
at high frequency (Fig. 2—1). A wave is propagated through
the transfer medium to a vial suspended above the transducer
(Fig. 2—2). Within the vial, a standing wave is formed on the
surface and the superposition of consecutive waves results in
the formation of large peaks (Fig. 2—3). Local shear at the top
of these peaks results in small droplets being ejected from the
bulk ink. Finally, a positive pressure is applied to the vial to
drive the aerosol from the vial towards the deposition head
(Fig. 2—4).

Aerosols produced using this technique are typically of low
dispersity, with droplet sizes ranging from 2 to 5 μm [19]. In
practice, a user is likely to tailor the atomisation parameters
and ink formulation to modify the droplet size and distribution
in an attempt to minimise small satellite deposits at the edges
of a deposition known as overspray (Section 3.1). The

Fig. 2 Schematic of ultrasonic atomisation

Fig. 1 An overview of AJP: (1) aerosol generation using either ultrasonic
or pneumatic atomiser, (2) introduction of a carrier gas to transport the
aerosol, (3) transportation and refinement, (4) focussing and (5)
deposition and (6) computer-controlled translation of the substrate
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relatively low dispersity of the aerosol negates the need for
secondary refinement stages.

2.2 Pneumatic atomisation

The pneumatic approach is tolerant of a greater range of
viscosities—usually reported to be 1–1000 cp; however,
Optomec’s more recent datasheets suggest a conservative 1–
500 cp. Atomisation is achieved using a variant of the well-
documented Collison-style atomiser that has previously been
used for the aerosolization of bacterial suspensions. Designs,
descriptions and applications of this type of atomiser can be
found in the literature; with May’s 1972 report providing a
detailed design study [21].

Figure 3 shows a schematic of a typical Collison atomiser.
During atomisation, a carrier gas is accelerated across the top
of an ink supply channel (Fig. 3—1). This creates a region of
reduced static pressure that draws the ink to the carrier gas
flow. When the ink reaches the level of the carrier gas stream,
the topmost layer is sheared producing a series of polydisperse
droplets (Fig. 3—2). Large, high-inertia droplets within this
stream are impacted on the side wall of the atomising chamber
and return to the reservoir (Fig. 3—3), while lower inertia
droplets remain as an aerosol and are exhausted from the at-
omiser towards the virtual impactor (Fig. 3—4).

Following atomisation, the aerosol is transported to the
virtual impactor (Fig. 4—1), which uses a region of stagnant
flow to separate droplets within an aerosol stream based on
their inertia (Fig. 4—2). Small droplets, which have insuffi-
cient inertia to overcome this region, are ejected radially in to
the major flow (Fig. 4—3). As low inertia droplets contribute

to overspray in AJ, these are usually collected or vented to the
atmosphere. Large, high-inertia droplets are able to pass
through the stagnant flow region and continue towards the
deposition head (Fig. 4—4).

3 Focussing and deposition

Once a suitable aerosol has been produced, it is transferred to
the deposition head by a carrier gas flow (Fig. 5—1) where it
is focussed using a virtual and physical nozzle. The introduc-
tion of a secondary flow (Fig. 5—2) constrains and constricts
the aerosol within an annular sheath that forms an interlayer
between the aerosol and the physical components (Fig. 5—3).
The aerosol and its annular sheath are further focussed
through a physical nozzle before being deposited on to the
substrate (Fig. 5—4).

The application of a sheath gas results in characteristics that
are unique to AJP; the aerosol flow is collimated, which en-
ables consistent deposition at a 1–5 mm stand-off; the inter-
layer between the aerosol stream and the material reduces the
instances of nozzle clogging; and, through the manipulation of
the aerosol flow rate relative to the sheath, it enables in-
process control of the deposition geometry without changes
in hardware. The combination of virtual and physical nozzles
allows deposits that are one tenth the size of the nozzle’s
orifice [9]. A challenge for focussing using a sheath comes
from its interaction with the substrate and previous deposits,
especially if they are in liquid or powdered forms.Fig. 3 A schematic of pneumatic atomisation

Fig. 4 Schematic of a virtual impactor
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3.1 Factors affecting deposition

Deposit quality is reliant on a multitude of factors
(Fig. 6); the apparatus, process and design are readily
configurable, while the substrate and environmental fac-
tors are more difficult to control, especially in the context
of industrial production lines. Material and ink formula-
tion present arguably the biggest challenge, and their de-
velopment is discussed at more length in Section 4.
Research groups have begun investigating the effect of
process parameters [1, 22, 23], and the fundamental prin-
ciples of AJP have, recently, been well presented [24].

Goth et al. [22] conducted a study with a focus on the
adhesiveness, conductivity and wetting characteristics for
silver and palladium inks at varying processing parame-
ters and substrate surface energies. They report that plas-
ma treatment of the substrate’s surface prior to AJP in-
creases material spreading and adhesion. Mahajan et al.
[1] built on this work and were the first to identify the
focussing ratio—the ratio of the sheath gas flow rate to
the carrier gas flow rate—as a key parameter for the print-
ing of fine features using AJP. The importance of the
focussing ratio was reaffirmed during an analytical study
on AJP by Binder et al. [25]. More recently, Smith et al.

Fig. 6 Parameters effecting
aerosol jet printing (adapted from
[22])

Fig. 5 Schematic of a deposition
head [1]
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[23] conducted an investigation of processing parameters
and expanded the study to include the substrate
temperature.

In all of these studies, minimising overspray is identified as
a challenge for AJP during initial process development. The
overspray deposits (Fig. 7) are the result of droplets with in-
sufficient inertia to be impacted close to the centre line of the
aerosol flow before spreading with the carrier and sheath gas
[24]. Assuming the droplets all have the same density and
velocity, these inertial differences will result from variation in
the volume of the droplets, which can be controlled to a degree
though the ink composition, atomisation parameters and virtu-
al impaction. For any reasonably developed process, overspray
is merely an artefact of deposition mechanism and its conse-
quence is primarily as a metric for defining line quality.

Improving edge definition and overall line quality by
minimising overspray is currently achieved through empirical
optimisation. Analytical models aiming to increase under-
standing of the deposition mechanism are starting to be devel-
oped, which will lead to a greater appreciation of the interde-
pendence of process parameters and accelerate the develop-
ment of robust print recipes [24, 26].

Objective metrics that can distinguish between poor-
and high-quality lines will be important for AJP as it tran-
sitions away from a reliance on user intuition. For conduc-
tive traces, Smith et al. [23] developed a method for quan-
titatively defining line quality by comparing the full-width
at half-maximum height (FWHM) to a measurement of the
distance between the edges of the overspray. If this mea-
surement, known as the effective width, was found to be
significantly greater than the FWHM, then the line was
deemed to be of poor quality as much of the deposit did
not contribute to its current carrying capacity. Salary et al.
[27] have started to develop an in-process monitoring tool
that extracts six metrics (line width, line density, edge
smoothness, overspray index, line discontinuity and
Fiedler number) from optical micrographs to determine
the quality of deposit. They hope to eventually implement
a system for closed-loop control of the AJP process.

Often overlooked, transportation losses can also have a
large impact on the quality of the final deposit. Secor [24]

published a model for the transportation losses and highlight-
ed gravitational settling as the predominant factor with diffu-
sion, machine geometry and ink formulation also playing im-
portant roles. Losses during transportation can account for
non-linearities in the deposition rate with increasing aerosol
flow, if it is assumed that the density of the aerosol is constant.
In practice, longer transportation tubing requires greater aero-
sol flow rates for equivalent losses, meaning machine config-
urations that generate an aerosol at a distance from the depo-
sition head will experience greater losses than those that gen-
erate the aerosol locally. More recent iterations of the
Optomec and Nanojet systems have integrated the atomisation
assembly on to the deposition head, which is perhaps indica-
tive of this effect.

Secor [24] argues that through considered design of these
flow pathways, the losses could be harnessed to narrow the
distribution of droplets within an aerosol flow. Although at-
tractive in principle, the limited gains achievable through this
approach are unlikely to be worth the empirical efforts com-
pared to other techniques, such as virtual impaction or optimi-
sation of the ink and processing parameters.

4 Material development

The formulation of a suitable ink is key for depositions with
desirable morphologies and functional characteristics and, as a
result, is one of the most active areas of research for AJP.
Although accommodating of a wide variety of ink solutions,
suspensions and viscosities (Table 1), initial formulation and
optimisation are achieved through large, isolated bodies of
empirical work due to a lack of fundamental understanding
and process models. A description of the conditions required
to develop a jettable ink, comparable to the “Z number” used
for inkjet printing, would likely accelerate development times
and research outputs [28].

Part of this challenge is understanding and effectively con-
trolling evaporation during atomisation, transportation and de-
position. Low-boiling point solvents evaporate in flight and,
when used alone, can result in the deposition of discrete, dry
particles that produce features with high surface roughness

Fig. 7 Overspray in AJP deposits [1] (Reprinted with permission from [1])
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and porosity. A loss of mass through evaporation can lead to
droplets with insufficient inertia for impaction, which can pre-
vent patterning and emit more particles in to the atmosphere
than on to the substrate [24]. Yang et al. [29] stipulated that the
production of flat features requires the deposition of a thin
liquid layer that can be dried in situ through the effects of
the sheath gas and a heated substrate. This behaviour is com-
monly achieved through a combination of high and low vol-
atility solvents. The high volatility solvent is evaporated short-
ly after atomisation, which saturates the carrier gas and leads
to a stable droplet volume during transportation until the aero-
sol stream interacts with the sheath gas. At this point, the low
volatility solvent will begin to evaporate. Total drying of the
particles before deposition can usually be avoided by includ-
ing ~ 10% of low volatility co-solvent within the ink [24].

These hurdles, combined with the adhesion, wetting and
drying challenges facing nearly all direct write process, are
being readily addressed for AJP in both research and commer-
cial settings. Continued development is likely to lead to a
better understanding of the process that will decrease devel-
opment timescales, drive down cost and ultimately lead to
more widespread industrial adoption.

5 Applications

An array of applications have been identified for AJP that
hope to deploy its material and spatial freedom to create new
types of products with increased functionality. Most work, to
date, has been centred on the production of printed electronic
devices using unconventional materials and substrates.
However, the technology is starting to be explored to expand
capabilities in diverse research topics. For the purposes of this
review, the different bodies of work have been grouped based
on their primary application area (Fig. 8).

5.1 Passive electronic components

Passive electronic components are those that do not increase
the net power of the circuit and whose output is not controlled
by another signal (e.g. resistors [30], capacitors [16, 31] and
inductors [32]). Their relative simplicity makes them an
achievable application for most implementations of AJP,

provided the material can be printed reliably. Printing passive
electronic components reduces their space claim and allows
greater integration of electronic circuitry with fewer process-
ing steps, while the ability to print onto non-planar surfaces
surpasses other technology in this area.

5.1.1 Interconnects

AJP is widely demonstrated as a technique for printing con-
ductive traces designed to connect two or more electronic
components. This approach is a promising free-form, three-
dimensional and mask-less substitute for template-driven
technologies, such as photolithography, chemical etching
and screen printing. AJP has an opportunity to enable a new
era of electronics on unconventional substrates. The simplicity
of electrical interconnects has made them the primary struc-
ture for the evaluation of conductive materials.

Early work on interconnects used a silver nanoparticle ink
as a seed layer for a secondary light-induced plating process
on glass and silicone substrates for the front side metallisation
of solar cells [33, 34]. The AJP nanoparticle ink was used to
produce a high-quality electrical and mechanical contact with
the silicon solar cell, while the light-induced plating process
provided a higher conductivity finger for more efficient trans-
fer of charge. Fraunhofer ISE have continued to develop the
seed-plating process through investigation of scale-up [34]
and material development [35, 36]. Functional circuitry using
only AJP followed shortly after when Padovani at al. [37]
deposited silver nanoparticle inks on glass as 35 μm intercon-
nects between LEDs in a transparent head-up display (Fig. 9).

The flexibility in stand-off heights enables the production
of vertical interconnects for multi-layer circuitry and stacked
componentry. Vertical interconnects, or vias, were developed
by Zhan et al. [38]. By shaping holes between circuit layers in
to trapezoidal and reverse-trapezoidal geometries, they were
able to create effective connections by jetting a silver ink in to
the recesses. Once sintered, the vias were functional provided
that the cooling rate was controlled to prevent cracking
through the thermal shock. Out-of-plane interconnection of
stacked components on a PCB substrate using 25-μm AJP
silver lines has been shown to be an effective way to produce
compact packaging (Fig. 10) [39]. The conductivity of the
silver tracks produced during this work was found to be 8%

Table 1 Material
recommendations Ultrasonic atomisation Pneumatic atomisation

Suitable phase Solvents, solutions, dispersions Solutions, dispersions,
liquid monomers, melts

Maximum viscosity 5 cP 1000 cP

Maximum solid loading (dispersions) 55 wt.% 75 wt.%

Maximum particle size (dispersions) 50 nm 500 nm

Predominant solvent type Low boiling point High boiling point
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of bulk silver. Syed-Khaja et al. [40] have shown die attach-
ment through the sintering of AJP silver pads.

An investigation in to the compatibility of AJP-deposited
silver ink and conventional wire bonding has shown limited
bond strength for Au and Al wire bonding. In their work,
Stoukatch et al. [41] suggested that silver inks themselves
may prove to be an alternative for substrates with low thermal
capabilities. Ultrasonic wire bonding has been shown to be a
more effective technique for joining AJP silver deposits to
components on both glass and polythalamide substrates [42].

The attachment of micro-electromechanical systems (MEMS)
to circuits has also been achieved through AJP [43].

One of the primary advantages of AJP is its ability to pro-
duce fine features [44]. Kopola et al. [45] demonstrated im-
proved device performance by decreasing the width of tracks
in the current collection grid of an inverted, ITO-free solar
cell. In this preliminary work, comparatively large mean line
widths of 58.1 μmwere achieved. Mahajan et al. [1] conduct-
ed a more comprehensive study on the optimisation of high-
resolution (20 μm), high-aspect ratio (0.1) silver lines, in

Fig. 8 Applications of AJP

Fig. 9 AJP deposited silver interconnects in a head-up display (© 2010 IEEE. Reprinted, with permission, from [37])
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which the electrical properties of the deposit were correlated
to the processing parameters. Resistances roughly double that
of bulk silver were achieved; however any variation in pro-
cessing parameters (low focussing ratio and high translational
velocities) leads to increased porosity and, therefore, increased
resistance [1]. To the best of the authors’ knowledge, the finest
reported conductive metallic lines produced using AJP were
produced by Cai et al. [18] who presented line widths of
10 μm using a silver ink (Fig. 11).

Although AJP has been shown useful in the production of
fine pitch interconnects, Mashayekhi et al. [46] argue that it is
limited when producing tracks with lengths less than 100 μm.
During a comparison of printing techniques for electronic ap-
plications, their work shows that the characteristic bulges at
the end of AJP tracks coalesce and form a droplet-like depo-
sition, effectively limiting the print resolution [46].

Wetting characteristics of the substrate are well known to
affect the morphology of any deposit. Vunnam et al. [47]
investigated the effects of air plasma and self-assembled
monolayer treatments on the adhesion of AJP-deposited silver
ink on an indium tin oxide substrate. Ultimately, they found
the ink spreading to be strongly dependent on the substrate’s
surface free energy, ink properties and sheath flow [47].
Mahajan et al. [48] have shown how AJ printing on to low
energy substrates can facilitate a transfer process for produc-
ing low roughness (< 10 nm) silver ink tracks (Fig. 12). Chang
et al. [49] have used a similar print-transfer-peel technique to
produce circuitry on to flexible substrates. As well as produc-
ing low surface roughness interconnects, this approach
allowed the researchers to overcome capillary action-

induced wicking in channels caused by stair-steps on the sur-
face of additively manufactured components. This approach
also facilitated patterning on low-temperature substrates as the
ink could be sintered before transfer.

Thermal sintering is an important processing step in the
development of highly conductive traces. Both Shankar
et al. [50] and Werner et al. [51] have demonstrated, quantita-
tively, the impact of thermal sintering on the conductivity of
silver deposits. Their results show that higher sintering tem-
peratures can lead to increased conductivity through more
complete evaporation of ligands and a greater degree of coa-
lescence. At a similar time, however, Goth et al. [2] showed
that thermal sintering can present issues with interconnect
cracking due to differences in the coefficient of thermal ex-
pansion between the ink and the substrate. Seifert et al. [39]
showed that multi-layered (> 10) printed silver tracks tend to
peel during sintering as result of residual stresses. Rahman
et al. [52] conducted a study investigating the high-
temperature stability of AJP silver nanoparticle ink post-
sintering, finding that the post-sintering impedance of the de-
posit increases up to 150 °C, decreases between 150 and
300 °C and, then, increases again as the temperature ap-
proaches 500 °C. Decreases in conductivity were largely at-
tributed to grain growth at elevated temperatures.

For materials that are not compatible with the temperatures
associated with sintering (e.g. common thermoplastics),
Hoerber et al. [53] showed that non-sintered deposits with
larger interconnect dimensions can be used, while Werner
et al. [51] presented electrical sintering as an alternative for
thermally sensitive substrates. In later work, Schuetz et al. [54]

Fig. 11 AJP silver ink tracks at
(a) 20 μm grid (Reprinted with
permission from [1] and (b)
10 μm tracks (© [2016] IEEE.
Reprinted, with permission, from
[18])

Fig. 10 Interconnection between stacked PCB components (Reprinted with permission from [39])
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developed a new technique for sintering metallic deposits
using selective exposure to a xenon light source. Their ap-
proach allowed for the sintering of silver tracks on a polycar-
bonate substrate with limited substrate damage.

The use of nanoparticle inks presents serious limitations for
the application of AJP interconnects. The high surface area-to-
volume ratio of metallic nanoparticles makes them highly sus-
ceptible to loss of conductivity through oxidation. Silver ink is
most commonly used as it is less prone to oxidation than
copper-based inks. A comprehensive review of ink develop-
ment is beyond the scope of this report. Reviews of conduc-
tive inks are readily available [19, 55].

AJ printing of metallic inks is a promising technique for the
production of conformal, rigid circuitry. However, as deter-
mined by Reboun et al. [56], metallic-sintered conductive pat-
terns have insufficient bending endurance (< 10,000 cycles)
for flexible applications (Fig. 13). Alternative conductive ma-
terials based on polymers, polymer matrices or forms of car-
bon are often presented as solutions.

Jabari and Toyserkani [57] investigated the deposition of
graphene-based interconnects and achieved resistivity as low
as 0.018 Ω cm. Low concentrations of graphene inks are re-
quired to reduce instances of nozzle clogging, which limits the
conductivity of the interconnects. A follow-up study
attempted to overcome this through the combination of
graphene and silver nanoparticle inks [58], which provided
the flexibility of the graphene electrodes with a 100 factor
increase in conductivity.

Wang et al. [59] demonstrated a “Conductive-On-Demand”
approach to produce composite polyimide/carbon nanotube
conductive devices that use inherent process characteristics
to facilitate in-process mixing of multiple materials (Fig. 14).
Two materials were atomised separately then combined in a

static mixer before entering the deposition head. Through con-
trol of the relative flow rates, the conductivity of the composite
could be spatially varied by adjusting the weighting of carbon
nanotubes during the process (Fig. 14).

Beyond electrical circuitry, optical waveguides are a promis-
ing alternative for applications that need higher speed commu-
nication and data transfer than is achievable using conductive
traces. Current manufacturing techniques are limited to planar
designs connected by inefficient optical junctions [60]. Additive
techniques that enable freeform optical waveguides are an at-
tractive pathway for compact and efficient optical circuitry. The
first demonstration of polymer optical waveguides (POW) using
AJPwas achieved by depositing a UV curable photopolymer on
to a glass substrate [61]. Wetting of the photopolymer proved
challenging and required a ten-minute exposure to ethylene gly-
col to adapt the surface energy of the substrate. Attenuation of
the light source was found to be 2.8 dB/cm, which showed poor
performance compared with other POW techniques (< 0.5 dB/
cm). Subsequent work improved the quality of the POW by
using flexography to deposit conditioning lines that locally alter
the contact angle of the substrate [62]. By increasing the aspect
ratio of the AJP structures, POWs with a significantly improved
attenuation of 0.7 dB/cm were achieved. The repeatability of
both the flexographic and AJP process has been identified as
key challenges for printed POWs [63].

5.1.2 Capacitors

Ha et al. [64] sequentially deposited poly(3-hexylthiophene)
(P3HT) and an electrolyte ion-gel on to pre-patterned gold
electrodes to form the dielectric layer of a thin film capacitor.
The top electrode was applied by printing PEDOT:PSS on to
the surface of the ion gel. The time delay of the device was

Fig. 13 (a) Apparatus for the testing of bending endurance of AJ-printed tracks and (b) cracks in AJ-printed tracks after 10,000 cycles (Reprinted with
permission from [56])

Fig. 12 Transfer process for highly flat conductive tracks adapted from (Reprinted with permission from [48])
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found to linearly increase with the thickness of P3HT layer up
to 400 nm. A fully printed capacitor was produced by Gupta
et al. [15] by printing silver traces alongside SU-8 photoresist
as a dielectric medium. Increasing the area of overlap on the
printed devices showed a linear increase in capacitance, which
provides a simple pathway for tuning the capacitance to match
the requirements of the circuit.

Folgar et al. [16] investigated the production of ceramic
capacitors by depositing barium titanate particles before using
selective laser sintering to form a continuous film.
Development of an ink that was compatible with both process-
es proved challenging as ceramic binders inhibited the
sintering process. Functional devices, with a capacitance of
17.5 pF at 1 MHz, were produced by introducing silver elec-
trodes either side of the ceramic along with a PMMA inter-
layer to minimise diffusion. The tested devices featured green
state (non-sintered) ceramic as challenges with high porosity
and delamination were difficult to overcome.

5.1.3 Inductors

AJP has been used to successfully print inductors by the depo-
sition of a silver-based conductive ink, a magnetic nickel iron
core and a muscovite mica dielectric [32]. The rudimentary
nine-and-a-half turn inductor was produced in five processing
steps, with conductive coils being the first and last printed
layers to form a coil around the magnetic material. The coils
were insulated from the magnetic core through the deposition
of the dielectric on either side. The total thickness of the five
layer device was less than 70 μm with a length of 20 mm and
width of 8 mm. Besides ink development, the key step in this
process was the removal of oxygen from the iron oxide and
subsequent alloying with the nickel material post-deposition.
Complete sintering is typically achieved at 80% of the melting
point of the permalloy (1440 °C); however, the sample pro-
duced using AJP was able to be sintered at 500 °C and 350 °C
on glass and Kapton, respectively. The final device was found
to have a fairly stable inductance 1.5 μH at frequencies above
100 kHz. Devices with commercially relevant inductances
have been produced using silver ink in combination with

polymer, iron and ferrite cores [65]. Polymer core inductors
were printed in situ, while the iron and ferrite cores were placed
before an insulating polymer layer was deposited. A number of
inductor geometries showed the flexibility of the manufactur-
ing process for printed inductors.

5.1.4 Antenna, waveguides and transmission lines

Single-layer, planar antenna has been presented in several
forms, with most research focussing on the deposition of a
silver-based ink to produce the conductive traces on a dielec-
tric substrate. When investigating the production of radio-
frequency identification (RFID) tags, Cai et al. [66] printed a
silver seed for electroless copper plating, which increased the
conductivity of the deposit and improved the quality factor of
the antenna. The electroless plating process was found to strip
the silver seed from the substrate unless an adhesive interlayer
was applied. Although the final adhesive strength was not
quantified, RFID tags with inductances in the range of 2.87–
2.97 uH were successfully produced.

Three-dimensional antennas were produced through the de-
position and UV curing of a dielectric ink to form pillars and
hollow cylinders (Fig. 15). Conductive silver ink was, then,
printed on the vertical walls of these structures using a tilted
print head to produce functional, three-dimensional millimetre-
wave antenna. In the work, the authors argue that this approach
to antenna design and manufacture opens up the possibility of
an entirely new class of three-dimensional antenna [68, 69].

Deposition of dielectric materials alongside the conductive
material has been presented as a technique for multi-layer co-
planar waveguides capable of operation up to 50 GHz with
losses of 0.5 dB/mm [70]. In this case, a polyimide ink was
deposited as the dielectric alongside the silver to produce mul-
tilayer devices. Further work investigated single layer, radio-
frequency waveguides on a diamond substrate [71]. Similar
techniques have been used to produce other high-frequency
electronic components, such as transmission lines [72] and
power dividers [73]. Oakley et al. [74] did a direct
benchmarking of AJP terahertz filters with equivalent copper
filters produced using photolithographic techniques and found

Fig. 14 “Conductive-on-demand” through the selective introduction of CNTs in to polyimide (Reprinted from [59])
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comparable performance. As a result, AJP is again presented as
an attractive technique for low-cost fabrication and prototyping,
especially when combined with other additive techniques [75].

5.2 Active electronic components

Active electronic components either require power to work or
can introduce net power into a circuit. Active electronic com-
ponents tend to be multi-material structures which are more
complex when compared to passive electronics. Many
implementations of active components use AJP as part of a
hybrid process chain to produce the final components. AJP is
attractive for the deposition of these devices by allowing their
implementation on non-standard substrates, such as paper,
fabric and low-temperature polymers.

5.2.1 Transistors and switches

The ubiquity of transistors in modern electronics has made
them one of the primary research areas in AJP. A key chal-
lenge has been the development of high-capacitance dielectric
inks for the gate insulators of thin film transistors (TFTs) while
maintaining compatibility with solution processing. Cho et al.
[76] were the first to demonstrate the potential of ion gels by
using AJP to manufacture a series of organic TFTs with
switching speeds up to 10 kHz (Fig. 16), which represented
a significant increase over solid polymer electrolytes that were
limited to sub-100 Hz operation.

A subsequent body of work designing and characterising
circuits—low-voltage (< 3 V) invertors and ring oscillators
Fig. 17 [77, 78]—based on these AJP electrolyte-gated TFTs
immerged showing high efficiency and performance. Later
optimisation and characterisation showed current ratios of up
to 106, off-state drain currents as low as 10−10 A and threshold
voltages of − 0.3 V [5]. Other approaches to develop solution
processable, high-capacitance dielectrics have focussed on the
development of poly(methylsilsesquioxane) as a gate dielec-
tric in indium–gallium–zinc–oxide transistors [79] or
polyfluorinated electrolytes for applications that require
higher thermal stability [80].

TFTs manufactured using AJP were found to differ in per-
formance when compared to equivalent devices manufactured
using conventional solution processes, such as spin coating.
Wu et al. [79] attributed these variances to differences in the
electrolyte structure (pin holes), ingress of impurities or resid-
ual solvents in the deposit.

The other main body of research in the development of
TFTs focusses on the deposition of single-walled carbon
nanotubes as a semi-conductor. Transistors with operating fre-
quencies in the region of 5 GHz have been demonstrated
through the deposition of high-purity SWCNT inks [81].
The primary hurdle for using semi-conducting SWCNTs is
the production and purification of the CNTs and the associated
ink formulations [82]. Recently, refinement techniques that
can scale have begun to emerge, with Rother et al. [83] show-
ing a stable polymer-sorted semi-conducting SWCNT ink for

Fig. 15 (a) Vertical metal antenna
on a dielectric pillar and (b)
antenna microstructures (© IOP
Publishing. Reproduced with
permission from [69]. All rights
reserved)

Fig. 16 Schematic and optical
micrograph of electrolyte-gated
thin film transistor (Reprinted
with permission from [76])
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TFTs with high reproducibility. TFTs using semi-conducting
SWCNTs have been shown to go through 1000 bending cy-
cles with minimal performance degradation, showing their
application to flexible electronics [84]. Other research has
focussed on the use of SWCNTs for temperature-stable
TFTs [80] and the effect of substrate wetting through oxygen
plasma surface treatments [85]. Selective deposition of etha-
nolamine doping agent on to semiconducting SWCNTs has
been shown to change the polarity of TFTs, with P-type tran-
sistors being selectively converted to N-type [86]. Through
this approach, the researchers could produce a complementary
metal oxide semiconductor (CMOS).

Ha et al. [64] demonstrated the potential of AJP-printed
transistors by printing an electrochromic pixel along with a
H-bridge drive circuit. The final device featured 23 transistors,
20 resistors, 12 capacitors and 9 dielectric crossovers, all
printed in situ using AJP. The interconnecting circuitry was
produced using photolithography and electron beam evapora-
tion on to a PET substrate. The final circuit was found to
operate at 1 V with a high degree of stability over 600 test
cycles. Although the individual components in this work had
been previously demonstrated, this work is the first that dem-
onstrates their application in a more complex circuit.

5.2.2 Organic light-emitting diodes

The growth of modern display technology has stirred interest
in techniques for the production of high-efficiency displays
that do not require conventional vacuum processing tech-
niques. AJP at ambient conditions could lead to a cost reduc-
tion while enabling increased performance through design
flexibility—even a relatively simple implementation of
AJPs, which deposited a PEDOT:PSS grid on the anode of

an organic light-emitting diode (OLED), saw efficiency im-
provements over conventional devices by a factor of 2.3 [88].

Tait et al. [89] took this further by demonstrating the deposi-
tion poly(N-vinylcarbazole), PEDOT:PSS and Mo03 as part of
functional OLED structures (Fig. 18) while studying the effects
of flow rates, stand-off height (up to 15 mm), nozzle speed and
temperature on the deposition quality. The remaining compo-
nents of the OLED—the top electron transport layer, cathode
and metal oxide layer—were patterned using more conventional
shadow mask vacuum evaporation. Their conservative devices
produced RGB pixels at a density of 144 ppi; however, through
optimisation, they suggest that densities as high as 500 ppi may
be feasible. Although unlikely to compete with the high-pixel
densities of other techniques, it is an attractive approach for
large-scale devices that are dimensionally and financially
constrained by masked vacuum manufacture.

5.2.3 Photovoltaics

As with display technologies, AJP is being used as a tool to
transition towards atmospheric processing of photovoltaics
(PV). Contactless techniques that allow processing of thinner
silicon wafers without damage are increasingly being investi-
gated over more widely adopted screen printing techniques to
further reduce manufacturing cost and increase size scales.
Initial applications of AJP to PV applications focussed on
the metallisation of silicon cells, which was achieved through
direct printing of a conductive ink (silver [90], aluminium
[91]) or printing of a seed material followed by an
electroplating process in a similar way to the techniques
discussed in Section 5.1.1. As metallisation aims to minimise
the shadowing of the cell while maintaining high conductivity
to improve the efficiency, the relatively high-resolution of AJP

Fig. 17 AJP deposition of P3HT, Zno, PEDOT:PSS, and an Ion-gel for a 5-stage ring oscillator (Reproduced from [77])
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when compared to other large area patterning techniques pre-
sents an attractive approach.

The manufacture of PVs using direct write processes is
dependent on the development of suitable solution process-
able materials. Earth-abundant materials, particularly perov-
skite and kesterite materials, are gaining attention for their
ease of processing and relatively low cost. Williams et al.
[92] investigated the deposition of material precursors that
can be annealed to form copper–zinc–tin–sulfide features.
Deposits with low solvent content were preferred as it limited
cracking during drying. However, as is typical of dry deposits,
this led to porous films that required secondary annealing and
compaction processes to produce dense, crack-free nanocrys-
tal films. More recently, Bag et al. [93] used AJP to deposit
perovskite films as part of a functional solar cell that achieved
power conversion efficiencies as high as 15.4%. Their work
extended the process to investigate the production of solar
cells on non-planar surfaces, demonstrating a hemispherical
device with efficiencies of ~ 5.4%.

A technique for patterning dielectric materials, which are
used for insulating and passivation layers in solar cells, used
AJP’s selective deposition to produce localised chemical
etching on a series of silicon substrates coated with silicon
dioxide, silicon nitride, silicon oxynitride and aluminium
oxide [94]. In this approach, a bulk layer of polyacrylic acid
was spin-coated on to the coated silicon substrate before
AJP was used to deposit an ammonium fluoride solution.
The combination of polyacrylic acid and ammonium fluo-
ride formed localised areas of hydrofluoric acid that etched
the underlying dielectric with a minimum feature size ap-
proaching 20 μm. The remaining hydrofluoric acid and
polyacrylic acid can, then, be rinsed from the substrate using
DI water.

5.2.4 Fuel cells

Sukeshini et al. [95–97] published a series of papers investi-
gating the deposition of a yttria-stabilised zirconia (YSZ) elec-
trolyte, a strontium-doped lanthanum manganate (LSM) cath-
ode and a YSZ/LSM composite interlayer for use in solid
oxide fuel cells (SOFCs). The interlayer material was facili-
tated by a dual atomisation configuration that combined two
aerosol streams prior to deposition. Despite substandard per-
formance of the developed button cell, an investigation of
processing parameters highlighted how the geometry and mi-
crostructure can be manipulated to improve device perfor-
mance. Subsequent optimisation efforts explored this and
found that the power densities of the button cell could be
varied from 200 to 460 mW/cm2 simply by controlling the
process parameters [96].

Further improvements in performance were found by grad-
ing the composition of a YSZ/NiO interlayer through on-
demand mixing. This approach allowed the ratio of the com-
posite to be varied on consecutive layers, thereby reducing the
ohmic resistance of the device and improving overall perfor-
mance. Despite this, the button cell still presented substandard
performance and further optimisation, in terms of processing,
materials and ink formulation, is required before AJP becomes
a serious technique for the manufacture of SOFCs. An initial
study using a gadolinia-doped ceria (GDC)–lanthanum stron-
tium cobalt ferrite (LSCF) cathode as an alternative to LSM
has already led to a 2-fold increase in performance [97].

5.3 Sensors

AJP is an effective technique for the manufacture of high-
resolution sensors that enable researchers to rapidly iterate

Fig. 18 Printed blue, green and red OLEDs (Reprinted from [89])
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designs through the modification of geometry and materials.
New types of sensors are being produced on a greater range of
substrates. Embedding sensors within components by direct
printing also presents an opportunity for a deeper understand-
ing of how a component behaves in service.

5.3.1 Strain gauges

A number of strain gauges have been developed by Fraunhofer
IFAM [98, 99] and the Georgia Institute for Technology [100].
At their most simple, strain gauges are patterned conductive
traces that experience a change in resistance in response to
mechanical strain. Traditionally, these devices are
manufactured as part of a film before being adhered to the
surface for testing. AJP allows the manufacture of the part
directly on to the surface of the component, which removes
the need for secondary bonding processes while allowing de-
position on to complex surfaces. To produce a strain gauge,
Maiwald et al. [98] first deposited a polymer isolation layer
before using a commercially available silver ink (Advanced
Nano Products) to produce the strain gauge geometry
(Fig. 19). Their results show a device with a reliable output
for a 500N load over 1000 cycles at 0.5 Hz. Similar approaches
have been adopted by Zhao et al. [100] to embed silver ink
strain gauges in carbon–fibre composite devices without signif-
icant impact on the mechanical properties. Their work suggests
that AJP is a promising approach for embedded sensors; further
work is required to remove defects, optimise curing processes
and investigate the interface between the sensor and the carbon
fibre prepreg. Recently, Rahman et al. [101] demonstrated a
ceramic/metal strain sensor for high-temperature applications.

5.3.2 Capacitive sensors

Rahman et al. [102] developed interdigitated capacitive
touch sensors through the deposition of silver ink on to a
planar glass slide (Fig. 20). The interdigitated fingers of the
sensor were approximately 50 μm, 1.5–55 mm long,
0.5 μm thick and had a native capacitance of 1–5 pF. A
degree of repeatability was shown with an 8% variance in

sensor capacitance over three samples. Simulation and ex-
perimental observations showed the capacitance to be in-
sensitive to variation in electrode height, meaning the high
surface roughness of their AJ deposits has little impact on
device performance. The capacitive sensor’s output was
shown to be largely dependent on the electrode width as
a fraction of electrode pitch. Current work has deposited on
to planar glass substrates, but more novelty is expected as
researchers use AJP for non-planar and flexible substrates.
Andrews et al. [103] printed a capacitive sensor from a
carbon nanotube ink that, when pressed to a material, ex-
hibits a linear response between capacitance and material
thickness. Another interesting application that uses simi-
larly interdigitated AJP structures for electrostatic adhesion
has been proposed for use in miniaturised robotics [104].

5.3.3 Dielectric elastomer devices

The Factory Automation and Production Systems (FAPS)
group is investigating the use of AJP to produce soft dielectric
elastomer devices (DEDs) that can be used for sensing, actu-
ation and energy harvesting [105]. These layered structures
consist of a soft dielectric sandwiched between two compliant
electrodes. Current DED actuation technology is limited by
high driving voltages (> 1 kV). Reducing the layer thickness
of both the dielectric and electrode is a promising approach to
producing a low-voltage DEA. AJP’s layer-by-layer ap-
proach, combined with its ability to produce thin films, makes
it a promising approach to produce DEDs in a single process-
ing step [106, 107]. Although the production of a functional
part has yet to be presented, the deposition of two-part silicone
(Elastosil P760) has been achieved using a dual atomisation
configuration [108]. It is feasible that the current state-of-the-
art could be used for DED-based sensing.

5.3.4 Photodetectors

Photodetectors are a good example of how AJP can be
integrated in to a range of fabrication strategies to produce
functional devices. The combination of inkjet printing,

Fig. 19 An AJP gauge and its response compared to a reference foil strain gauge (Reprinted from [98])
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AJP and drop casting leads to the development of a low-
cost paper-based photo detector for the visible spectrum
[109]. In this work, PEDOT:PSS and P3HT:PCBM layers
were deposited by AJP, the silver bottom electrode was
deposited using inkjet and a DNA biopolymer was drop-
cast. An interlayer of PEDOT:PSS was required to increase
the adhesion of the silver to P3HT:PCBM, while the DNA
biopolymer was required to facilitate a confluent
PEDOT:PSS top electrode. A number of different process-
ing and material strategies have been deployed to produce
photodetectors [110], including a fully AJP sensor with
performance comparable to the state-of-the-art [111].
Ichiyama et al. have used AJP as a technique for the depo-
sition of a fluorescent quantum dot film, with the intention
of enabling deep-UV capability in standard CMOS and
CCD detector arrays [112].

5.3.5 Chemical sensors

Functionalised single-walled carbon nanotube (SWCNT)
networks are used in a number of gas-sensing applica-
tions. Solution processing of these devices, rather than
high-temperature in situ growth, is required to enable
manufacture on low-cost polymer and paper substrates.
Reduced drying effects, such as the coffee ring effect, in
AJP present a simpler pathway to manufacture over inkjet
printing or spin coating and have been, recently, demon-
strated in the production of a platinum-decorated SWCNT
hydrogen sensor [113]. Kuberský et al. [114] demonstrat-
ed a NO2 sensor with AJP-printed top CNT electrodes on
a series of drop-cast polymer electrolytes. An alternative
approach that monitors the current drawn by an AJP elec-
trode array to reduce hydrogen peroxide has also been
developed [115]. By introducing glucose oxidase, an en-
zyme that catalyses the oxidation of glucose to hydrogen
peroxide, the sensor was able to detect the concentration
of glucose, which could prove useful for biosensing ap-
plications. The same group who produced paper-based
photo detectors (see Section 5.3.4), refined their technique
to produce a sensor capable of vapour-phase chemical
detection of water and other volatile organic compounds
[116].

5.4 Three-dimensional structures

AJP has primarily been used for surface patterning, and re-
searchers are beginning to explore its potential for expanding
additive manufacturing with the hope that it can help bridge
the gap between size scales. Saleh et al. [9] demonstrated the
production of hierarchical structures with features that span 5
orders of magnitude (Fig. 21). Rapid solvent evaporation in a
90–110 °C environment was required to solidify the ink on
deposition, while secondary processing was used to remove
the binder and sinter the nanoparticle ink. Control of the bind-
er content, nanoparticle size and sintering conditions allowed
the authors to manipulate the porosity of the trusses within the
lattices. This work was completed using a silver nanoparticle
ink; however, it has been stipulated that the approach can be
readily transferred to any ink that can form a nanoparticle
suspension. Subsequent work has presented these lattices as
candidates for electrodes in lithium ion batteries [117] and
characterised the mechanical strength of micropillars under
compressive load [118].

An alternative approach to produce 3D structures used AJP
to deposit thin layers (5–35 μm) of inks on to non-planar sur-
faces that were subsequently cured through exposure to a UV
laser. This hybrid approach combines the thin layer capabilities
of AJP with the fine feature capabilities of laser-based direct
write to produce high-resolution structures. Although these
studies were completed with PDMS [8] and pentaerythritol
triacrylate (PETA) [7] (Fig. 22), it is easy to see how this can
be expanded to accommodate any UV-curable material. The
combination of AJP and laser-based direct write may also pres-
ent a pathway to multi-material stereolithography that is diffi-
cult using conventional VAT-based processes.

5.5 Applications in biology

Biological applications of AJP have focussed on techniques
for either patterning cellular structures or printing biological
molecules, such as proteins, enzymes and strands of DNA.
Early work attempted to spatially position mammalian (3T3
mouse fibroblast) cells by direct deposition of the cells and
surrounding growth media on the surface of a Petri dish [12].
A viability study showed the deposited cells to have 87%

Fig. 20 AJP interdigitated capacitive sensor (Reprinted from [102])
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viability compared to 97% of the control group. Low viability
and an inability to control cell migration post-deposition pres-
ent a significant challenge for this type of approach.

An alternative created regions of preferential adhesion for
cells on the surface of a substrate through either positive or
negative patterning. In this work, De Silva et al. [119] created
regions of preferential adhesion on PDMS-coated Petri dishes
by AJP of laminin and poly-ethylenimine. After patterning,
the cells were cultured on the surface of the substrate, and
higher cell densities were found in the patterned region.
Certain cell types were, even, found to elongate and align in
the direction of the printed features. The inverse effect—
negative patterning—was also shown by patterning glass sub-
strates with PDMS and PTFE. In the negative case, the cells
were identified as migrating towards the less hydrophobic
glass surface over time, demonstrating their preference for
adhesion to intermediate to high-surface tension substrates.

The production of ceramic calcium phosphate substrates
for bone cell growth studies has been completed as part of
a comparison between AJP, laser ablation and microcontact
printing [120]. Geometric and cell proliferation analysis

showed AJP to be a useful tool for investigating cell
growth on ceramic microstructures with minimal toxicity;
however, it does highlight issues relating to system vari-
ability and slow processing times when compared to the
other techniques.

The deposition of bio-molecules with high spatial resolu-
tion is a key to the development of miniaturised test platforms
that can be used for fundamental studies, drug/toxicology
screening and biological sensing. Grunwald et al. [17] dem-
onstrated the deposition of a series of fluorescent proteins,
strands of DNA and active enzymes with minimal impact on
their biological activity before going on to compare the tech-
nique with other printing processes. The low shear forces
present in the AJP process enable the deposition of complex
high-molecular weight molecules without denaturing their
structure, as shown by the deposition of DNA molecules
suspended in a phosphate-buffered saline solution. Although
successful in deposition, the authors argue that the slow pro-
cessing time and lack of parallel deposition in most AJP con-
figurations present a hurdle for the mass production of micro-
array structures and other test platforms.

Fig. 21 3D AJP hierarchical
silver lattices spanning 5 length
scales (Reprinted from [9])

Fig. 22 SEM images of (a) 2S
square grid pattern and (b) 3D
cone array structures (Reprinted
from [7])
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6 Future direction of aerosol-based direct
write

Printed electronics has been a key driver for the development
of the AJP process and is likely to continue as a commercial
motivation. Basic circuit elements have been demonstrated in
isolation, with examples of complete circuitry only beginning
to emerge more recently through hybrid processing.
Improving the capability of printed devices will be important
in the development of AJP technology, but its lower resolution
than lithographic processes means that the greatest short-term
impact of AJP will be in applications that harness the flexible
nature of the process along with unique characteristics to pro-
vide increased function and value. For example, the high con-
formity offered by AJP increases the design freedom for elec-
tronics packaging and conformal antenna [68], while large-
area, ambient processing is appealing [19] for economical
manufacture of photovoltaics and display technologies.

Beyond the technology’s original scope, researchers are
using AJP to impact fast-growing topics as diverse as biotech-
nology and robotics. Novel design and manufacturing has led
to innovation in lab-on-a-chip devices [121], and the conver-
gence of these techniques with advanced printing, such as
AJP, will provide further opportunities through sensing, selec-
tive catalysation, cell seeding and directed cell growth [119].

Additive techniques in soft robotics have been well demon-
strated [122], with their ability to selectively and spatially vary
stiffness enabling new functionality in soft systems. AJP offers
to build on this through the deposition of sensing elements and
other electronics within their bodies, paving the way for im-
proved proprioceptive and environmental sensing. Material
and process flexibility makes AJP an ideal candidate for im-
plementation alongside other additive techniques for the re-
peatable, hybrid manufacture of soft robotics—a goal that has
recently been highlighted by the research community [123].

Many applications of AJP are facilitated through the formu-
lation of materials with the required processing and functional
characteristics. Although AJP has expanded the range of print-
able viscosities and enabled the deposition of two-part and
composites, ink formulation requires a large body of empirical
work for consistent deposition. Defining the criteria for a suit-
able ink through process modelling and experimental observa-
tion will accelerate the adoption of the process in commercial
settings by decreasing development time scales and cost [24].

Given wider manufacturing research and industrial devel-
opments, such as the Internet of Things and Industry 4.0, AJP
is well positioned to become an underpinning technology for
enabling the creation of more connected and intelligent prod-
ucts. Its extreme versatility gives it the potential to disrupt a
host of manufacturing environments; from conventional elec-
tronics and sensing to biological and chemical manufacturing
applications. As investment increases and applications are
recognised, the reliability of the system will increase through

improved understanding of material and processing condi-
tions. Its increased adoption will likely be driven by the de-
velopment of devices with increased performance that reflect
the unique capabilities of the process.
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10 Appendix C 

Table 6 - Conductivity of aerosol jet printed samples 

Number of passes (Adjacent) Resistance (kΩ) Std. Dev. 

1 33.156 7.63734771 

2 12.814 1.48264291 

3 10.39 3.78333187 

4 7.236 1.5214894 

5 5.588 1.32207035 

6 4.24 0.55547277 

7 3.588 0.53382581 

8 3.372 0.68758272 

 

 

Table 7 - Conductivity of aerosol jet printed samples (stacked) 

Number of passes (stacked) Resistance (kΩ) Std. Dev. 

1 62.38 35.4820398 

2 21.578 11.7355856 

3 11.41 4.47071583 

4 7.638 2.59849379 

5 5.97 1.6595632 

6 4.838 0.850541 
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7 4.058 0.70605949 

8 3.5 0.76206955 
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Several techniques have been developed 
for film based soft robotic devices, but 
they face challenges in processing speed, 
scalability, and resolution. Common 
approaches use spin coating,[7,8] blade 
casting,[9] or pad printing[10] to produce 
thin layers of elastomer often in combi-
nation with masked deposition of elec-
trodes. Despite some success, film thick-
nesses below 5  µm are challenging and 
there are limits to the height and area of 
stacked elastomer structures.[11] Further-
more, these batch processes do not pro-
vide opportunity for patterning of elas-
tomer layers and face challenges at larger 
volumes.

Additive techniques, which selectively 
deposit elastomeric and functional mate-
rials, are removing design constrains 

and offering new capabilities through improved design. The 
disparity in rheology between functional and structural inks 
provides the most prominent hurdle to the development of an 
effective and integrated manufacturing strategy. Direct ink write 
(DIW) is growing in popularity for soft robotics,[12] however the 
process resolution is better suited for large devices over film-
based sensors or actuators. Ink jet printing has been the most 
successful for thin films, with McCoul et al.[13] demonstrating 
the deposition of thin (2–5 µm) elastomer layers. The authors 
maintained that nozzle clogging is a significant issue even 
when using relatively large nozzle orifices with diluted inks. 
The aforementioned techniques have been most successful in 
the patterning of functional materials within soft structures. 
DIW,[14] aerosol jet (AJ),[15] and inkjet printing[16] have all been 
demonstrated as effective methods for producing stretchable or 
flexible sensors and actuators.

Electro-hydrodynamic Jet (E-Jet) printing—an additive tech-
nique that uses high electric fields to draw material from a 
nozzle—has been widely investigated for its ability to deposit 
sub-micron features.[17] Since material is drawn rather than 
pushed through the application of back-pressure, E-Jet deposi-
tion is also able to deposit higher viscosity materials than com-
parable processes.[18] In this work, we leverage this improved 
material compatibility through a non-classical deposition 
regime to selectively pattern unmodified, commercially avail-
able polydimethylsiloxane (PDMS). Pulsating jet and pulse-
on-demand droplet deposition is investigated before being 
combined with oxygen plasma surface treatment and AJ 
printing to demonstrate a digitally driven process route for the 

The performance of soft sensing and actuation devices is dependent on their 
design, the electro-mechanical response of materials, and the ability to copat-
tern structural and functional features. For film based soft structures, such as 
wearable sensors and artificial muscles, manufacturing challenges exist that 
prevent the translation of technology from laboratory to practical application. 
In this work, a hybrid manufacturing technique is presented that integrates 
electro-hydrodynamic and aerosol jet deposition to print multilayer, multimate-
rial structures. The combined approach overcomes the respective rheological 
constraints of the individual processes, while presenting a pathway to higher 
resolution computer-controlled patterning. Electro-hydrodynamic deposi-
tion of a polydimethylsiloxane elastomer is demonstrated and characterized, 
before being combined with aerosol jet deposition of a graphene platelet ink to 
produce functional devices. A proof-of-concept, multilayer capacitive sensor is 
presented as a first demonstration of the manufacturing technology.

N. J. Wilkinson, Dr. R. W. Kay, Prof. R. A. Harris
Future Manufacturing Processes Research Group
University of Leeds
Leeds LS2 9JT, UK
E-mail: R.Harris@leeds.ac.uk

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admt.202000148.

Soft robotics presents a unique opportunity to improve the 
interactions and interfaces between living and computerized 
systems to drive innovation in healthcare,[1] haptics,[2] and 
biological sciences.[3] Film-based soft robotics, in the form of 
actuators and sensors, are of interest due their low-weight, high 
efficiency, and unobtrusive nature.[4] Innovation in their man-
ufacture, to allow selective patterning of soft and functional 
materials at improved resolution, will be essential to delivering 
the potential of soft technologies and will drive their commer-
cial adoption.[5] Specifically, the ability to alternately form thin 
layers of elastomers with micro-patterned, stretchable circuitry 
can improve sensor density and fidelity. The automated and 
repeatable manufacture of low-roughness elastomeric films has 
importance in actuation technologies as it is the key enabler for 
dielectric electroactive polymers, commonly known as a type of 
artificial muscle.[6]

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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hybrid manufacture of a functional multilayer, multimaterial 
structure.

When a volume of liquid is ejected from a nozzle, a sphe-
roidal meniscus forms as the surface tension of the fluid is the 
principle force dictating its shape. Under a high electric field, 
stresses driven by charge interactions become the predomi-
nant factor and, beyond a critical value, the electric field will 
pull the meniscus in to a conical structure that emits a jet from 
its apex.[19] If the substrate is sufficiently close to the nozzle, 
the jet can be used for direct write (E-Jet) before whipping[20] or 
spraying[21] instabilities arise.

Establishing classical electro-hydrodynamic deposition 
requires the fluid's electrical relaxation time to be shorter than 
the hydrodynamic relaxation time[22] (Equation (1)), where ε′ is 
the permittivity of the fluid, ε0 is the permittivity of free space, 
K is the conductivity of the ink, L is the distance between the 
nozzle and electrode, D is the nozzle diameter, and Qs is the 
supplied flow rate

K
LD
Q s

ε ε′ 0
2

�
 (1)

Deposition of silicone elastomers, or silicone oils,[23] 
through the classical regime can be a challenge due to their 
low-conductivity. Existing work targeting electro-hydrodynamic 
deposition of PDMS has modified the ink through simpli-
fication of the precursor solution;[24] using carrier materials 
within the solution;[25] or some combination of the two.[11] 
These methods aim to increase the conductivity and reduce 
the permittivity of the fluid to increase the material's affinity 
to classical deposition.

When the material's electrical relaxation time exceeds the 
hydrodynamic time, an alternate deposition mechanism known 
as electrically forced jets arises.[22] In practice, this leads to a 
loss of resolution compared to classical E-Jet due to the estab-
lishment of a ball-cone rather than the traditional Taylor cone. 
For many soft film applications, increased lateral resolution 
may present a suitable compromise for increased material com-
patibility, especially if axial resolution can be preserved. In this 
study, we investigate the production of droplets through electri-
cally forced jets and the effect of processing parameters on the 
shape and size of the deposits.

Droplet production can be triggered through the pulsating 
jet or drop-on-demand techniques. In the pulsating mode, ejec-
tion is a result of cyclic imbalances between the surface ten-
sion and electrostatic stresses within the meniscus under the 
application of a static DC field. Once the electrostatic stresses 
overcome the surface tension, a droplet is ejected and the cone 
recoils. The process then repeats at high frequencies to produce 
a steady stream of droplets. The frequency of droplet emission 
is driven by the properties of the ink, such as viscosity and con-
ductivity, in combination with the applied voltage, nozzle-sub-
strate distance, and material flowrate (Figure 1a).

Increasing the magnitude of the DC electric field, through 
either an increase in the applied voltage or reduction of the 
nozzle-substrate offset, increases the frequency of the droplet 
emission and reduces the size of the droplets. Increasing 
the flow rate led to increased droplet size and a reduction in 
droplet frequency. The close coupling between process control, 

droplet size, and frequency provided limited spatial control and 
resulted in the spacing between consecutive droplets being 
driven by the translational velocity of the deposition head. This 
approach requires significant empirical work to understand the 
interdependencies and derive a reliable process.

Adv. Mater. Technol. 2020, 2000148

Figure 1. a) Effect of flowrate and applied voltage on droplet frequency in 
the pulsating jet mode, b) the effect of increasing high voltage pulse width 
and magnitude on the droplet width, c) Minimum pulse width required 
to trigger deposition at increasing voltages, d) Micrographs of i) droplet 
ejection, ii) droplets at the minimum and maximum pulse widths, iii) 
a confluent line, iv) effects of DC versus AC pulses during pulse-on-
demand deposition. All scale bars are 500 µm)
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Pulse-on-demand differs as it selectively applies a high 
voltage pulse to trigger droplet ejection. This provides simpli-
fied, independent control of droplet volume and positioning. 
Decreasing the magnitude and duration of the applied pulse 
allows a reduction in deposit diameter (Figure  1b), while spa-
tial control can be achieved through coordination of the deposi-
tion head with the application of the pulse. For the materials 
used in this work, high magnitude pulses in combination with 
short pulse durations were found to be an effective method to 
increase droplet throughput (Figure  1c), even at voltages that 
were found to produce unstable jetting in a static field.

In contrast to pulsating E-Jet, increasing the magnitude of 
the applied voltage pulse was found to increase the diameter 
of the deposit (Figure  1b). When observed using stroboscopic 
microscopy, ejection of multiple droplets were identified during 
the application of a 100 ms square-wave pulse. As shown in 
Figure  1b, the discontinuity in the pulse width represents the 
pulse duration required to trigger multiple droplets under a 
2 kV electric field.

Deposit geometry was controlled through modulation of 
the applied voltage and pulse-width. Adjustment of the nozzle-
substrate distance allows similar control, however reducing the 
nozzle offset was found to increase the variation in droplet size. 
This behaviour is likely due to reduced variation in the magni-
tude of the electric field caused by misalignments in the motion 
platform. Deposition at offsets of 3 mm allowed consistent dep-
osition without excessive voltage requirements.

The limited spatial resolution (minimum deposit diameter 
≈500 µm) can be attributed to both the nozzle size (160 µm ID) 
and spreading of the elastomer when it impacts the surface. 
The contact angle between the elastomer drop and the substrate 
was found to be 1.2° degrees (Figure S1, Supporting Informa-
tion). The minimum volume of the droplets presented here are 
estimated to be ≈800 pL by assuming constant volume during 
deposition and curing. Although larger than traditional inkjet 
printing processes, this represents a significant increase over 
minimum volume when compared to DIW.[26] Furthermore, 
since no significant instances of nozzle blocking occurred, this 
could likely be reduced with smaller nozzles in subsequent 
studies; however, for the film-based devices targeted in this 
work, the trade-off between manufacturing speed and resolu-
tion needs to be considered.

Reducing the spacing between consecutive droplets allows 
the production of confluent features. A droplet overlap of 
approximately 40% (Figure S2, Supporting Information) repre-
sented a suitable balance when trying to maintain line width 
and height, while minimizing the gaps within the films. 
Ejecting droplets in close proximity under a DC field led to 
charge repulsion in the deposit when attempting to produce 
films. This manifested itself in the production of dendrites or 
fingers that reduced edge resolution (Figure 1div). By switching 
the polarity of consecutive pulses, charge accumulation was 
avoided and edge definition improved. The polarity of the 
applied pulse was found to have minimal effect on droplet 
volume (Figure S3, Supporting Information) when compared to 
the magnitude.

Patterning multiple inks to produce more functional devices 
can introduce challenges caused by the interactions of mate-
rials. The low porosity and surface energy of PDMS, coupled 

with the relatively high surface tension of aqueous inks, often 
leads to limited material wetting and adhesion. These hurdles 
are more apparent for conductive inks where additives to pro-
mote adhesion can have a detrimental effect on the function-
ality of the deposit.

To encourage adhesion, spreading, and the production of 
confluent features, PDMS was exposed to an oxygen plasma 
surface treatment to increase the surface energy of the sub-
strate. The sessile drop imaging technique was used to pro-
vide an indication of the efficacy of the plasma treatment and 
to understand the effect of exposure time on material wet-
ting. An exposure time of six seconds was used to treat the 
PDMS samples since further exposure had minimal effect on 
the contact angle and excessive exposure can lead to surface 
oxidation.

AJ printing is a contactless deposition technique originally 
developed for the deposition of high-resolution conductive cir-
cuitry. Recent reviews of the technique have focused on the 
underlying deposition mechanism[27] and applications of the 
process.[28] In this work the process is used to provide reliable, 
selective patterning of a commercially available graphene ink 
on to the surface of the e-jet printed elastomers, which builds 
on previous work in printed sensors for soft robotics through 
greater conductivity.[15]

In AJ, a functional ink is atomized, suspended within a car-
rier gas, and directed at a substrate that can then be articu-
lated with respect to the deposition head to achieve spatial pat-
terning. By combining an effective focusing mechanism with 
the production of uniform aerosol, AJ can produce deposits 
with resolutions approaching 20 µm.

For AJ, a Collison atomizer was used to produce the aerosol 
from the bulk ink. Residual pressure drives the aerosol from 
the atomization chamber, through a virtual impactor, and 
towards the deposition head. The virtual impactor refines the 
aerosol by removing droplets with insufficient inertia to be 
impacted on the substrate. At the deposition head, the aerosol 
is focused by introducing and annular sheath gas in combina-
tion with a physical nozzle (Figure 2a). As such, controlling the 
geometry of AJ printed features requires consideration of the 
nozzle speed and geometry, relative gas flow rates (focusing 
ratio), and the evaporation characteristics of the ink.

Deposition from nozzle heights of 1–3  mm produced 
consistent features with a moderate focal point at ≈2  mm 
(Figure 2b). From distances of 3–8 mm, the maximum height of 
printed traces decreased from 0.25 to 0.05 µm and the FWHM 
increased from ≈100  µm to over 450  µm; therefore, showing 
a loss of aerosol jet collimation at elevated print heights. The 
quality ratio, a comparison between the subjective maximum 
width of the line and the FWHM (Figure S4–S6, Supporting 
Information), supports this since deposition at 1 mm reliably 
produced the highest quality features.

Increasing nozzle velocity led to small changes to the width 
and height (Figure 2c) that can be attributed to the normal dis-
tribution of droplets in the aerosol stream leading to increased 
height growth at the center of the line when compared to the 
edges. At high print speeds, the maximum height of the line 
is comparable to the magnitude of overspray, therefore the line 
quality appears higher as the FWHM approaches the maximum 
line width.

Adv. Mater. Technol. 2020, 2000148
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The focusing ratio, defined as the ratio of the sheath gas flow 
to the atomizer flow, was found to have the inverse relationship 
to the nozzle height and velocity (Figure 2f). Through manipu-
lation of the focusing ratio, the FWHM and line height could 
be varied from 50–160 µm and 0.01–0.14 µm, respectively.

For conductive traces, high aspect ratio features are typically 
targeted as they allow low resistivity at greater trace densities. 
This is more evident in stretchable conductive sensors as the 
aspect ratio has a direct effect on the stress present in serpen-
tine, patterned stretchable features. As can be seen in Figure 3, 
the print process should target low-velocity, high focusing ratio, 
and moderate-to-low stand-off heights within a processing 
window that produces sufficient line quality (Figure S4–S6, 
Supporting Information).

Our previous work has shown how high-strain could be 
achieved at the expense of conductivity.[15] The use of a gra-
phene nanoplatelet ink provides significantly greater conduc-
tivity (62.6 Ω sq−1) at the expense of strain tolerance. Through 
considered design, stress can be minimized to enable moderate 
strains from relatively stiff electrode material.

The production of free-standing soft films required separa-
tion of the PDMS-graphene structure from the underlying 

substrate. This introduced additional challenges due to tearing 
or deformation of the films. For soft films, this is particularly 
challenging as they have low tensile strength when compared 
to rigid polymer or metallic materials. Simple mechanical 
removal was found to tear films, especially when separating 
thin devices that consisted of a low number of layers. To over-
come this, a thin sacrificial layer (<1 µm) of polyvinyl-alcohol 
was spin coated on to the substrates prior to deposition. This 
layer could then be dissolved in a heated ultrasonic bath fol-
lowing printing to release the film.

Combining the sacrificial support with E-Jet printing, plasma 
treatment, and aerosol jet printing to produce a single devices 
creates opportunities for soft films with integrated functionality. 
A proof-of-concept, five-layer structure consisting of three layers 
of PDMS with two electrode layers was produced (Figure  3). 
With electrode and PDMS layers of 3 and 65 µm, respectively, 
the final thickness of the device was approximately 200  µm 
and had a surface roughness of ≈0.26 µm (Sa) measured over 
a 2 mm2 surface area. In this particular early demonstrator, the 
surface roughness was impacted by atmospheric dust ingress 
during manufacture, while higher film thicknesses were tar-
geted for improved process reliability at this experimental 

Adv. Mater. Technol. 2020, 2000148

Figure 2. a) Schematic of the aerosol jet process, b) effect of oxygen plasma exposure time on the contact angle between graphene ink and PDMS, 
c) printed feature on PDMS before and after plasma treatment, d) surface profile of a AJ printed trace, e) image of AJ deposition on glass, f–h) the 
effect of nozzle offset, focussing ratio, and nozzle velocity on the full width at half maximum height (FWHM) and peak feature height, respectively.
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stage. Electrical connection was made using a carbon grease in 
combination with cyanoacrylate for strain relief. This resulted 
in a four-pixel capacitive senor that exhibited a 5–8% change in 
response upon touch. Subjectively, limited strain tolerance was 
observed in these early devices, however on-going research to 
quantify the response, improve materials, and evaluate applica-
tion specific performance is being enabled by the process and 
will form the basis of future communications. Although con-
ceptually simple, this first demonstrator shows the value in an 
integrated, hybrid, and digitally driven approach that is tolerant 
of inks with disparate rheology for the manufacture of func-
tional soft devices.

We present a new approach that combines alternating cur-
rent electro-hydrodynamic deposition of high viscosity, low-con-
ductivity elastomer films with aerosol direct write of conductive 
traces to overcome rheological constraints of the respective pro-
cesses. Using electrically forced jets, this approach overcomes 
challenges in nozzle blocking usually associated with the direct 
write of thin elastomeric films. Droplet sizes of approximately 
800 pL were achieved during this work resulting in feature 
thicknesses of 5  µm using a 160  µm ID nozzle. Reduction 
of the nozzle diameter, and improved control of the material 
flow, presents a pathway to higher resolution patterning. By 

integrating a complimentary direct write technique with EHD, 
we demonstrate a digitally driven, hybrid manufacturing pro-
cess that enables the automated manufacture of soft, functional 
film-based devices.

Experimental Section
Substrate Preparation: Square substrates (50 × 50 mm) were prepared 

from 300  ×  300 sheets of 125  µm polyethylene terephthalate (PET) 
(Goodfellow, UK). Polyvinyl alcohol (PVA, MP Biomedicals) mixed with 
deionised water at 3 wt% and left to stir for at least 48 h. A layer was 
then spin coated on to the PVA sheets at 500 RPM for 60 s. Dissolution 
was achieved by leaving the printed structures in an ultrasonic bath at 
80 °C.

Electrohydrodynamic Printing: The silicone elastomer, Sylgard 1-4128 
(Dow Corning, USA), was prepared by mixing part A and B in a ratio 
of 10:1 in a planetary mixer degasser (Thinky ARE-310, Intertronics, UK). 
This variant of Sylgard was selected for its long pot life and rapid curing 
at elevated temperatures. Once prepared, the material was loaded in 
to a ten milliliter syringe and secured in to a syringe pump (Harvard 
Precision Instruments, USA). Using luer-lock connections, the syringe 
was attached to a 30-gauge (OD: 310 µm, ID: 160 µm) stainless steel 
blunt nozzle by a length of Tygon tubing. The nozzle was then mounted 
to the deposition head before deposition. Voltage was applied to 
the nozzle using a high voltage amplifier (20/20C-HS, Trek, USA) in 
combination with a function generator (AFG2021, Tektronix, USA). 
PDMS was cured using a hot plate at 105 °C for 5 min. All deposition 
was conducted on bespoke apparatus designed and constructed for this 
work. Post-print, nozzles were flushed using ethyl acetate and deionized 
water to remove any remaining material. Blocked nozzles were cleared 
through mechanical removal with fine gauge needles.

Aerosol Jet Printing: Samples were exposed to a bulk oxygen plasma 
treatment for six seconds to increase wettability (Plasma Etch, USA). 
They were then mounted to a deposition stage (Thorlabs, USA) heated 
to 120 °C to encourage solvent evaporation. 50 mL of a commercially 
available graphene nanoplatelet ink (500  nm platelets in an aqueous 
suspension with ≈1% PEDOT:PSS, viscosity: 10 cP) (CAMINK IJ3, 
Cambridge Nanosystems, UK) was loaded in to the pneumatic atomizer, 
held at 30 °C, and stirred continuously at 200  rpm. Three layers were 
aerosol jet printed (Optomec, USA) for each electrode to improve 
conductivity. Flow rates of 400 and 200 sccm were used for the atomizer 
and sheath, respectively. Substrate actuation was conducted on bespoke 
apparatus.

Metrology: 3D measurements of elastomer droplets and printed 
electrodes were acquired using white light interferometry (NP Flex, 
Bruker, USA). This data was used to determine the volume and contact 
angle of deposits. Four cross sections were taken and an average used 
to determine the contact angle (Figure S1, Supporting Information). 
Since no solvents were used, and PDMS had a low shrinkage (≈1%), 
the droplets were assumed to have approximately equal values to the 
deposit. For AJ printed traces, the full width at half maximum was used 
as an objective measure of track width. Optical microscopy (Olympus 
BX53M) was used for 2D measurements. Conductivity of samples 
was measured using four-point probing (Jandel, UK). Contact angle 
measurements of the conductive graphene platelet ink on PDMS 
substrates were taken using a goniometer (Ossila, UK) through the 
sessile drop technique. This approach was used over white light since 
the contact angles were much larger and more prone to variance over 
time due to solvent evaporation.

Capacitive Sensing: Connections to the sensor were achieved using 
carbon grease (MG Chemicals, USA), in combination with an acrylic 
frame and cyanoacrylate (3M, UK) for strain relief. A thicker layer of 
PDMS was cast before removal from the PET film to protect the sensor 
an increase mechanical robustness. Measurements were taken using 
a capacitance-to-digital converter development board (AD7746, Analog 
Devices, USA) and verified using a calibrated multimeter (Keithley 

Adv. Mater. Technol. 2020, 2000148

Figure 3. a) Five-layer, four-pixel printed sensor mounted within an 
acrylic frame, b) CAD explosion of the sensor design, and c) response of 
each pixel in response to touch.
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2110, USA). Since the development board had a single input, pixel 
selection and cycling was achieved by combining an Arduino Mega with 
a multiplexer (CD74HC4067, Sparkfun, USA). This approach allowed 
readings to be taken with a frequency ≈100 Hz.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Abstract— Soft robotics is a fast growing field of engineering 
where there are significant opportunities to realize new forms of 
actuation and sensing. However, there is also a challenge to 
translate some of the lab-based developments into a robust 
industrial manufacturing process. Linked to this is also the 
opportunity to create new forms of functionality in soft robotic 
devices by employing a flexible, digital manufacturing process 
for their creation. Overcoming these hurdles, and unlocking the 
possibilities for greater functionality, is likely to be a key enabler 
for wider applications and adoption of soft robotics in practical 
applications. We present a system of computer-controlled 
Aerosol Jet Printing that will enable complex soft robotic 
structures to be manufactured. The process is demonstrated 
through the deposition of a carbon-based conductive ink on to 
elastomeric substrates for high resolution, conformal and multi-
layer patterning. Functional demonstrators, in the form of a 
dielectric elastomer actuator and strain sensor, are produced to 
showcase the potential of the technique. 

I. INTRODUCTION 

The translation of soft robotic devices from laboratory 
demonstrators to real world applications will require 
significant innovation in design, control and materials science 
[1]. One of the key drivers in addressing these will be the 
development of manufacturing processes that enable freeform 
manufacture and improved functionality[2]. Techniques that 
remove the geometric limitations of the casting, molding and 
soft lithographic techniques often used in soft robotics will 
allow promising design approaches, such as algorithmic 
design, to be applied without restriction [3]. Improvements in 
control can be realized through in-situ manufacture of sensors 
that allow a greater degree of proprioception and 
environmental awareness for closed-loop operation [4]. 
Furthermore, we are able to extend the range of materials to 
create soft robotic structures through manufacturing 
processes which do not have inherent rheological constraints. 

 Much of the pioneering work within soft robotics was 
conducted with manual fabrication and assembly techniques. 
While they may not hamper low-volume experimental work, 
it is appreciable that these have restrictions when considering 
translation towards effective manufacture. These methods 
would prove to be prohibitively expensive and lack the 
repeatability required for commercialization at greater scales. 
Consequently, research groups have begun investigating 
digitally-driven, automated fabrication techniques to address 
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these problems while also presenting opportunities for 
increased geometric freedom, mass customization, tool-less 
manufacture, and decreasing the size scales at which soft 
robots can be produced. 

 Early examples used commercially available additive 
manufacturing equipment to produce soft robotics [5], [6] 
and, despite material limitations, illustrated the potential of 
the approach. Techniques capable of depositing the materials 
usually associated with soft robotics, such as silicone rubbers, 
soon followed [7], [8]. However, methods that can 
functionalize soft structures through the printing of sensors, 
electronics or even catalysts are significantly less prevalent. 

 Some techniques have begun to illustrate the value that 
resides in different process approaches [9]. For example, the 
EMB3D technique, which prints both fugitive and functional 
inks within an uncured elastomer, was recently used to 
produce a pneumatic actuator capable of sensing inflation, 
curvature, contact and even temperature [10].  

The development of hybrid manufacturing approaches that 
combine the material and geometric capabilities of different 
processes show the most promise [11], [12]. The technique 
demonstrated here uses Aerosol Jet Printing (AJP) to deposit 
a functional ink on to the surface of pre-cured elastomer 
substrates. In addition to the aforementioned arguments for 
translation to effective manufacturing, the use of this jetting 
technique provides an opportunity for the soft robotics 
community to explore new possibilities in terms of design and 
material composition. As a functionalization technique AJP 
has a number of advantages: it is compatible with ink 
viscosities of 1-1000cp [13]; can deposit at distances of 1-
5mm from the surface of the substrate [14]; and can produce 
features ranging from microns to millimeters. Furthermore, 
the relative independence of the deposition mechanism and 
substrate mean that AJP is compatible with both existing and 
emerging strategies for the production of soft robotics. 
 This paper showcases AJP through the deposition of a 
stretchable conductive ink on to soft structures. High 
resolution, conformal and multi-layer patterning are 
demonstrated; as well as functional components in the form 
of dielectric elastomer actuators (DEA) and strain sensors. 
This first application lays the ground work for future 
manufacturing processes that combine AJP surface 
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functionalization with other additive techniques for the 
integrated, push-button manufacture of soft robotic devices.  

 

II. AEROSOL JET PRINTING 

AJP emerged from DARPA’s Mesoscale Integrated 
Conformal Electronics program that aimed to develop 
technologies capable of printing circuitry on almost any 
surface. The capabilities of AJP printing have been widely 
documented for printed electronics through the production of 
conformal antenna [15]; interconnects [14]; and even 
electrical componentry, such as OLEDs [16] and transistors 
[17]. Colloids, solutions and multi-part materials with 
viscosities ranging from 1-1000cp have been proven to be 
compatible with the AJP process, which has made it a major 
driver behind printed electronics research. 

Fundamentally, the process does not differ significantly 
from any aerosol-based process: a functional ink is suspended 
in a carrier gas, which is then directed at a substrate that can 
be articulated relative to the nozzle to produce the desired 
geometry. More uniquely, high resolution is achieved through 
the production of a consistent aerosol in combination with an 
effective focusing mechanism (Figure 1). Depending on the 
viscosity of the ink, the aerosol can be produced using either 
ultrasonic (1-10cp) or pneumatic atomisation (10-1000cp). 
Ultrasonic atomisation produces a series of standing capillary 
waves at the ink-gas interface. Once these are of sufficient 
magnitude, they begin to eject droplets in to the carrier gas 
flow. This approach to atomisation produces a monodisperse 
aerosol that is suitable for printing. 

In contrast, the pneumatic atomizer produces an aerosol 
with much higher dispersity by using a high-speed gas flow 
to draw ink from a reservoir. The liquid ink is then sheared to 
form discrete droplets that are suspended in the carrier gas to 
form an aerosol. As a result of this high force approach to 
atomisation, a refinement step is required to produce a 
printable aerosol. Virtual impaction, a process that splits 
aerosol streams based on the inertia of the droplets, is required 
to remove droplets with insufficient inertia for impaction on 
the substrate.  

The focusing and deposition of the aerosol is achieved 
using a combination of a virtual and physical nozzle. The 
physical nozzle is the predominant factor in determining the 
scale of the printed feature, with 100µm being the smallest 

available nozzle. Further focusing can then be accomplished 
using the virtual nozzle to achieve deposits approaching 
10µm [18], [19]. This secondary focusing method works by 
surrounding the aerosol stream with a sheath gas that both 
reduces the diameter of the aerosol stream and collimates the 
aerosol flow. Not only does this improve process resolution, 
the use of a sheath gas reduces the instances of nozzle 
clogging as the ink rarely contacts any side walls; enables 
consistent deposition at stand-off heights of 1-5mm; and 
allows in-process modification of the effective nozzle 
diameter by altering the gas flow ratios. These attributes 
combine to provide a unique opportunity to embed complex 
actuation, sensing and circuitry within soft robotic devices. 
 

III. MANUFACTURE 
This work focusses on the deposition of a carbon-based 

conductive ink on to three commonly used silicone and 
acrylic elastomer substrates: Sylgard 184, Elastosil P7670 and 
3M VHB 4910.  A number of materials were tested to ensure 
the developed process would be compatible with existing soft 
robotics materials. The silicone elastomers were processed 
using both spin coating and casting techniques, while VHB 
4910 was purchased as a sheet that was cut and pre-stretched. 
The strain sensor was manufactured using Elastosil P7670 
and the DEA was produced using VHB4910 (3:1 prestrain). 
All other demonstrators were produced using Sylgard 184 as 
it has an increased pot life. 

All substrate materials were prepared as per the 
manufacturer’s instructions (Sylgard 184, 10:1 & Elastosil 
P7670, 1:1) and placed in a planetary mixer degasser (Thinky 
ARE-250) to ensure sufficient mixing and removal of air 
bubbles. For the cast substrates, the liquid elastomer was then 
poured in to molds produced using stereolithography (SLA, 
Formlabs), which were then placed in an oven to ensure the 
elastomers were sufficiently cured. The final geometry of the 
strain gauge was achieved by laser cutting the silicone 
elastomer (Epilog Mini 50W, Epilog Laser, UK) 

For spin coating, glass slides were dip-coated in PVA 
(3%wt aqueous solution) to act as a release layer for the 
elastomer. The glass slides were then placed in to a spin-
coater (SPS, Spin200i, Germany) and a small volume (5ml) 
of the liquid elastomer was placed on the center of the 
substrate. Spin coating of elastomeric materials is typically 
carried out for relatively long times at low speeds, with an 
initial slow spin to aid in spreading the elastomer. For this 
process, the elastomer was spun at 1200rpm for 480 seconds. 
Measurements taken using white-light interferometry (Bruker 
NPFlex) showed the spin coated elastomer films to have a 
thickness of approximately 4µm. 

Following the manufacture of the base substrates, the 
silicone elastomers required modification of the surface 
energy to improve wetting of the printed inks through an 
oxygen-plasma surface treatment (Plasma Etch, USA). As 
well as improving wetting characteristics, this approach can 
enable effective bonding of silicone elastomer structures, as 
has been recently demonstrated in the field of soft robotics 
[20]. 

Atomiser 

Virtual Impactor 

Deposition Head 

Figure 1 - An Overview of the Aerosol Jet Printing Process 
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AJP was achieved through pneumatic atomisation and 
jetting through a 3mm slotted nozzle for all samples except 
the high resolution, multilayer device, which was produced 
using a 300µm circular nozzle. The slotted nozzle allowed 
increased material flow rates and decreased printing times at 
the expense of resolution. Toolpaths and G-Code generation 
for all of the printed deposits was produced from DXF design 
files using an in-house tool-path generation software designed 
for continuous printing.  

A. Characterization of Printed Lines 

AJP is able to produce extremely fine layers, which allows 
soft robotics to be manufactured at smaller size scales. While 
this does allow for tunable electrical performance; a 
consequence of the low layer thickness and the relatively low 
conductivity of most carbon-based conductive inks is the 
requirement to build up material through sequential layering 
or increased throughput. 
 White light interferometry was used to provide a 
quantitative assessment of a series of deposits produced using 
a 3mm slotted nozzle (Figure 3). The thinnest and thickest 
mean layer height measured during these tests were found to 
be 345nm and 4.36µm for a single pass and 20 passes, 
respectively. As predicted, the thickness of the deposit 
appears to increase linearly with the number of passes of the 
Aerosol Jet print head. 

 
 Although useful for high resolution quantitative evaluation, 
interferometry is limited in its use for in-process metrology of 
the deposit as the time of the scans would severely impact the 
manufacturing time scales and prohibitively increase machine 
cost. As a result, assessment using optical microscopy was 
conducted to investigate its effectiveness at predicting 
deposition thickness. Image analysis of 80 images showed 
that mean greyscale was a suitable indicator of both 
confluency and thickness of the deposit, particularly during 
the early stages of printing. While limited for highly layered 
deposits (> 20 layers), this approach shows promise as a 

relatively simple ‘go/no-go’ technique for in-process quality 
assessment. 
 

B. High Resolution, Multi-layer Printing 

By switching the 3mm slotted nozzle of the Aerosol Jet for 
a more conventional circular nozzle, it is possible to deposit 
with high spatial resolution. Using a 300µm nozzle to deposit 
on to PDMS and glass surfaces, features with an average full 
width at half maximum (FWHM) height of 25µm where 
achieved. High variation in line width was observed when 
printing features on this size, with a 4.3µm standard deviation 
being observed for the line in Figure 4. This has been 
demonstrated through the production of a 5-layer structure 
consisting of alternating PDMS and carbon-conductive layers 
with and overall geometry of 25x75x1mm. The digitally 

 
 

 
 

 
 

 
 

  

 
 

 
 

 
 

Figure 3 - Optical micrographs and white light interferometry of AJP 
printed deposits with 3mm slotted nozzle showing changing morphology 
with increased number of layers Figure 2 - Mean deposition height of the conductive carbon deposit 

with an increasing number of passes 
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driven nature of AJP means it is very straightforward to vary 
the geometry of the printed structure on a layer by layer basis, 
as compared to template-based techniques. The high spatial 
resolution presented here presents an opportunity to 
manufacture intelligent soft robotic systems at smaller size 
scales. Depositing functional inks at high resolution is 
attractive for a field that is looking towards miniaturized 
arrays of imprecise sensors for proprioceptive feedback[11]. 
 

C. Conformal Printing 

Many direct write, or surface functionalization techniques 
are reliant on close control of the nozzle substrate distance to 
achieve consistent deposits. As such, printing on conformal 
surfaces requires more complex articulation and often 
imposes geometric limitations when trying to produce 
toolpaths that track a substrate with non-planar geometry. For 
example, printing on small concave radii can be difficult 
owing to bulky deposition heads.  However, the ability of AJP  
to deposit consistently at stand-off heights of 1-5mm presents 
an opportunity to simplify this by reducing the degree to 
which the motion of the deposition head needs to replicate the 
surface. Furthermore, as the nozzle does not need to maintain 
perpendicularity to the surface, printing on to conformal 
surfaces can be achieved even with relatively simple 3-axis 
motion systems (Figure 5). By integrating more complex 
articulation and toolpath planning it is possible to deposit on 
to almost any substrate geometry. 

IV. DIELECTRIC ELASTOMER ACTUATOR 
Dielectric elastomer actuators were first documented in the 

late 1990s as an electrically stimulated artificial muscle 
technology [21], [22]. From this, an entire branch of research 
has emerged to develop and translate interesting laboratory 
demonstrators into functional devices. Much of the work in 
this field has formed around VHB acrylic elastomers owing 
to their wide availability, relatively low-cost and seemingly 
high performance. Actuators assembled using this acrylic 
elastomer have achieved strains exceeding 200% and have 
been applied to areas as diverse as variable focus lenses [23],  
audio speakers [24] and haptic feedback devices[25]. 

A feature of these devices is that the elastomer films 
require pre-stretch to achieve the highest levels of strains. As 
a result, the application of electrodes can be challenging as 
films have a tendency to tear during processing. Furthermore, 
printing on to the surface of a delicate, suspended film can be 
challenging for processes that require close control of the 
nozzle-substrate stand-off. Alternatives to direct write, such 
as pad printing, have been found to have similar difficulty 
when depositing on to suspended films[26]. 

In practice, this means many researchers working with 
VHB DEAs are still reliant on applying electrodes by hand 
[27], [28]. AJP provides contactless technique to overcome 
this challenge as it can provide consistent, high resolution 
deposits at stand-off heights approaching 5mm. Additionally, 
as the dielectric elastomer is compressed during actuation, not 
the conductive itself, the conductive layer should be as thin as 
possible in order to maximize the overall strain of the device.  

To demonstrate this a series of dielectric elastomer 
actuators were produced (Figure 6) using AJP printing and 
their strain performance was analyzed using image processing 
techniques (OpenCV, Nikon D7500, 60fps). The AJP printing 
process was used to apply electrodes with a diameter of 30mm 
on the surface of the elastomer film. The DEA was then 
actuated at voltages ranging from 1kV to 20kV at a frequency 
of 1Hz using a high-power amplifier (TREK 20/20HS) 
coupled with a Keithley Function Generator.  

 
As would be expected, strain increased linearly with 

applied voltage. However, this only occurred up to around 
6kV, where the amount of strain began to plateau. At this 
point, the frequency of actuation was too small relative to the 
time constant of the actuator.  The device was tested up to 

Figure 4 - A) Exploded assembly of multi-layer PDMS and carbon 
conductive structure, B) Physical part, C) White light interferometry 
capture of B, D) Typical line profile taken from data in C 

Figure 5 - Aerosol Jet deposit of carbon-based conductive on to a conformal 
PDMS substrate 

Figure 6 - Strain response of VHB4910 elastomer Actuators with AJP 
electrodes 

A B 

C D 
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audible actuation frequencies of around 6kHz, where it 
continued to perform successfully.  

The performance limitations of the dielectric elastomer 
actuator can largely be attributed to the relatively high 
resistance of the electrode material. The charge and discharge 
time of a dielectric elastomer actuator is dependent on the 
resistance of the electrodes and capacitance of the device. As 
such, the performance of the device can be improved by 
increasing the number of printed conductive layers or 
transitioning to an ink with higher conductivity. Despite this, 
the DEA presented here performs comparably to those found 
in the literature, showing that AJP is a viable and promising 
technique for printing electrodes in dielectric elastomer 
actuators.  

V. STRAIN SENSOR 
Effective techniques for manufacturing soft robots with 

embedded sensing are appealing to achieve more widespread 
adoption. Positional feedback is typically centered around 
resistive [29], capacitive  [30],  or optical sensing. Optical 
methods have been developed using both wave guides [31] 
and vision based tracking techniques [32]. Resistive and 
capacitive techniques generally rely on geometric 
deformation to alter the electrical performance.  

The simple device presented here (Figure 7A) relies on 
resistance changes to indicate the degree of strain.  During 
testing the device was strained between 0-140% in 10% 
increments. The sensor was cycled through each set point 100 
times and the strain response plotted in Figure 7B. This test 
was extended to include 150% strain, however at this point 
continuity errors begin to present within the sensor. A 
secondary test was carried out that tested the performance of 
a sensor over 1000 cycles at a 70% strain set point to evaluate 
any performance drift over time (Figure 7C). The strain 
sensor presented here is relatively small in size, with a total 
length of 20mm and an unstrained thickness of 2mm. 

The normalized resistance response was found to be stable 
for any given value of strain and exhibited near linear 
performance, particularly for strain values below 60%. 
However, some challenges remain in both the manufacture 
and characterization of the strain sensing devices. Firstly, the 
starting resistance (R0) of different gauges was found to vary 
significantly (5-30MOhm). Although the reason for this is yet 
to be quantified, it is possibly a result of inconsistencies in 
both the printing and assembly process. Connection between 
the rigid electrodes and soft elastomer was guaranteed 
through the manual placement of a small amount of 
conductive carbon grease, which likely had an impact. It is 
also expected that the resistance of these devices can be 
decreased by increasing the volume of deposited material. 
The data collected above was produced by actuating to a set 
point, taking a series of measurements, and then returning to 
the unstrained position. This was then repeated for 100 cycles 
for each value of strain. As such, hysteresis effects have not 
yet been characterized. 

Future work expects to address some of these challenges 
through optimization and improvements to the manufacturing 
methodology. A better transition from the rigid and soft 

components will likely help overcome some of the challenges 
with inconsistent values for resistance. Additive approaches 
present an opportunity for this by printing structures with 
spatially variable and graded stiffness.  

VI. CONCLUSION 
Aerosol Jet Printing of a carbon-based conductive ink has 

been demonstrated for embedding functionality within soft 
robotic devices. This has been illustrated through the creation 
of a number of devices that highlight the potential impact of 
AJP in the field of soft robotics. 

 Inherently digitally driven, the process allows for rapid 
design changes and layer-by-layer customization of deposit 
geometry in a way that is difficult or impossible to achieve 
with conventional template and/or manual processing.  This 
can be realized at resolutions ranging from microns to 
millimeters, helping to drive the application of soft robotics 
to challenges at small size scales. 

The devices in this research have been produced through 
the combination of conventional processing (casting, spin 
coating) and AJP. It  demonstrates an opportunity for a hybrid 
manufacturing approach, in this case by combining surface 
patterning with additive techniques for the bulk structural 
geometry.  These approaches will enable reliable and 
repeatable automated manufacture of soft robotics while 
opening up the possibility for mass customization and 

Figure 7 – a) Strain sensor held at 0% and 140% strain b) 
normalized resistance for 100 readings at various strain set points 
c) Normalized strain over 1000 cycles at 0% and 70% strain  

A 

B 
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condition monitoring. This has significant appeal across a 
number of new and high-value applications for soft robotics. 
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(OWEVER� TRADITIONAL BRONCHOSCOPES ARE RESTRICTED TO MOVEMENTS ONLY ALONG THE LUNG�S BRONCHIAL TREE LIMITING
PROCEDURAL EFFICACY ;��=� #ONTINUUM ROBOTIC SYSTEMS FOR A DEEPER� MORE CONSISTENT AND STABLE BRONCHOSCOPY
HAVE LONG BEEN AN AREA OF INTEREST� 4HE COMMERCIAL RELEASE OF THE -ONARCH¤ �!URIS (EALTH� )NC� 2EDWOOD
#ITY� #!� 53!	 AND )ON �)NTUITIVE 3URGICAL� )NC� 3UNNYVALE� #!� 53!	 PLATFORMS� IN ���� AND ����
RESPECTIVELY� ARE GREAT EXAMPLES OF SYSTEMS TARGETING THIS NEED� "Y USING ULTRA
THIN BRONCHOSCOPES AND
CATHETERS� THESE ROBOTIC DEVICES ARE ABLE TO REACH FURTHER INTO THE LUNG WHEN COMPARED TO CONVENTIONAL
BRONCHOSCOPES ;��n��=� 4HE USE OF #2S FOR LUNG BIOPSY HAS RESULTED IN IMPROVED CONTROL� DEXTERITY AND
FREEDOM OF MOVEMENT THROUGH THE AIRWAYS�

"EYOND DIAGNOSIS� ROBOTICS FOR TREATMENT OF PATHOLOGIES OF THE RESPIRATORY SYSTEM HAS ALSO BEEN EMERGING�
INCLUDING STANDARD MEDICAL ROBOTIC PLATFORMS ALONGSIDE NEWER CONTINUUM SYSTEMS� SUCH AS THE CABLE
DRIVEN
&LEX¥ 2OBOTIC 3YSTEM �-EDROBOTICS� 2AYNHAM� -!� 53!	 ;��� ��=� (OWEVER� DUE TO THEIR LACK OF DEXTERITY
AND INCREASED SIZE� THESE SYSTEMS HAVE THUS SO FAR BEEN LIMITED TO HEAD AND NECK INTERVENTIONS ;��=� !S SUCH�
THERE HAVE BEEN CONSIDERABLE EFFORTS TO ALLOW ROBOTIC SURGERY DEEPER INTO THE TRACHEA AND BRONCHIAL TREE�
)NDEED� THE 6IRTUOSO 3URGICAL �6IRTUOSO 3URGICAL )NC� .ASHVILLE� 4.� 53!	 SYSTEM RECENTLY DEMONSTRATED
TREATMENT OF A CENTRAL AIRWAY OBSTRUCTION ;��= AND IS AN EXAMPLE OF PROGRESS IN THIS DIRECTION

���� %NDOVASCULAR INTERVENTIONS
#ONTINUUM STRUCTURES HAVE LONG BEEN MANUALLY INSERTED INTO BLOOD VESSELS AND MANIPULATED TO THE DESIRED
LOCATION TO TREAT ENDOVASCULAR AND HEART CONDITIONS IN A MINIMALLY INVASIVE MANNER ;��=� !S CAN BE EXPECTED�
PRECISE MANUAL CATHETER NAVIGATION AND PLACEMENT IS CHALLENGING� REQUIRING THE SURGEON TO UNDERGO EXTENSIVE
TRAINING� !LIGNING THESE EXISTING DEVICES AND PROCEDURES WITH ROBOTIC NAVIGATION AND STEERING IS A POTENTIAL
SOLUTION TO OVERCOME THIS LIMITATION�

/VER THE LAST DECADE� SEVERAL ROBOTIC NAVIGATION AND STEERING SYSTEMS FOR GUIDE
WIRES� STENTS AND CATHETERS
HAVE BEEN RELEASED� SUCH AS -AGELLAN AND 3ENSEI �(ANSEN -EDICAL� -OUNTAIN 6IEW� #!� 53!	 AND #OR0ATH
'28 �#ORINDUS� )NC� 7ALTHAM� -!� 53!	� 4HESE SYSTEMS HAVE BEEN USED IN A VARIETY OF PROCEDURES FROM
PERIPHERAL VASCULAR TO NEUROVASCULAR INTERVENTIONS ;��n��=� 2OBOTIC NAVIGATION OF MAGNETIC CATHETERS HAS
ALSO SEEN SIGNIFICANT PROGRESS WITH SYSTEMS SUCH AS THE 3TEREOAXIS .IOBE¥ 2OBOTIC -AGNETIC .AVIGATION
3YSTEM �3TEREOTAXIS� )NC� 3T� ,OUIS� -/� 53!	 ;��=� 4HESE NAVIGATION SYSTEMS� IN ADDITION TO ENABLING HIGHER
ACCURACY AND PRECISION� ARE ALSO CAPABLE OF REDUCING EXPOSURE TO RADIATION AND CONTRAST AGENT FOR PATIENTS AND
CLINICIANS BY BEING REMOTELY CONTROLLED AND CUTTING PROCEDURAL TIMES ;��=� "UILDING ON ROBOTIC CONTROL�
AUTONOMOUS CATHETER NAVIGATION IS ALSO NOW BEING INVESTIGATED� HOWEVER THIS IS STILL AT AN EARLY DEVELOPMENT
STAGE ;��=�

���� 'ASTROENTEROLOGICAL INTERVENTIONS
#URRENTLY EARLY SCREENING OF CANCERS OF THE GASTROINTESTINAL �')	 TRACT IS PERFORMED VIA TRADITIONAL ENDOSCOPY
OR WIRELESS CAPSULE ENDOSCOPY �7#%	 AND� DESPITE THEIR ACHIEVEMENTS� BOTH METHODS HAVE THEIR LIMITATIONS
;��� ��n��=� %NDOSCOPES ARE KNOWN TO CAUSE TISSUE DAMAGE AND DISCOMFORT FOR THE PATIENT� WHEREAS 7#%
LACKS ACTIVE LOCOMOTION� TISSUE INTERACTION AND LUMEN DIAMETER ADAPTATION ;��n��=�

4O THIS EXTENT� ROBOTIC ALTERNATIVES TO THESE TWO METHODS HAVE BEEN REPORTED� 2OBOTICALLY ACTUATED
ENDOSCOPES ARE ABLE TO IMPROVE COMFORT AND REDUCE PAIN FOR THE PATIENT BY PROVIDING AN ALTERNATIVE TO
MANUAL HANDLING AND NAVIGATION ;��� ��� ��=� 2OBOTIC ALTERNATIVES TO 7#% HAVE MAINLY FOCUSED ON ACHIEVING
ACTIVE LOCOMOTION ;��� ��=� BUT ULTIMATELY� THE CAPSULES� WIRELESS CHARACTERISTIC LIMITS THEIR APPLICATION TO
SCREENING ONLY� !DDITIONALLY� ROBOT ASSISTED ') SURGERY IS COMMON ACROSS SEVERAL PROCEDURES� SUCH AS REMOVAL
OF LIVER TUMOURS OR THE GALLBLADDER� USING SYSTEMS SUCH AS THE DA 6INCI ;��n��=� $UE TO THE LACK OF DEXTERITY
EXHIBITED BY THE INSTRUMENTS� OPEN SURGERY IS STILL THE PREFERRED METHOD IN SOME CASES� %MERGING TREATMENT
PROCEDURES USING CONTINUUM MICRO
ROBOTS HAVE BEEN REPORTED� SUCH AS THE DEPLOYMENT OF PATCHES FOR
STOMACH ULCERS ;��= OR TARGETED DRUG DELIVERY ;��� ��=� 4HESE TECHNOLOGIES� HOWEVER� ARE STILL AT A VERY INITIAL
DEVELOPMENT STAGE�

���� 5ROGENITAL INTERVENTIONS
2OBOTIC INTERVENTIONS IN THE UROGENITAL SYSTEM HAVE LONG BEEN COMMON FOR SPECIFIC PROCEDURES SUCH AS
PROSTATECTOMY OR NEPHROURETERECTOMY ;��� ��=� (OWEVER� SINGLE
PORT SYSTEMS DEPLOYABLE THROUGH NATURAL
ORIFICES ARE REQUIRED TO FURTHER REDUCE INVASIVENESS AND TO TREAT ALTERNATE PATHOLOGIES� 4O THIS EXTENT� A LOT OF
ATTENTION HAS BEEN GIVEN TO RESEARCH ON CONTINUUM ROBOTS FOR UROGENITAL INTERVENTIONS�

#ONTINUUM ROBOTS TO REPLACE RIGID RESECTOSCOPES USED IN BLADDER CANCER DIAGNOSIS ;��� ��=� HAND
HELD
MANIPULATORS FOR LASER PROSTATE SURGERY ;��=� OR EVEN FLEXIBLE FETOSCOPIC INSTRUMENTS ADDRESSING TWIN
TO
TWIN
TRANSFUSION SYNDROME ;��� ��= ARE SOME OF THE PROPOSED DEVICES IN THE AREA� (OWEVER� CURRENTLY THERE ARE NO

�



0ROG� "IOMED� %NG� � �����	 ������ 4 DA 6EIGA ET AL

COMMERCIAL PLATFORMS AVAILABLE� 'IVEN THE PRESENCE OF A NATURAL ORIFICE� SUCH AS VAGINA AND URETHRA� THE USE OF
CONTINUUM ROBOTS IN THIS AREA MAY DELIVER SEVERAL BENEFITS�

�� 4HE RISE OF CONTINUUMMANIPULATORS

���� 0AST AND PRESENT OF CONTINUUM ROBOTS
4RADITIONAL ROBOTS ARE COMPOSED OF DISCRETE RIGID LINKS CONNECTED BY JOINTS AND ARE ABLE TO MOVE WITH HIGH
PRECISION AND ACCURACY� MAKING THEM HIGHLY SUITABLE FOR TIGHTLY CONTROLLED AND REPEATABLE TASKS� (OWEVER�
THERE ARE OFTEN LIMITATIONS WHEN OPERATING IN SMALL AND CONFINED SPACES WHERE ADAPTABILITY� DEXTERITY AND SAFE
INTERACTIONS WITH THE PATIENT ARE NECESSARY ;��� ��=� !S PREVIOUSLY MENTIONED� THE RECENT COUPLING OF
MANUALLY STEERED CONTINUUM STRUCTURES WITH ROBOTIC ACTUATION AND CONTROL HAS PROVIDED MORE INTUITIVE AND
EASIER TO USE SYSTEMS INCREASING THE BENEFITS TO BOTH THE SURGEON AND THE PATIENT�

#ONTINUUM ROBOTIC SYSTEMS CAN BE THE INNOVATION NEEDED ACROSS SEVERAL AREAS OF MEDICINE� WHERE CURRENT
HEALTHCARE PRACTICES HAVE LIMITED EFFICACY DUE TO ACCESS AND SAFETY� &URTHERMORE� REPLACING STRAIGHT RIGID
DEVICES WITH CONTINUOUSLY DEFORMABLE STRUCTURES MAY ALLOW BETTER NAVIGATION INSIDE THE BODY THROUGH
CONFORMATION TO THE PATIENT�S ANATOMY AND PROVIDE SAFER PHYSICAL INTERACTION� 3TEERING AND NAVIGATING SUCH
DEVICES� HOWEVER� POSES SIGNIFICANT CHALLENGES�

���� $EFINITION AND CLASSIFICATION OF CONTINUUM ROBOTS
#2S CAN BE DEFINED AS ACTUATED STRUCTURES THAT FORM CURVES WITH CONTINUOUS TANGENT VECTORS ;��=� 4HESE
ROBOTS ARE CONSIDERED TO HAVE AN INFINITE NUMBER OF JOINTS AND $/&� ALLOWING THEM TO CHANGE THEIR SHAPE AT
ANY POINT ALONG THEIR LENGTH ;��=� 4HESE CHARACTERISTICS MAKE THEM IDEAL FOR VARIABLE ENVIRONMENTS WHERE
FLEXIBILITY AND ADAPTABILITY TO EXTERNAL CONDITIONS ARE NECESSARY�

#ONTINUUM MANIPULATORS �#-S	� STRUCTURES THAT RESEMBLE AN ELEPHANT�S TRUNK OR AN OCTOPUS� TENTACLE�
HAVE BEEN GAINING POPULARITY FOR MEDICAL APPLICATIONS� 4HESE TYPICALLY HAVE A SMALL DIAMETER AND EXHIBIT HIGH
DEXTERITY IN ORDER TO REACH CONFINED SPACES� SUCH AS THE LUNG�S BRONCHI� 4HE DESIGN OF SUCH STRUCTURES IS� ON ITS
OWN� A CHALLENGE GIVEN THAT HIGHER DEXTERITY NORMALLY COMES ASSOCIATED WITH A HIGHER NUMBER OF ACTUATORS�
4HIS INCREASES THE DIAMETER OF THE STRUCTURE� WHICH IN TURN DECREASES THE RANGE OF MOTION ;��=�

4HE DEMAND FOR SAFER TISSUE INTERACTIONS HAS LED TO THE DEVELOPMENT OF SOFT ROBOTS� 4HIS EMERGING FIELD
COMPRISES ROBOTS MADE OF INTRINSICALLY SOFT ELASTOMERIC MATERIALS� GIVING THE ROBOT THE ABILITY TO ABSORB
ENERGY AND DEFORM TO THEIR SURROUNDINGS AND EXTERNAL CONSTRAINTS ;��=� 4HEY ARE� THEREFORE� HIGHLY COMPLIANT
AND FLEXIBLE� ENABLING A VAST RANGE OF COMPLEX MOTIONS ;��=� 3OFT ROBOTS ARE BY DEFINITION #2S AS THEY CAN
DEFORM CONTINUOUSLY HAVING INFINITE $/& ;��� ��=� !DDITIONALLY� THEY EXHIBIT DEFORMATION WHEREAS HARD #2S
ONLY EXHIBIT FLEXIBILITY� -EDICAL SOFT ROBOTICS HAVE SHOWN POSSIBILITIES FROM TARGETED DRUG DELIVERY TO
MINIMALLY INVASIVE PROCEDURES ;��� ��=�

�� !CTUATION OF CONTINUUMMANIPULATORS

���� -ECHANICAL ACTUATION
-ECHANICAL ACTUATION REFERS TO THE USE OF SOLID ELEMENTS TO DIRECTLY TRANSMIT FORCES AND TORQUES THROUGH OR
WITHIN THE ACTUATOR STRUCTURE� $RIVEN IN PART BY THE REQUIREMENT OF HIGH DEXTERITY AT SMALL SCALES FOR MEDICAL
INTERVENTIONS� MECHANICALLY DRIVEN CONTINUUM ROBOTS HAVE SUCCESSFULLY BRANCHED FROM CLASSICAL SERIAL
DESIGNS� 'IVEN THE VARIETY OF APPROACHES TAKEN� AN ABUNDANCE OF ROBOT DESIGNS HAVE EMERGED� BEING BROADLY
CATEGORISED INTO STEERABLE NEEDLES� CONCENTRIC TUBES AND BACKBONE
BASED ;��� ��� ��=� 'ENERALLY� THE ORDER
PRESENTED HERE REFLECTS AN INCREASE IN DESIGN COMPLEXITY AND FORCE OUTPUT� ALTHOUGH SPECIFIC IMPLEMENTATIONS
VARY� &IGURE � ILLUSTRATES EXAMPLE IMPLEMENTATIONS UTILISING THESE DESIGN PRINCIPLES AND TABLE � SUMMARISES
MANY OF THE MECHANICALLY ACTUATED DESIGNS PROPOSED IN THE LITERATURE FOR SPECIFIC MEDICAL INTERVENTIONS�

������ 3TEERABLE NEEDLE DESIGNS
3TEERABLE NEEDLES FORM THEIR CONTINUUM SHAPE EXCLUSIVELY THROUGH INTERACTION WITH THE TISSUES� $EVELOPMENT
OF ROBOTICALLY CONTROLLED NEEDLE INSERTION METHODS HAS BEEN DRIVEN BY THE AIM OF ACCURATELY AND PRECISELY
REACHING TARGET LOCATIONS WITHIN TISSUES THROUGH NON
LINEAR PATHWAYS IN ORDER TO AVOID OBSTACLES OR DELICATE
STRUCTURES� )NITIAL DESIGNS TYPICALLY RELIED ON THE UNEVEN FORCES PRODUCED AT THE BEVEL TIP OF THE NEEDLE TO STEER
ALONG CURVED TRAJECTORIES ;��=� 2OTATION OF THE NEEDLE WITH VARIABLE DUTY CYCLE ENABLED PATH CONTROL ;��� ��=�

/VER THE YEARS� A NUMBER OF DEVELOPMENTS HAVE BEEN PROPOSED IN AN ATTEMPT TO MINIMISE TISSUE DAMAGE
DURING INSERTION AND REDUCE THE RADIUS OF CURVATURE� .EEDLES WITH KINKED BEVEL TIPS ;��=� OR WITH A CONCENTRIC
SLEEVE AND NEEDLE STYLET ;��= HAVE BEEN REPORTED� &URTHERMORE� NEEDLES WITH FLEXURES ;��= AND NOTCHES ;���
��= TO REDUCE TIP STIFFNESS HAVE ALSO BEEN PROPOSED� $IFFERENT STEERING METHODS HAVE ALSO BEEN DEVELOPED
USING TENDONS ;��� ��=� THROUGH MAGNETIC ACTUATION ;��� ��= AND BY USING WATER JETS ;��=� 3TEERING HAS ALSO

�
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&IGURE ��-ECHANICALLY ACTUATED CONTINUUM ROBOT DESIGNS FOR VARIED ACTUATION PRINCIPLES� SHOWING� �A	 THE STEERABLE NEEDLE
CONCEPT ;��=� �B	 A TYPICAL CONCENTRIC TUBE DESIGN ;��= AND BACKBONE
BASED DESIGNS �C	 TENDON DRIVEN ;��= �COPYRIGHT Ç �����
3PRINGER .ATURE	 AND �D	 MULTI
BACKBONE ;��= �COPYRIGHT Ç ���� BY 3!'% 0UBLICATIONS	�

BEEN ACHIEVED UTILISING INTERLOCKING TRANSLATING SECTIONS INSPIRED BY THE WASP ;��� ��= AND AN OVER TUBE ;���=�
$ESPITE THEIR ACHIEVEMENTS� THIS TYPE OF CONTINUUM ROBOTS ULTIMATELY RELIES ON TISSUE DAMAGE FOR ACTUATION�

������ #ONCENTRIC TUBE DESIGNS
!S THEIR NAME IMPLIES CONCENTRIC TUBE ACTUATORS RESULT FROM THE NESTING OF PRE
CURVED TUBES� TYPICALLY MADE
FROM NITINOL �.I4I	� WITHIN ONE ANOTHER ;��� ���� ���=� 7ITH RELATIVE ROTATION AND TRANSLATION� VARIED SETS OF
CURVATURE ARE ACHIEVABLE WITH A FURTHER INCREASE IN WORKSPACE POSSIBLE THROUGH COUPLED MOTIONS� !LTHOUGH
FIRST PRESENTED FOR GENERIC NEEDLE
STEERING AND SURGICAL APPLICATIONS ;��� ���=� SPECIFIC FORMULATIONS HAVE
SINCE BEEN PRESENTED FOR� NEUROSURGERY ;���= INCLUDING ENDONASAL ;���� ���=� TRANSURETHRAL PROSTATE SURGERY
;��� ���=� LUNG ACCESS ;���= FOR BIOPSY ;���= AND CENTRAL AIRWAY OBSTRUCTION REMOVAL ;��=� AND NEEDLE DRIVING
THROUGH ELASTIC INSTABILITY ;���=�

4HESE APPLICATIONS HIGHLIGHT THE IMMEDIATE BENEFIT OF CONCENTRIC DESIGNS AS THEIR ABILITY TO BE REALISED AT
SMALL SCALES� ALLOWING ACCESS THROUGH THE NARROW TORTUOUS PATHWAYS OF THE BODY� (OWEVER� UNLIKE STEERABLE
NEEDLES� CONCENTRIC TUBES RELY ON A CHANGE IN LENGTH TO INDUCE VARYING CURVATURE� !DDITIONALLY� LIMITATIONS IN
PRE
CURVATURE OF TUBES LIMIT THEIR PATH
FOLLOWING CAPABILITIES AND REQUIRE DESIGN PARAMETER OPTIMIZATION TO
MATCH APPLICATION SPECIFIC TRAJECTORIES ;���=� &URTHERMORE� THE PAYLOAD THAT CAN BE SUPPORTED THROUGH
CONCENTRIC TUBE IMPLEMENTATIONS IS AN IMPORTANT LIMITATION OF THEIR INTERVENTIONAL CAPACITY�

������ "ACKBONE
BASED DESIGNS
! WIDELY ADOPTED APPROACH FOR REALISING CONTINUUM ACTUATOR DESIGN IS THE USE OF AN ELASTIC CENTRAL BACKBONE�
4HIS SPINE SUPPORTS THE ELEMENTS REQUIRED FOR ACTUATION WHILE ITS ELASTIC PROPERTIES PRODUCE CONTINUOUS
BENDING AND RESTORATION FORCES� RETURNING THE ACTUATOR TO A NEUTRAL �ORDINARILY STRAIGHT	 POSITION UPON THE
REMOVAL OF ACTUATION FORCES� ! NUMBER OF MATERIALS HAVE BEEN EMPLOYED FOR THIS FUNCTION� SUCH AS SPRINGS
;��� ���� ���=� POLYMERS ;���n���= AND .I4I RODS�TUBES ;��� ���=�

7ITH A CENTRAL ELASTIC STRUCTURE IN PLACE� TENDONS OR RODS ARE ROUTED ALONG THE LENGTH OF THE BACKBONE� HELD
TO THE DESIRED ROUTING PATHWAY THROUGH THE USE OF SPACING DISCS AND FIXED TO A SPECIFIC DISTAL POINT� !LTHOUGH
SIMILAR IN FORM TENDON DRIVEN EMBODIMENTS PRODUCE ACTUATION FORCE ONLY UNDER CABLE TENSION� WHILE ROD
DRIVEN �MULTI BACKBONE	 IS RIGID IN TENSION AND COMPRESSION� RESULTING IN A STIFFER OVERALL DESIGN� 5PON
LOADING� THE TENDONS�RODS TRANSMIT FORCES TO THE TERMINATION POINT RESULTING IN BENDING
INDUCING TORQUES�
)NCREASED $/& CAN BE ACHIEVED BY SERIALLY STACKING ACTUATION SEGMENTS OF THIS DESIGN�

2OUTING OF THE ACTUATION ELEMENT IS A KEY VARIABLE IN DETERMINING THE MANIPULATOR�S PERFORMANCE�
5SUALLY� ROUTING CONFIGURATIONS PER SEGMENT ARE COMPRISED OF ONE OR TWO ANTAGONISTIC PAIRS FOR SINGLE OR
BI
PLANAR BENDING RESPECTIVELY� OR THREE ACTUATING ELEMENTS SPACED EVENLY AROUND THE CENTRAL AXIS OF THE
ACTUATOR� ! GENERALISED MODEL FOR TENDON ROUTING FOR SINGLE
SEGMENT DESIGNS ;���= AND TWO
SEGMENT DESIGNS
;���= HAS BEEN PROPOSED� 4HESE SHOW THAT HELICAL TENDON ROUTING INCREASES WORKSPACE AND ENHANCES OBSTACLE
AVOIDANCE� 2ADIAL VARIATION IN TENDON PATH ROUTING HAS ALSO BEEN RECENTLY EXPLORED ;���=� ILLUSTRATING THE
ABILITY TO SIGNIFICANTLY INCREASE TIP STIFFNESS WITH NON
PARALLEL TENDONS� !LTHOUGH TUNING OF THIS NATURE ENABLES
VARIED ACTUATOR DESIGN� ONCE IMPLEMENTED THE KINEMATIC AND DYNAMIC PROPERTIES ARE LARGELY INVARIANT�
(OWEVER� FEATURES TO ALLOW VARIATION IN DESIGN DURING OPERATION HAVE ALSO BEEN INVESTIGATED� -AGNETIC
SPACING DISCS HAVE BEEN USED TO FORM EXTENSIBLE SEGMENTS ;���=� LEADING TO THE POSSIBILITY OF FOLLOW
THE
LEADER
AND PATH FOLLOWING MOTIONS ;���� ���=� !LTERNATIVE DESIGNS FOR ACHIEVING EXTENSION�CONTRACTION INCLUDE A
TENDON DRIVEN CONCENTRIC BACKBONE ;��= AND THE USE OF TWO INTERLACED LOCKABLE CONTINUUM ROBOTS ;���=� )N
ADDITION TO VARIABLE KINEMATICS� DESIGNS HAVE ALSO BEEN PRESENTED TO ALLOW STIFFNESS ADJUSTMENT THROUGH
ANTAGONISTIC TENDON
FLUID BLADDER CONFIGURATIONS ;���n���=� PRESSURE�VACUUM JAMMING TECHNIQUES;���
���n���=� USING SHAPE MEMORY ALLOYS ;���=� OR INSERTABLE CONSTRAINTS;���=�

�
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&IGURE �� 0NEUMATICALLY ACTUATED CONTINUUM ROBOTS� �A	 PLEATED ;���� ���= �Ç ���� 7),%9
6#( 6ERLAG 'MB( � #O� +'A!�
7EINHEIM	 AND �B	 CORRUGATED ;���= �COPYRIGHT Ç ���� 7),%9
6#( 6ERLAG 'MB( � #O� +'A!� 7EINHEIM	 &%! MANIPULATORS�
�C	 THE h"ELLOSCOPEv TIP DRIVEN ENDOSCOPE ;���= �COPYRIGHT Ç ����� )%%%	 AND �D	 THE 34)&&
&,/0 MULTI
MODAL SYSTEM ;���=
�REPRODUCED FROM ;���=� Ç )/0 0UBLISHING ,TD� !LL RIGHTS RESERVED	�

4HE BENEFITS OF BACKBONE DESIGNS RESIDE IN THEIR LARGE RANGE OF MOTION AND CONFIGURABILITY� 7ITH THE
ADDITION OF MULTI
SEGMENT� VARIABLE LENGTH DESIGNS AND TUNEABLE STIFFNESS� THEY ARE HIGHLY SUITED TO SURGICAL
APPLICATIONS� (OWEVER� SCALING DOWN THESE DESIGNS IS CHALLENGING� IN PART DUE TO HIGH LEVELS OF HYSTERESIS
INTRODUCED FROM INTERNAL FRICTION AND TENSION LOSS WITHIN ACTUATION CABLES� WHICH ULTIMATELY LIMITS THEIR
SCOPE�

���� &LUIDIC ACTUATION
&LUIDIC ACTUATORS OPERATE UNDER THE PRINCIPLE THAT A CONFINED FLUID APPLIES ANY PRESSURE CHANGE EVENLY
THROUGHOUT ITS VOLUME� !NY ANISOTROPIC STRAIN LIMITER INCLUDED IN EITHER THE MATERIAL PROPERTIES OR THE
MATERIAL TOPOGRAPHY WILL PRODUCE CORRESPONDINGLY ANISOTROPIC DEFORMATION ;���=� 4HE FLUID EMPLOYED IN
THESE ACTUATORS HIGHLY INFLUENCES THEIR PERFORMANCE� )N MEDICAL APPLICATIONS� THE FLUIDS MORE COMMONLY
EMPLOYED ARE WATER AND AIR� HYDRAULIC OR PNEUMATIC RESPECTIVELY� GIVEN THEIR AVAILABILITY� REGULATION AND
DISPOSAL AND SAFETY TO THE PATIENT ;���=� 0NEUMATIC SYSTEMS ARE PREFERRED DUE TO THE LOW VISCOSITY OF AIR WHICH
IS CRUCIAL FOR MINIATURISATION� )TS COMPRESSIBILITY� HOWEVER� CAN REDUCE THE SYSTEM�S CONTROLLABILITY AND
INTRODUCE LAG ;���=� &LUIDIC ACTUATORS ARE ABLE TO ACHIEVE BENDING� TWISTING� EXTENDING AND CONTRACTING
THROUGH DIFFERENT DESIGNS� SUCH AS ARTIFICIAL MUSCLES AND FLUIDIC ELASTOMER ACTUATORS� )N TABLE �� A SUMMARY OF
MEDICAL ROBOTS UTILISING FLUIDIC ACTUATION IS PRESENTED�

������ !RTIFICIAL MUSCLES
!RTIFICIAL MUSCLES ARE CHARACTERISED BY AN AXIAL CONTRACTION WHEN PRESSURISED ;���� ���=� 4HE -C+IBBEN
MUSCLE IS CONSIDERED TO BE THE ORIGINAL FLUIDIC ACTUATOR AND CONSISTS OF AN INNER TUBE ENCLOSED IN A FLEXIBLE
DOUBLE
HELIX BRAIDED SHEATH RESPONSIBLE FOR CONTRACTION ;���=� 4HIS ACTUATOR IS KNOWN FOR PROVIDING A HIGH
POWER TO WEIGHT RATIO�

7ITH ADVANCES IN MANUFACTURING CAPABILITIES OVER THE PAST �� YEARS� OTHER VARIANTS OF ARTIFICIAL MUSCLES
HAVE EMERGED� SUCH AS PNEUMATIC ARTIFICIAL MUSCLES �0!-	 ;���=� 4HESE EMPLOY THE SAME PRINCIPLE AS THE
-C+IBBEN MUSCLES BUT BY VARYING WRAP ANGLES AND DENSITIES OF THE EXTERNAL SHEATH� THE TOPOLOGY OF
DEFORMATION UNDER PRESSURE CAN BE MANIPULATED ;���� ���=� 0!-S ARE ABLE TO ACHIEVE LIGHTER PER UNIT FORCE
THAN OTHER ALTERNATIVES� GREATER COMPLIANCE AND ZERO STATIC FRICTION� PREVENTING JUMPS DURING ACTUATION ;���=�
4HESE CHARACTERISTICS ARE OF PARTICULAR INTEREST TO THE SURGICAL ROBOTICS COMMUNITY FROM A SAFETY PERSPECTIVE
AND THEIR USE HAS BEEN REPORTED IN CARDIAC COMPRESSION DEVICES ;���=�

������ &LUIDIC ELASTOMER ACTUATOR
&LUIDIC ELASTOMER ACTUATORS �&%!	 CONSIST OF SYNTHETIC ELASTOMER FILMS WITH EMBEDDED CHANNELS WHICH
EXPAND AND�OR BEND WHEN PRESSURISED;��� ���=� )T IS A WHOLLY SOFT STRUCTURE AND ITS STRAIN LIMITER IS BUILT INTO
THE MATERIAL�S GEOMETRY� 4HIS TOTAL ABSENCE OF RIGID MATERIAL ENABLES A ROBOT WITH A MUCH GREATER RANGE OF
MOVEMENT AND WHICH IS� IN GENERAL� SAFER IN CONTACT WITH HUMAN TISSUE� &%!S ALSO OPERATE AT LOWER PRESSURES
THAN ARTIFICIAL MUSCLES DUE TO THEIR LACK OF FIBROUS SUPPORT ;���=� 4HIS ENABLES EASIER ACTUATION BUT LIMITS THE
MAXIMUM FORCE THE ROBOT CAN EXERT�

&%!S COME IN A RANGE OF DIFFERENT TOPOLOGIES OFFERING DIFFERENT SOLUTIONS TO VARIOUS PROBLEMS SUCH AS
CYLINDRICAL TUBES ;���=� ECCENTRIC TUBES ;���=� PNEUMATIC NETWORKS ;���� ���=� CORRUGATED MEMBRANES
�RIBBED ;���= OR PLEATED ;���=� SEE FIGURES ��A	 AND �B	 AND HELICALLY RESTRICTED ELASTOMERS ;���=� !LL THESE
OPTIONS OFFER VARIANTS OF ANISOTROPIC STRAIN LIMITED GEOMETRY� GENERATING HIGHLY NON
LINEAR DEFORMATIONS
WHICH� WHEN INCORPORATED WITH THE NATURAL COMPLIANCE OF THE MATERIAL� PRODUCE SHAPES COMPLETELY
UNACHIEVABLE IN TRADITIONAL HARD ROBOTS OR WITH ARTIFICIAL MUSCLES� 4HIS HIGHLY NON
LINEAR BEHAVIOUR IS�
HOWEVER� DIFFICULT TO MODEL AND CONTROL� &URTHERMORE� LARGE DEFORMATIONS CAN BE VIEWED AS PROBLEMATIC

�
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WHEN NAVIGATING CONFINED SPACES SUCH AS THOSE WITHIN THE HUMAN BODY� 4HERE IS ALSO A RISK OF RUPTURE DUE TO
THEIR UNCONSTRAINED PNEUMATIC BLADDERS� 7HEN OPERATING IN SENSITIVE ENVIRONMENTS AND NEAR SHARP OBJECTS�
SUCH AS SURGICAL BLADES� THIS IS RIGHTLY CONSIDERED A REAL RISK�

������ %MERGING ACTUATORS
2ECENTLY A NUMBER OF INNOVATIVE ALTERNATIVE ACTUATORS HAVE BEEN DEVELOPED� /NE EXAMPLE IS ACTUATION VIA
MICRO
JET PROPULSION ;���=� $ESPITE THE POTENTIAL DEMONSTRATED BY THIS METHOD� FURTHER SAFETY DEVELOPMENTS
SHOULD BE ADDRESSED SUCH AS DISPOSAL OF ACTUATION FLUID IN A COMFORTABLE MANNER AND ENSURING THE
MINIMISATION OF TISSUE DAMAGE BY THE PROPULSIVE JET� /THER INTERESTING EXAMPLES INCLUDE A ROBOT WHICH IS
STEERABLE AND CONTROLLABLE BY GROWTH ;���=� AND PERISTALTIC MOTION ;���=�

)N ADDITION TO EMERGING FLUIDIC ACTUATION METHODS� A LARGE EFFORT HAS BEEN MADE TO DEVELOP SAFER
ALTERNATIVES FROM A RUPTURE POINT OF VIEW� /NE SUCH EXAMPLE IS THE FIBRE
REINFORCED &%! ;���= WHICH DOPES
THE ELASTOMER WITH MICROFIBRES TURNING ANY POTENTIAL RUPTURE INTO A SLOW PUNCTURE� !PPROACHING THE SAME
ISSUE FROM THE OPPOSING PERSPECTIVE� SERIES 0!- �S0!-	 REPLACE THE ORIGINAL FIBROUS SHEATH WITH ADDITIONAL
PNEUMATIC ACTUATORS CREATING A FULLY SOFT ACTUATOR WITH SIMILAR POWER DELIVERY CAPABILITIES TO THE ORIGINAL 0!-
;���=� &URTHERMORE� SELF
SEALING POLYMERS ;���= AND VACUUM ACTUATED ELASTOMERS ;���� ���= HAVE ALSO BEEN
REPORTED�

������ !CTUATOR ARRANGEMENTS
4YPICALLY ONE ACTUATOR WILL PROVIDE ONE PRIMITIVE MOTION ;���=� #ONTINUUM ROBOTS� ESPECIALLY FOR MEDICAL
APPLICATIONS� MUST BE CAPABLE OF MULTI
DIRECTIONAL DEFORMATIONS ;���=� 4HIS IS MOST READILY ACHIEVED VIA
MODULAR ACTUATION ;���=�

)N MODULAR ACTUATION� SEVERAL ACTUATORS ARE CONNECTED WITH THE RAMIFICATION THAT EACH INDEPENDENT
ACTUATOR MUST HAVE ITS OWN SUPPLY LINE ;���=� !CTUATORS MAY BE CONNECTED IN SERIES TO CREATE SLENDER
CONTINUUM MANIPULATORS ;���=� IN A PARALLEL AND UN
CONJOINED ARRANGEMENT TO CREATE� FOR EXAMPLE� GRIPPERS
;���=� OR IN A PARALLEL AND CONJOINED ARRANGEMENT FOR MULTI
DIRECTIONAL MANIPULATORS ;���=� ! COMMON
APPROACH IS TO CONNECT ACTUATORS BOTH IN PARALLEL AND IN SERIES AS IN THE 34)&&
&,/0 PROJECT ;���= SHOWN IN
FIGURE ��D	� 4HIS ROBOT FEATURES TEN INDEPENDENTLY OPERATED ACTUATORS EACH WITH A ��� MM DIAMETER DRIVELINE�
4HE ROBOT ITSELF HAS A DIAMETER OF �� MM ILLUSTRATING ONE OF THE MAJOR LIMITING FACTORS FOR THE APPLICATION OF
FLUIDIC ACTUATORS TO CONTINUUM ROBOTS� MINIATURISATION� /BVIOUSLY� FUTURE IMPROVEMENTS IN MANUFACTURING
TECHNOLOGY CAN ASSIST BUT THE TRADE
OFF BETWEEN MANIPULABILITY AND SIZE IS A CHRONIC AND YET UNRESOLVED ISSUE�
3OME ALTERNATIVES TO ADDRESS THIS ISSUE HAVE BEEN REPORTED� SUCH AS THE USE OF "AND 0ASS 6ALVES TO REDUCE THE
NUMBER OF DRIVELINES ;���= BUT THE TRADITIONAL LIMITATIONS OF MINIATURISATION STILL APPLY WITH REGARDS TO
MANUFACTURING TECHNOLOGY�

���� -AGNETIC ACTUATION
-AGNETIC ACTUATION OF ROBOTS RELIES ON THE USE OF MAGNETIC FORCES AND TORQUES� GENERATED THROUGH
MANIPULATION OF THE MAGNETISATION OF THE ROBOT AND THE EXTERNAL MAGNETIC FIELD IN WHICH THE ROBOT IS PLACED�
4HIS TYPE OF ACTUATION ELIMINATES THE NEED FOR BULKY ON
BOARD SYSTEMS ALLOWING EASY MINIATURISATION AND
UNTETHERED CONTROL� BOTH USEFUL FOR THE MEDICAL ROBOT APPLICATIONS� &URTHERMORE� MAGNETIC FIELDS ARE PROVEN
SAFE FOR CLINICAL APPLICATIONS� HAVING BEEN IN USE FOR SEVERAL DECADES ;���=�

2OBOT DESIGNS WITH TIME
VARYING MAGNETIC PROPERTIES PLACED UNDER CONSTANT FIELDS ARE CHALLENGING TO
FABRICATE AND PRESENT SAFETY CONCERNS DUE TO HEAT DISSIPATION ;���� ���=� &OR THESE REASONS� MAGNETIC ROBOTS
FOR MEDICAL APPLICATIONS ALMOST EXCLUSIVELY HAVE CONSTANT MAGNETIC PROPERTIES AND ARE PLACED INSIDE A VARYING
MAGNETIC FIELD FOR MANIPULATION ;���=� /VER THE PAST TWO DECADES� ADVANCES IN THE USE OF MAGNETISM IN
ROBOTICS HAVE LED TO DIFFERENT WAYS OF INCORPORATING MAGNETIC PROPERTIES AND TO THE DEVELOPMENT OF NOVEL
ACTUATION AND NAVIGATION SYSTEMS� 4ABLE � LISTS SEVERAL OF THE MAGNETICALLY ACTUATED CONTINUUM ROBOTS
PRESENTED IN THE LITERATURE�

������ $EVICE�S MAGNETISM
%MBEDDING MAGNETIC PROPERTIES IN CONTINUUM ROBOTS HAS BEEN EASILY DONE BY INSERTING PERMANENT MAGNETS
IN THEIR STRUCTURES� "Y OPTIMISING THE LOCATION� NUMBER AND DISTANCE BETWEEN THE MAGNETS� THE ROBOT CAN
ACHIEVE THE DESIRED APPLICATION ;���=� 4HIS APPROACH IS FAIRLY COMMON WITH A VARIETY OF DESIGNS AND
APPLICATIONS REPORTED� SUCH AS THE GUIDE
WIRE FOR CARDIOVASCULAR APPLICATIONS SHOWN IN FIGURE ��A	 ;���n���=�
4HE MAJOR ADVANTAGE OF USING PERMANENT MAGNETS IS THAT THEIR PROPERTIES ARE WELL KNOWN� FACILITATING THE
MODELLING AND CONTROL OF THE DEVICE� !DDITIONALLY� THE USE OF COMPONENTS ALREADY DESIGNED FOR AND USED
WITHIN� CLINICAL SETTINGS FACILITATES THE PATHWAY TO COMMERCIAL ADOPTION� )N FACT� SEVERAL MAGNETICALLY STEERED
CATHETERS ARE ALREADY AVAILABLE ON THE MARKET� SUCH AS 0OLARIS 8¤ #ATHETER ;��� ���=� (OWEVER� THE USE OF
PERMANENT MAGNETS IMPOSES LIMITATIONS IN TERMS OF SIZE AND ACHIEVING FULLY SOFT STRUCTURES�

�



0ROG� "IOMED� %NG� � �����	 ������ 4 DA 6EIGA ET AL

&IGURE ��-AGNETICALLY ACTUATED CONTINUUM ROBOTS� �A	 EMBEDDED PERMANENT MAGNETS ;���= �Ç 3UNGWOONG *EON ET AL �����
PUBLISHED BY -ARY !NN ,IEBERT� )NC�	 �B	 MAGNETIC COMPOSITE POLYMERS ;���=�

!LTERNATIVELY� ONE CAN USE MAGNETIC COMPOSITE POLYMERS� 4HESE POLYMERS ARE CHARACTERISED BY THE
INTRODUCTION OF MAGNETIC MICRO OR NANO PARTICLES INTO A POLYMER MATRIX ;���=� 4HIS RESULTS IN A MAGNETISABLE
MIXTURE WHOSE CHARACTERISTICS� SUCH AS MECHANICAL PROPERTIES AND SUITABLE MANUFACTURING METHODS RESEMBLE
THE ORIGINAL ONES ;���=� "Y INDUCING A PATTERNED MAGNETISATION PROFILE INTO STRUCTURES MADE OUT OF THESE
POLYMERS� ONE CAN ACHIEVE FAST TRANSFORMATIONS INTO COMPLEX �$ SHAPES AND LOCOMOTION CAPABILITIES ;���=�
!N EXAMPLE OF CONTINUUM ROBOTS THAT EMPLOY SUCH COMPOSITES CAN BE SEEN IN FIGURE ��B	� &URTHER
INFORMATION ABOUT THE CHALLENGES OF FABRICATION AND INDUCING MAGNETISATION PATTERNS CAN BE FOUND IN SECTION
����

������ !CTUATION SYSTEMS
5NLIKE THE PREVIOUS ACTUATION METHODS WHERE THE LIMITATIONS WERE MAINLY DUE TO THE ON
BOARD DESIGN�
MAGNETIC ACTUATION IS LIMITED BY THE EXTERNAL CONDITIONS ONE CAN GENERATE� IN THIS CASE� MAGNETIC FIELDS AND
MAGNETIC FIELD GRADIENTS ;���n���=� /VER THE PAST TWO DECADES� A NUMBER OF ACTUATION SYSTEMS FOR MAGNETIC
ROBOTS HAVE BEEN DEVELOPED AND CAN BE FUNDAMENTALLY CLASSIFIED INTO EITHER COIL
BASED OR PERMANENT
MAGNET
BASED� DEPENDING ON THE SOURCE OF THE MAGNETIC FIELD�

#OIL
BASED SYSTEMS
#OIL
BASED SYSTEMS ARE ABLE TO GENERATE BOTH HOMOGENOUS AND INHOMOGENEOUS MAGNETIC FIELDS BY
CONTROLLING THE INPUT ELECTRIC CURRENT� 5NIFORM MAGNETIC FIELDS CAN BE GENERATED BY (ELMHOLTZ COILS ;����
���=� 4HESE RELY SOLELY ON MAGNETIC TORQUES FOR ACTUATION� GIVEN THE LACK OF A MAGNETIC GRADIENT� -AXWELL
COILS� ALTERNATIVELY� ACHIEVE BOTH FORCE AND TORQUE ACTUATION� $UE TO THEIR DESIGN SIMPLICITY� THESE SYSTEMS
ACHIEVE LOW CONTROLLABLE $/& ;���n���=� 3EVERAL SYSTEMS WITH A HIGH NUMBER OF ELECTROMAGNETIC COILS HAVE
BEEN PROPOSED ACHIEVING HIGHER NUMBER OF CONTROLLABLE $/& ;���=� SUCH AS -INIMAG ;���= AND /CTO-AG
ILLUSTRATED IN FIGURE ��A	 ;���=� ! SYSTEM CAPABLE OF FULFILLING THE THEORETICAL MAXIMUM OF EIGHT $/& WAS ALSO
RECENTLY REPORTED ;���=� -ORE RECENTLY� EMERGING SYSTEMS CONSISTING OF MOVING ELECTROMAGNETIC COILS ;���=
AND A MAGNETIC
ACOUSTIC HYBRID ACTUATION HAVE BEEN REPORTED ;���=�

'ENERALLY� COIL
BASED SYSTEMS HAVE HIGH CONTROLLABILITY AND STABILITY ;���=� (OWEVER� THEY ARE ASSOCIATED
WITH BULKY EQUIPMENT� SMALL WORKSPACE� UP
SCALING LIMITATIONS AND PROHIBITIVELY HIGH COST� )N FACT� ADAPTING
THESE SYSTEMS TO A CLINICAL SETTING MIGHT BE A DIFFICULT TASK WITHOUT LOSS OF THE $/& ACHIEVED IN THE RESEARCH
ENVIRONMENT�

0ERMANENT MAGNET
BASED SYSTEMS
0ERMANENT MAGNET
BASED SYSTEMS PROVIDE A FEASIBLE ALTERNATIVE TO ELECTROMAGNETIC COILS� 4HESE DO NOT RELY ON
REAL TIME ELECTRICAL CURRENTS TO GENERATE A MAGNETIC FIELD� ALLOWING FOR STRONGER FIELDS AND FIELD GRADIENTS WHILE
NOT SUFFERING FROM OVERHEATING PROBLEMS ;��� ���=� 4WO APPROACHES USING PERMANENT MAGNETS HAVE BEEN
REPORTED� ROTATING PERMANENT MAGNETS AND ROBOTIC MANIPULATION OF PERMANENT MAGNETS� 2OTATING
PERMANENT MAGNETS� WHILE PROVIDING THE ADVANTAGES OF PERMANENT MAGNETS� STILL SUFFER FROM REDUCED
WORKSPACE ;���� ���=� !LTERNATIVELY� MOUNTING PERMANENT MAGNETS AT THE END EFFECTORS OF ROBOTIC
MANIPULATORS AND MOVING THEM AROUND THE DESIRED WORKSPACE CAN BE EASILY TRANSLATED INTO THE CLINICAL
ENVIRONMENT GIVEN ITS MUCH LARGER WORKSPACE ;���� ���=� 4HIS METHOD HAS BEEN USED FOR A VARIETY OF
CONTINUUM DEVICES� SUCH AS THAT DEPICTED IN FIGURE ��B	 ;��� ���=�

$ESPITE THE ADVANTAGES OF PERMANENT MAGNETS OVER ELECTROMAGNETIC COILS� THESE SYSTEMS COME WITH THEIR
OWN LIMITATIONS� !NY CHANGES TO THE GENERATED FIELDS ARE PERFORMED VIA MECHANICAL METHODS� INTRODUCING
MECHANICAL NOISE IN THE SYSTEM� &URTHERMORE� THE NON
LINEAR RELATIONSHIP BETWEEN THE MAGNETIC FIELD AND
INDUCED WRENCH MAKES ROBOTIC CONTROL LESS STRAIGHTFORWARD�

��
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&IGURE ��-AGNETIC ACTUATION SYSTEMS� �A	 COIL
BASED SYSTEM /CTOMAG �-AGNEBOTI8 !'� :URICH� 3WITZERLAND	 ;���= �IMAGE USED
WITH PERMISSION FROM-AGNEBOTI8	 AND �B	 PERMANENT MAGNET
BASED SYSTEM ;��= �COPYRIGHT Ç ����� )%%%	�

������ -AGNETIC NAVIGATION SYSTEMS
3UCCESSFUL MAGNETIC STEERING DEPENDS NOT ONLY ON RELIABLE MAGNETIC ACTUATION BUT ALSO ON SIMULTANEOUS
MONITORING� -AGNETIC NAVIGATION SYSTEMS BASED ON IMAGING TECHNIQUES AND ELECTROMAGNETIC TRACKING HAVE
EMERGED TO ADDRESS THIS ISSUE�

)MAGING
4HE HIGH QUALITY AND REAL
TIME NATURE OF X
RAY MONITORING SYSTEMS MADE THEM THE FAVOURED TECHNIQUE FOR
MAGNETIC NAVIGATION� "OTH COIL
BASED AND PERMANENT MAGNET
BASED SYSTEMS USING X
RAY HAVE BEEN REPORTED
;��� ���� ���� ���=� $ESPITE THE GOOD RESULTS ACHIEVED� THE RISKS ASSOCIATED WITH X
RAY EXPOSURE ARE A MAJOR
LIMITING FACTOR AND HAVE ENCOURAGED FURTHER DEVELOPMENT OF MONITORING SYSTEMS�

-ODIFIED MAGNETIC RESONANCE IMAGING �-2)	 MACHINES HAVE EMERGED AS A CANDIDATE NAVIGATION SYSTEM
;���� ���n���=� )N FACT� -2) FRINGE FIELDS HAVE BEEN USED FOR STEERING CONTINUUM MAGNETIC ROBOTS ;���=�
(OWEVER� THE LACK OF SIMULTANEOUS MONITORING AND FEEDBACK AND THE NEED FOR MORE RELIABLE CONTROL HINDER
THESE SYSTEMS� USE� 5LTRASOUND BASED MONITORING PROVIDES A SAFE� CHEAP AND RELIABLE ALTERNATIVE APPROACH�
4HEIR USAGE IN MAGNETIC NAVIGATION HAS BEEN EXPLORED ;��= AND USED TO PROVIDE CLOSED LOOP NAVIGATION IN
ENDOSCOPY ;���=�

%LECTROMAGNETIC TRACKING
.AVIGATION OF OTHER ACTUATION METHODS CAN BE DONE WITH THE AID OF COMMON ELECTROMAGNETIC TRACKING
SYSTEMS� SUCH AS !URORA �.ORTHERN $IGITAL )NC� 7ATERLOO� #ANADA	� (OWEVER� THESE ARE INCOMPATIBLE WITH
MAGNETIC ACTUATION DUE TO DISTORTIONS CAUSED BY BOTH THE EXTERNAL ACTUATION FIELD AND THE DEVICE�S MAGNETISM
;��� ���=� 4HIS BEING SO� ALTERNATIVE METHODS HAVE BEEN PROPOSED SUCH AS THE THE INCORPORATION OF MAGNETIC
FIELD SENSORS AND INERTIAL SENSORS IN THE ROBOT TO DETERMINE ITS POSE ;��=� !N ALTERNATIVE APPROACH SEES THE
PLACEMENT OF A TWO
DIMENSIONAL ARRAY OF MAGNETIC FIELD SENSORS IN THE WORKSPACE� FACILITATING MINIATURISATION
OF THE DEVICE ;���=�

$ESPITE THE PROMISING RESULTS SHOWN BY TRACKING APPROACHES THESE ARE LIMITED TO PERMANENT
MAGNET
BASED ACTUATION SYSTEMS� 4RACKING WITHIN MAGNETIC FIELDS GENERATED BY COIL BASED SYSTEMS IS NOT
POSSIBLE DUE TO THE HIGH NUMBER OF SINGULARITIES PRESENT�

���� 3UMMARY
-ECHANICAL� FLUIDIC AND MAGNETIC ACTUATION METHODS FOR CONTINUUM ROBOTS HAVE GIVEN RISE TO A VARIETY OF
DESIGNS� /VERALL THEY ARE WELL SUITED FOR THE MEDICAL COMMUNITY DESPITE EACH HAVING ITS OWN LIMITATIONS�

-ECHANICAL AND FLUIDIC METHODS� ALTHOUGH ABUNDANT� SUFFER FROM TRADE
OFFS IN TERMS OF SIZE� STIFFNESS AND
CONTROLLABLE $/&� -ANY DESIGNS PRESENTED ACHIEVE HIGH LEVELS OF DEXTERITY� HOWEVER� TO REALISE THE HIGHER
NUMBER OF $/&� LARGER DIAMETERS ARE TYPICALLY NECESSARY� #ONSIDERING MECHANICAL ACTUATION SPECIFICALLY� THE
RELATIVE RIGIDITY AND NON
COMPLIANCE CAN POSE A SIGNIFICANT SAFETY RISK DURING TISSUE INTERACTION� NECESSITATING
MITIGATION THROUGH COMPLEX CONTROL STRATEGIES� )N FACT� STEERABLE NEEDLES CANNOT ACHIEVE THEIR SMALL BENDING
RADII WITHOUT CAUSING SOME TISSUE DAMAGE�

#ONVERSELY� FLUIDIC ROBOTS INHERENTLY ADDRESS THIS ISSUE GIVEN THEIR STRUCTURAL SOFTNESS AND COMPLIANCE�
(OWEVER� THE RISK OF RUPTURE IN THESE DEVICES DURING PRESSURISATION STILL NEEDS TO BE ADDRESSED IN AN EFFECTIVE
AND SAFE WAY� &URTHERMORE� THE RELATIVELY LOW FORCES THEY EXERT OPPOSES PROGRESSION AGAINST DEVICE
TISSUE

��
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FRICTION IN TORTUOUS ANATOMY� 3OLUTIONS THAT ARE ABLE TO ACHIEVE HIGHER FORCES AT LOWER OPERATING PRESSURES AND
WITH IMPROVED PATIENT
SPECIFIC DESIGN MAY OFFER SAFER AND MORE EFFECTIVE OPTIONS�

-AGNETIC #2S SHARE MANY OF THE INHERENT BENEFITS WITH MECHANICAL AND FLUIDIC DEVICES� WITH THE ADDITION
OF BEING ABLE TO ACHIEVE MUCH SMALLER DIAMETERS DUE TO THE DEARTH OF INTERNAL DESIGN REQUIRED� SUCH AS CABLE
ROUTES OR FLUIDIC CHANNELS� &URTHERMORE� THE CONTROLLABLE $/& ARE DEPENDENT ON THE EXTERNAL ACTUATION
SYSTEM� WHICH PERMITS MINIATURISATION OF THE DEVICE WITHOUT LOSS OF CONTROLLABILITY� 4HIS BECOMES EXTREMELY
USEFUL WHEN CONSIDERING ENDOVASCULAR OR BRAIN PROCEDURES WHERE THIN DEVICES ARE NEEDED� /NE MAJOR
DRAWBACK WHEN USING MAGNETIC COMPOSITE POLYMERS IS BIOCOMPATIBILITY� !LTHOUGH SOLUTIONS ARE WELL
ESTABLISHED FOR FLUIDIC DEVICES ;���=� FOR MAGNETIC #2S THE ISSUE PERSISTS� 3OLUTIONS SUCH AS COATING THE DEVICES
WITH BIOCOMPATIBLE MATERIALS HAVE BEEN REPORTED ;���=� BUT FURTHER STUDIES IN THIS AREA ARE STILL NEEDED�

! FINAL BUT CRUCIAL CONSIDERATION FOR THESE APPROACHES IS THE OFF
BOARD ACTUATION SYSTEM USED� 4HIS HAS
BEEN THOROUGHLY EXPLORED IN THE LITERATURE FOR MECHANICAL AND FLUIDIC DEVICES� AS THEY RELY PRIMARILY ON
WELL
ESTABLISHED AND EFFECTIVE ROBOTIC METHODOLOGIES SUCH AS CABLE TRANSMISSION AND PNEUMATIC PUMPS�
-AGNETIC DEVICES� HOWEVER� REPRESENT A MUCH MORE RECENT TECHNOLOGY AND EXHIBIT LESS STRAIGHTFORWARD
CONTROL STRATEGIES� 4HIS HAS HINDERED A QUICK AND EASY IMPLEMENTATION OF CONCEPTS� !S SUCH A WIDE DIVERSITY
OF MAGNETIC ACTUATION STRATEGIES HAVE EMERGED DEPENDENT ON THE REQUIREMENTS OF THE SPECIFIC APPLICATION�
HOWEVER� SIGNIFICANT EXPLORATION ON THIS TOPIC IS STILL REQUIRED�

�� #HALLENGES ASSOCIATED WITH CONTINUUMMANIPULATORS

���� &ABRICATION
-EDICAL CONTINUUM ROBOTICS IS AN EMERGING FIELD WITH SOME EXAMPLES OF DEVICES NOW BREAKING INTO THE
MARKET� !S THE TECHNOLOGY FURTHER MATURES� THE DEVELOPMENT OF EFFECTIVE MANUFACTURING PROCESSES THAT ENABLE
GREATER FUNCTION AND DECREASED SIZE SCALES WILL BE ESSENTIAL TO GROWTH OF THE FIELD� 4HIS HAS BEEN SHOWN IN SOFT
ROBOTS� WHERE INNOVATION IN MANUFACTURING PROCESSES HAS ILLUSTRATED NEW MODALITIES OF ACTUATORS� DESIGN
FREEDOM� SENSING AND OPERATION�

&ABRICATION OF MECHANICALLY ACTUATED ROBOTS IS WELL ESTABLISHED AS THEY ARE COMMONLY PRODUCED BY
STANDARD SUBTRACTIVE MANUFACTURING TECHNIQUES �E�G� MILLING OR ELECTRICAL DISCHARGE MACHINING	� (OWEVER� THE
USE OF ALTERNATIVE METHODS� SUCH AS �$ PRINTING� TO ALLOW FOR PATIENT
 OR PROCEDURE
 SPECIFIC CUSTOMISATION
HAS BEEN REPORTED ;���=� AS WELL AS METHODS TO FACILITATE FABRICATION OF CONCENTRIC TUBES ;���=� 'IVEN THAT
FABRICATION FOR FLUIDIC AND MAGNETIC ROBOTS IS A CONSIDERABLY NEWER AREA OF RESEARCH AND LESS EXPLORED IN THE
LITERATURE� IN THIS PAPER WE FIRST FOCUS ON FABRICATION OF POLYMERIC� FLEXIBLE STRUCTURES NORMALLY EMPLOYED IN
SOFT ROBOTIC DEVICES� 4HE FOCUS THEN SHIFTS TO MAGNETIC CONTINUUM STRUCTURES WHERE NEW FABRICATION STRATEGIES
AND MAGNETISATION TECHNIQUES PRESENT SIGNIFICANT OPPORTUNITIES FOR INCREASED FUNCTION WITHIN ROBOTIC
SURGICAL DEVICES�

������ 3OFT LITHOGRAPHY
3OFT LITHOGRAPHY IS A COMMON TECHNIQUE FOR PRODUCING CONTINUUM STRUCTURES DUE TO ITS LOW BARRIER TO ENTRY�
4HE PROCESS RELIES ON THE ACCURATE REPLICATION OF FEATURES FROM A MASTER BY CASTING A LIQUID POLYMER� /NCE
CURED� THE POLYMER CAN BE REMOVED TO REVEAL A NEGATIVE OF THE MOULD� )T HAS BEEN SHOWN THAT SOME EXAMPLES
OF CLOSED CHAMBERS CAN BE PRODUCED BY ASSEMBLING COMPONENTS THROUGH PLASMA BONDING OR USING UNCURED
ELASTOMER AS AN ADHESIVE ;���=�

4HIS METHOD IS SUITABLE FOR LIMITED LIFE MATERIALS OFTEN USED FOR EXPERIMENTAL CONTINUUM DEVICES� )TS
RESOLUTION IS ALSO LIMITED BY THE MINIMUM ACHIEVABLE FEATURE SIZE OF THE MASTER MOULD� )N PRACTICE� THIS
USUALLY REQUIRES A COMPROMISE BETWEEN MOULD EXPENSE� PRODUCTION TIME� MATERIAL SUITABILITY AND RESOLUTION�
0HOTOLITHOGRAPHIC TECHNIQUES CAN BE USED TO PRODUCE HIGH RESOLUTION PATTERNS� BUT PRODUCTION TIME AND COST
CAN BE PROHIBITIVE� 4HE ACCESSIBILITY OF ADDITIVE TECHNIQUES��$ PRINTING TECHNIQUES HAS INCREASED THE USE OF
MASTER MOULDS DUE TO LOW LEAD TIMES AND COSTS� (OWEVER� RESOLUTION RESTRICTIONS ARE OFTEN HIGHER AND SEVERAL
OF THE MOULD MATERIALS INDUCE A REACTION THAT INHIBITS CURING OF SILICONE ELASTOMERS�

-ULTI
MATERIAL STRUCTURES ARE ALSO A CHALLENGE FOR SOFT LITHOGRAPHY� WITH EACH CHANGE IN MATERIAL
SIGNIFICANTLY ADDING TO PRODUCTION TIME� /VER
MOULDING HIGHER STIFFNESS MATERIALS IS OFTEN USED TO INTRODUCE
SPATIALLY VARYING MECHANICAL CHARACTERISTICS AND INDUCE A BENDING BIAS DURING OPERATION ;��=� 3ELECTIVE
INCLUSION OF FUNCTIONAL ELEMENTS� SUCH AS CONDUCTIVE NANO
PARTICLES� CAN ONLY PRACTICALLY BE ACHIEVED VIA
HOMOGENOUS DISTRIBUTION THROUGHOUT THE BODY�

&URTHERMORE� THE PROCESS IS FUNDAMENTALLY ���$ SINCE THE FINAL DEVICE NEEDS TO BE REMOVED FROM THE
MOULD WITHOUT DAMAGE� ,OST WAX AND DISSOLVABLE MOULDS HAVE BEEN USED TO ENHANCE THE COMPLEXITY OF THE
DESIGNS� BUT THEIR SINGLE USE INCREASES MANUFACTURING TIMESCALES AND EXPENSE� #REATIVE DESIGNS HAVE BEEN
IMPORTANT IN ALLOWING MORE COMPLEX BEHAVIOUR IN MULTI
LINK CONTINUUM ROBOTS� (OWEVER LIMITED ACHIEVABLE

��
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COMPLEXITY USING THESE MOULD BASED METHODS HAS LED TO DIRECT ADDITIVE OR EVEN HYBRID TECHNIQUES BEING
INCREASINGLY INVESTIGATED�

������ $IRECT ADDICTIVE MANUFACTURE
$IRECT ADDITIVE MANUFACTURE �!-	 HAS BEEN INCREASINGLY USED TO INVESTIGATE THE FABRICATION OF CONTINUUM
ROBOTS� RATHER THAN USE AS A TEMPLATE FOR SECONDARY CASTING PROCESSES ;���� ���=� 4HIS PROVIDES ENHANCED
DESIGN FREEDOM AND GEOMETRIC COMPLEXITY� AS WELL AS OPPORTUNITIES FOR TRUE MULTI
MATERIAL STRUCTURES�

#ENTRAL TO ALL !- PROCESSES IS THE DEVELOPMENT OF MATERIALS THAT ARE SUITABLE FOR BOTH THE END APPLICATION
AND THE MANUFACTURING PROCESS� &USED DEPOSITION MODELLING �&$-	 AND SELECTIVE LASER SINTERING �3,3	 GREATLY
LIMIT THE MATERIAL CHOICE� GIVEN THE NEED FOR THERMOPLASTICS� )N 3,3� THIS IS COMPOUNDED BY CHALLENGES IN
MULTI
MATERIAL PROCESSING� 3TEREOLITHOGRAPHY �3,!	 FACES SIMILAR ISSUES BEING LIMITED TO PHOTOPOLYMERS�
(OWEVER� MATERIALS WITH PROPERTIES APPROACHING THOSE OF SILICONE RUBBER HAVE BEEN DEMONSTRATED ;���=�
!DDITIONALLY� 3,!�S OPTICAL PATTERNING ALLOWS GREATER FEATURE RESOLUTION THAN COMPETING EXTRUSION PROCESSES�
#ONTROLLED FORMS OF MATERIAL EXTRUSION AND MATERIAL DEPOSITION PROCESSES ARE BECOMING INCREASINGLY POPULAR
IN CONTINUUM ROBOTICS DUE TO THEIR ABILITY TO DEPOSIT HIGH VISCOSITY MATERIALS� (OWEVER� IT CAN BE CHALLENGING
TO DEVELOP AN INK THAT CAN FLOW EASILY OUT OF THE NOZZLE AND MAINTAIN ITS SHAPE ONCE DEPOSITED� #URRENTLY� THIS
IS ACHIEVED BY INDUCING A PHASE CHANGE THROUGH LIQUID EVAPORATION� GELATION� OR TEMPERATURE CHANGE ;���=�
2ECENTLY� RAPID MATERIAL SWITCHING HAS BEEN DEMONSTRATED FOR SPATIALLY VARYING MATERIAL COMPOSITION OR
PARTICLE LOADING ;���=�

������ (YBRID APPROACHES
4ECHNIQUES THAT COMBINE SOFT LITHOGRAPHY FOR THE PRODUCTION OF BULK GEOMETRIES WITH DIRECT WRITE FOR THE
FUNCTIONAL ELEMENTS HAVE EXPANDED THE CAPABILITIES OF CONTINUUM DEVICES� )N THESE TYPES OF PROCESSES� THE
BULK MATERIAL IS CAST INTO A MOULD BEFORE A SELECTIVE DEPOSITION TECHNIQUE DEPOSITS AN INK INTO THE BASE
MATERIALS� 4HE SECONDARY DEPOSITION PROCESS CAN BE COMPLETED BEFORE OR AFTER CURING OF THE BULK STRUCTURE�
4HE MOST WIDELY INVESTIGATED HYBRID APPROACH USES $)7 TO DEPOSIT FUGITIVE� STRAIN LIMITING AND CONDUCTIVE
SENSING ELEMENTS WITHIN AN UNCURED ELASTOMER MATRIX ;���=� /THER APPROACHES HAVE USED DIRECT WRITE
APPROACHES SUCH AS INKJET OR AEROSOL JET TO DEPOSIT ONTO A CURED ELASTOMER ;���=�

������ -AGNETIC COMPOSITES
&ABRICATION OF MAGNETIC CONTINUUM ROBOTICS IS ACHIEVED WITH SPECIFIC PROCESSES� !S DISCUSSED IN SECTION ���� A
NUMBER OF COMMERCIAL STEERABLE NEEDLE PRODUCTS ARE AVAILABLE IN THE MARKET THAT RELY ON EMBEDDING
PERMANENT MAGNETS WITHIN A SOFT OR FLEXIBLE STRUCTURES ;��=� 4HESE CAN BE MANUFACTURED THROUGH EITHER
MECHANICAL ASSEMBLY ;���= OR OVER
MOULDING A POLYMER BODY AROUND PERMANENT MAGNETS ;���� ���=� 4HESE
APPROACHES ILLUSTRATED SOME GOOD APPLICATIONS BUT ALSO HAVE SOME LIMITATIONS OF SCALE OF POTENTIAL DEVICES
AND THEIR FUNCTION� 4HESE DEVICES HAVE RAISED QUESTIONS OF ROBUSTNESS IN LIGHT OF A RECALL OF A NUMBER OF
MAGNETICALLY TIPPED STEERABLE GUIDE
WIRES ;���=�

!LTERNATIVELY� MANUFACTURE OF MAGNETIC CONTINUUM ROBOTS CAN BE BASED ON MICRO OR NANO
PARTICLES
WITHIN A POLYMER MATRIX� 2EDUCING THE SIZE OF THE PARTICLES ALLOWS THEM TO BE POSITIONED MORE DENSELY WHILE
MINIMISING THE IMPACT ON THE DEVICE�S MECHANICAL PROPERTIES� (ARD MAGNETIC PARTICLES� CHARACTERISED BY HIGH
REMANENCE� ARE LIMITED TO THE MICRO
SCALE ;���=� 3OFT MAGNETIC MATERIALS CAN BE SYNTHESISED AT THE
NANO
SCALE� HOWEVER THEIR RELATIVELY LOW REMANENCE LEADS TO A LESSER RESPONSE DURING ACTUATION� !DDITIONALLY�
THE TOTAL LOADING FRACTION NEEDS TO BE CAREFULLY CONSIDERED IN TERMS OF BOTH THE MAGNETIC RESPONSE AND
MECHANICAL PROPERTIES AS THE HIGHER THE CONCENTRATION THE HIGHER THE MECHANICAL IMPACT ON THE POLYMER
;���=� &URTHERMORE� LIMITATIONS IN BIO
COMPATIBILITY OF THE MATERIALS� ALIGNMENT OF THE MAGNETIC FIELD AND
PROCESSES THAT ALLOW SELECTIVE AND SPATIAL PATTERNING WITHIN POLYMER BODIES CHALLENGE THE REALISATION OF THE
FULL POTENTIAL OF MAGNETIC CONTINUUM ROBOTICS� .ONETHELESS� PROCESSES FOR BOTH TYPES OF MAGNETIC PARTICLES
HAVE BEEN PRESENTED THAT HAVE MADE PROGRESS AGAINST THESE CHALLENGES�

4EMPLATE AIDED MAGNETISATION
4EMPLATE AIDED MAGNETISATION CONSISTS OF HOLDING A PRE
FORMED MAGNETIC ELASTOMER COMPOSITE SHEET IN A
TEMPLATE� 4HIS IS THEN MAGNETISED THROUGH EXPOSURE TO A LARGE EXTERNAL FIELD ;���=� "Y LOCALLY CONTROLLING THE
ORIENTATION OF THE POLYMER BODY RELATIVE TO THE MAGNETISING FIELD� IT IS POSSIBLE TO INDUCE A SPATIALLY VARYING
MAGNETISATION PROFILE ;��=� /VER
MOULDING AND OTHER SIMILAR SOFT
LITHOGRAPHIC TECHNIQUES CAN BE USED TO
SPATIALLY VARY THE PARTICLE LOADING CONCENTRATION AND� THEREFORE� THE MAGNETIC RESPONSE� (OWEVER� A SUBSTITUTE
NON
MAGNETIC PARTICLE MAY NEED TO BE INCORPORATED TO MAINTAIN HOMOGENOUS MECHANICAL PROPERTIES�

$ESPITE THE SIMPLE AND EASY PROCESS� THIS APPROACH IS LIMITED TO PLANAR ACTUATORS AND THE USE OF TEMPLATES
PREVENTS DISCRETE CHANGES IN THE MAGNETISATION PROFILE� -ORE COMPLEX STRUCTURES AND MAGNETISATION PROFILES
REQUIRE SECONDARY ASSEMBLY STAGES ;���=�

��
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&IGURE �� %XAMPLES OF FABRICATION PROCESSES FOR MAGNETIC COMPOSITES� �A	 4EMPLATE AIDED MAGNETISATION ;���=� �B	 OPTICAL
PATTERNING PROCESS ;���= �COPYRIGHT Ç ����� 3PRINGER .ATURE	� �C	 EXTRUSION PROCESS OF MAGNETIC COMPOSITES ;���= �COPYRIGHT Ç
����� 3PRINGER .ATURE	�

/PTICAL PATTERNING
/PTICAL PATTERNING UTILISES LITHOGRAPHIC TECHNIQUES TO SELECTIVELY CURE A PHOTOPOLYMER RESIN LOADED WITH
MAGNETIC PARTICLES ;���=� 4HE UNCURED RESIN IS EXPOSED TO AN EXTERNAL MAGNETIC FIELD WHICH INDUCES PARTICLE
ALIGNMENT� 4HE RESIN IS THEN SELECTIVELY CURED� LOCALLY FIXING THE POSITION AND ORIENTATION OF THE MAGNETIC
PARTICLES� 4HE EXTERNAL FIELD CAN THEN BE ADJUSTED TO INDUCE AN ALTERNATE ORIENTATION IN THE UNCURED RESIN�
2EPETITION OF THIS PROCESS CAN PATTERN BOTH THE POLYMER MATRIX AND THE MAGNETISATION PROFILE IN ONE SINGLE
PROCESS�

! NUMBER OF DIFFERENT TECHNIQUES HAVE BEEN PRESENTED WHERE THEIR PRIMARY DIFFERENCES ARE IN THE TYPES OF
PARTICLES USED� THE METHOD OF ACHIEVING SELECTIVE LIGHT EXPOSURE �MASKED;���= OR MASK
LESS ;���=	 AND THE
INCORPORATION OF ADDITIONAL PROCESS STEPS AND COMPONENTS TO INDUCE FURTHER CAPABILITIES ;���=� %ARLY WORK
USED A PERMANENT MAGNET TO ALIGN MAGNETIC PARTICLES BEFORE AN ULTRAVIOLET LIGHT SOURCE SELECTIVELY CURED THE
POLYMER� ACHIEVING �$ MAGNETISATION PROFILES ;���=� -ORE RECENTLY� �$ MAGNETISATION PROFILES WERE ACHIEVED
BY FIXING THE PERMANENT MAGNET TO A TWO $/& ROTATION AXIS MOUNTED BELOW THE BUILD VOLUME ;���=�
&URTHERMORE� IMPROVED MAGNETIC RESPONSE WAS ALSO OBSERVED BY USING HIGHER REMANENCE MAGNETIC
MATERIALS�

/PTICAL PATTERNING IS ABLE TO ACHIEVE �$ MAGNETISATION PROFILES� PROVIDING GREATER FREEDOM IN MAGNETIC
RESPONSE AND DEVICE GEOMETRY WHEN COMPARED WITH THE TEMPLATE BASED METHODS DESCRIBED PREVIOUSLY�
(OWEVER� THE MECHANICAL PROPERTIES OF PHOTOCURED POLYMERS ARE OFTEN MORE RESTRICTED THAN THOSE AVAILABLE TO
CASTING OR EXTRUSION PROCESSING� !DDITIONALLY� PARTICLES IN PHOTOPOLYMERS CAN INHIBIT CURING THROUGH 56
ABSORBANCE� 4HIS MAY PROVIDE AN UPPER BOUND TO THE MAXIMUM LOADING FRACTION PRODUCED BY THESE
METHODS�

$IRECT INKJET WRITE
$IRECT INKJET WRITE �$)7	 OF MAGNETICALLY LOADED MATERIALS HAS BEEN DEMONSTRATED BY INCORPORATING HIGH
REMANENCE MICROPARTICLES WITHIN A POLYMER MATRIX ;���=� 4HE PARTICLES WERE MAGNETISED TO SATURATION WITHIN
THE SUSPENSION PRIOR TO EXTRUSION� !DDITIONALLY� FUMED SILICA PARTICLES WERE ADDED TO DRIVE THE THIXOTROPIC
BEHAVIOUR REQUIRED TO PREVENT AGGLOMERATION DURING MAGNETISATION AND PROVIDE THE REQUIRED RHEOLOGICAL
CONDITIONS FOR $)7 ;���=� -ICROPARTICLE ALIGNMENT CAN BE ACHIEVED BY USING A SWITCHABLE MAGNET AT THE
NOZZLE�S EXIT OR BY BULK TREATING POST PRINT� 3ELECTIVE ALIGNMENT DURING EXTRUSION PROVIDES GREATER CONTROL AND
FREEDOM OVER THE MAGNETISATION PROFILE� HOWEVER ONLY ��
��� OF THE MAGNETIC MOMENT DENSITY CAN BE
ACHIEVED WHEN COMPARED TO UNIFORM MAGNETISATION�

4HE ADDITION OF MICROPARTICLES IN $)7 CAN OFTEN LEAD TO INCREASED INSTANCES OF NOZZLE CLOGGING� 2OBUST
$)7 PROCESSES REQUIRE A HIGH NOZZLE
PARTICLE DIAMETER RATIO OR A LOW LOADING FRACTION TO ACHIEVE RELIABLE
DEPOSITION ;���=� 3INCE HIGH REMANENCE PARTICLES TYPICALLY HAVE A MINIMUM DIAMETER OF �µM� COMPROMISES
BETWEEN PROCESS RESOLUTION AND MAGNETIC RESPONSE ARE CURRENTLY REQUIRED� 4HE HIGHEST PRESENTED LOADING
FRACTION IS �� WT� SIGNIFICANTLY LOWER THAN THE �� WT� DEMONSTRATED USING CASTING TECHNIQUES ;���=�

4O SUMMARISE THE STATE
OF
THE
ART IN #2 FABRICATION� WE CAN SEE THAT THERE ARE SEVERAL AREAS OF PROGRESS
BUT THAT THE PROCESSES THAT HAVE BEEN DEMONSTRATED TO DATE TYPICALLY INVOLVE SEVERAL ELEMENTS OF COMPROMISE
ACROSS THEIR FUNCTIONALITY AND�OR THEIR POSSIBLE APPLICATIONS� )N PARTICULAR WE CURRENTLY SEE RESTRICTIONS TO THE
PRODUCTION OF SMALL SCALE #2S AND THEIR DEXTERITY DUE TO FABRICATION LIMITATIONS IN RESOLUTION AND MATERIAL
COMPOSITION� )T SHOULD ALSO BE NOTED THAT MANY OF THE TECHNIQUES DESCRIBED ARE ALSO OFTEN NOT EXCEPTIONALLY
SCALABLE FOR HIGH PRODUCTION RATES OR HIGH MANUFACTURING STANDARDS� 4HERE ARE ALSO PARTICULARLY SIGNIFICANT
HURDLES FOR SEVERAL OF THE METHODS WITH REGARDS REPEATABILITY� !DVANCING BEYOND THESE ISSUES IS DEPENDANT OF
RATIONALISING MULTI
STEP FABRICATION ROUTES AND EMPLOYING DIGITAL
CONTROL AND AUTOMATION FOR THEIR
MANUFACTURE�

��
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&IGURE �� 3CHEMATIC REPRESENTATION OF THE THREE CLASSICAL MODELLING APPROACHES OF CONTINUUM ROBOTS �A	 #OSSERAT ROD MODEL� �B	
PIECE
WISE CONSTANT CURVATURE AND �C	 RIGID
LINK MODEL� F �S	 AND τ �S	 REPRESENT THE VECTOR FIELDS FORCE AND TORQUE WITH RESPECT TO
THE ROBOT�S LENGTH �S	� RESPECTIVELY�

���� -ODELLING
)N CONTRAST WITH STANDARD RIGID
LINK MANIPULATORS� WHOSE MECHANICAL PROPERTIES HAVE BEEN FULLY UNDERSTOOD
AND DISCUSSED ;���=� CONTINUUM MANIPULATORS ARE STILL THE SUBJECT OF MUCH DEBATE WITHIN THE ROBOTICS
COMMUNITY IN TERMS OF MODELLING ;��� ���= AND CONTROL ;���= �SEE THE FOLLOWING SECTION ���	�

4HE LACK OF GENERALISED APPROACHES MAKES UNDERSTANDING AND USAGE OF THESE MANIPULATORS LESS
STRAIGHTFORWARD� )N FACT� CONTINUUM ROBOTS INCLUDE A VARIETY OF CONCEPTS AS DISCUSSED IN PREVIOUS SECTIONS�
4HE NON
NEGLIGIBLE DIVERSITIES OF THESE ROBOTIC CONCEPTS HINDER THE DEVELOPMENT OF POSSIBLE UNIFYING AND
MORE GENERALISED MODELLING AND CONTROL TECHNIQUES� 4HE DIFFERENCES BETWEEN PROPOSED ACTUATION METHODS�
AS REPORTED IN SECTION �� ALSO MAKE GENERALISATIONS LESS TRIVIAL AND INDUCE EXTENSIVE DISPUTE� &URTHERMORE�
THERE IS AN INCREASED DIFFICULTY DUE TO THE COMPLEX MECHANICAL BEHAVIOUR OF THESE ROBOTS� 5NLIKE RIGID SERIAL
ROBOTS� ONE OF THE ONLY COMMON CONCEPTS AMONG CONTINUUM ROBOTS IS A LACK OF RIGIDITY� THIS CONSTITUTES THEIR
MAIN ADVANTAGE IN TERMS OF APPLICATION AND THEIR MAIN DRAWBACK IN TERMS OF PHYSICAL UNDERSTANDING AND
DESCRIPTION� 4HIS LACK OF RIGIDITY ALSO LEADS TO MORE COMPLEX RELATIONSHIPS BETWEEN ACTUATORS AND %ND
%FFECTOR �%%	 DYNAMICS� !S SUCH� MODELLING OF CONTINUUM ROBOTS HAS RECEIVED SIGNIFICANT INTEREST FROM THE
ROBOTICS COMMUNITY AND SEVERAL CONCEPTS HAVE BEEN EMERGING�

+INEMATIC MODELLING IS� IN GENERAL� NOT PARTICULARLY EFFECTIVE IN CONTINUUM ROBOTS OWING TO THE
REDUNDANT DESIGN AND GENERAL LACK OF RIGID COUPLING BETWEEN ACTUATORS AND %%� 7ITH THE POSSIBLE EXCEPTION
OF CONCENTRIC TUBE ROBOTS ;���= WE COULD DESCRIBE THE PHYSICAL BEHAVIOUR OF A CONTINUUM ROBOT AS THE
OUTCOME OF THE EQUILIBRIUM OF INTERNAL FORCES �E�G� ELASTICITY� DAMPING� FRICTION� ETC	 AND ACTUATING EXTERNAL
WRENCHES ��F τ 	4 IN FIGURE �	� !S A RESULT OF THIS FORCE BALANCE� THE CONTINUUM MANIPULATOR WOULD SHAPE ITSELF
TO A MINIMAL ENERGY CONFIGURATION� 4HEREFORE� MODELS THAT CONSIDER STATIC ;���n���= AND DYNAMIC ;����
���n���= APPROACHES FOR CONTROLLER DESIGN ARE PARTICULARLY EFFECTIVE� .EVERTHELESS� KINEMATICS ;��= AND
DIFFERENTIAL KINEMATICS ;���= APPROACHES HAVE ALSO BEEN INVESTIGATED AND MAY BE OF GREAT INTEREST FOR SENSING
�SEE SECTION ���	�

-ODELLING TECHNIQUES FOR CONTINUUM ROBOTS CAN BE DIVIDED INTO� CLASSICAL METHODS �SUCH AS #OSSERAT ROD
THEORY ;��=� CONSTANT CURVATURE ;��=� RIGID LINK MODELS ;���� ���=	� COMBINED METHODS ;���� ���� ���� ����
���=� AND EMERGING TECHNIQUES ;���� ���=�

������ #LASSICAL METHODS
4HE CLASSICAL METHODS APPLIED TO MODELLING OF CONTINUUM ROBOTS CAN BE SUBDIVIDED IN TERMS OF STRICTNESS OF
THEIR ASSUMPTIONS� )N PARTICULAR� #OSSERAT ROD THEORY AIMS AT SOLVING THE STATIC EQUILIBRIUM OF THE MANIPULATOR
FULLY �FIGURE ��A		 WITHOUT SIMPLIFYING ASSUMPTIONS� �PIECE
WISE	 CONSTANT CURVATURE MODELLING ASSUMES THE
ROBOT SHAPE FITS THE ARC OF ONE OR MORE CIRCLES �FIGURE ��B		� AND RIGID
LINK ASSUMPTION WOULD SUBDIVIDE THE
ROBOT INTO �INFINITESIMAL	 RIGID LINKS �FIGURE ��C		� 4HESE TECHNIQUES LISTED WITH INCREASING STRICTNESS OF
ASSUMPTION AND CONSEQUENT EASE IN DESCRIPTION LEAD TO RELATIVE PROS AND CONS� DESCRIBED IN THE FOLLOWING�

#OSSERAT ROD THEORY
#OSSERAT ROD THEORY DOES NOT UNDERGO SPECIFIC ASSUMPTIONS AND IS� THEREFORE� AN EXACT SOLUTION TO THE STATICS
OF THE CONTINUUM ROBOT �SEE FIGURE ��A		� 4HIS APPROACH CONSISTS OF SOLVING A SET OF EQUILIBRIUM EQUATIONS
BETWEEN THE POSITION� ORIENTATION� INTERNAL FORCE AND INTERNAL TORQUE OF THE ROBOT ;���=�

��
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$ESPITE THE EXACT SOLUTION GIVEN� IT SUFFERS FROM DRAWBACKS THAT PROHIBIT WIDE USE� 4HERE ARE DIFFICULTIES IN
EXTENDING TO DYNAMICS SINCE IT WOULD INVOLVE THE SOLUTION OF A SYSTEM OF PARTIAL DIFFERENTIAL EQUATIONS ;���=�
-OREOVER� THE SOLUTION OF THIS APPROACH IS TO BE COMPUTED NUMERICALLY� LEADING TO HIGH COMPLEXITY AND
COMPUTATIONAL EXPENSE AND A LACK OF A CLOSED
FORM SOLUTION�

#ONSTANT CURVATURE
#ONSTANT CURVATURE MODELS ARE BASED ON THE ASSUMPTION THAT THE CONTINUUM ROBOT DEFLECTS AS ARCS OF A CIRCLE�
AS REPRESENTED IN FIGURE ��B	� 4HIS CONSTITUTES A SIGNIFICANT SIMPLIFICATION WHEN COMPARED TO #OSSERAT 2OD
AND LEADS TO POSSIBLE ANALYTICAL SOLUTIONS FOR KINEMATICS ;���=� STATICS ;���= AND DYNAMICS ;���=� )N FIGURE
��B	� WE REPRESENT PIECE
WISE CONSTANT CURVATUREMODELLING� I�E� THE ROBOT IS MODELLED AS A SERIES OF LINKS THAT
CAN DEFLECT WITH CONSTANT CURVATURE� !SSUMING CONSTANT CURVATURE ONLY� EVEN IF WIDELY USED� IS MORE
RESTRICTIVE�

%VEN IF PIECE
WISE CONSTANT CURVATURE MODELLING MAY CONSTITUTE A VALUABLE TRADE
OFF BETWEEN THE
COMPLICATIONS OF #OSSERAT ROD THEORY AND THE ASSUMPTIONS OF RIGID
LINK MODELS� MOST OF THE LITERATURE HAS
FOCUSED ON THE SINGLE CONSTANT CURVATURE ;���� ���= WITHOUT EXPLOITING THE LARGER GENERALIZATION PROVIDED BY
COMBINING CONSTANT CURVATURE SEGMENTS ;���� ���=� 4HIS WOULD BE OF GREAT VALUE� ESPECIALLY DUE TO THE
POSSIBLE EXTENSION TO DYNAMIC MODELLING ;���= AND THE REDUCTION OF NUMERICAL INTENSITY WITH RESPECT TO
RIGID
LINK APPROACHES�

!S UNDERLINED IN FIGURE ��B	� ONE OF THE DRAWBACKS MAY BE CONSTITUTED BY THE LACK OF COMPLIANCE TO THE
CONSTANT CURVATURE ASSUMPTION WITH POSSIBLE CONSEQUENT DEVIATION FROM THE REAL ROBOT�S BEHAVIOUR�
%XTENSION TO THE POLYNOMIAL CURVATURE CASE HAS ALSO BEEN RECENTLY PROPOSED ;���=� (OWEVER� FURTHER
EXPERIMENTAL ANALYSIS AND DISCUSSION OF ITS APPLICATION IS NEEDED�

2IGID
LINK MODEL
!SSUMING A CONTINUUM ROBOT CAN BE DIVIDED INTO �SMALL ENOUGH	 SEGMENTS ;���� ���=� BEHAVING AS RIGID
LINKS �SEE FIGURE ��C		� IS A SIGNIFICANT ASSUMPTION WHEN DEALING WITH CONTINUUM STRUCTURES� 4HIS WOULD
EITHER LEAD TO BEHAVIOURS WHICH ARE FAR FROM REALITY �FEW SEGMENTS	 OR A VERY LARGE NUMBER OF VARIABLES �MANY
SEGMENTS	� %MPLOYING THE RIGID
LINK ASSUMPTION IS A USEFUL SIMPLIFICATION SINCE IT PERMITS THE USE OF
WELL
ESTABLISHED APPROACHES FOR CONTROL AND SENSING ;���=�

)N THE PRESENCE OF SENSING ;���= �SEE SECTION ���	� THE SIMPLIFICATIONS RELATED TO THE USAGE OF THIS MODEL
MAY BE MITIGATED AND COMPENSATED BY THE MEASURE OF THE ROBOT�S BEHAVIOUR� 4HEREFORE� THE DESIGNER MAY
FIND A BALANCE BETWEEN MODEL AND SENSING COMPLEXITY TO FIND AN OPTIMAL APPROACH�

������ #OMBINED METHODS
$UE TO THE CONTINUOUSLY EMERGING DESIGN� FABRICATION AND ACTUATION METHODS FOR #-S� SINGLE MODEL
APPROACHES ARE OF LIMITED USE� )N FACT� DEPENDING ON THE TYPE OF ACTUATION� MODELS NEED TO BE A COMBINATION
OF THE INTRINSIC ROBOT�S BEHAVIOUR AND ACTUATION DYNAMICS� )N THIS CASE� THE WRENCH WE PREVIOUSLY DEFINED AS
EXTRINSIC BECOMES AN INTEGRATED MODULE OF THE ROBOT�S MODEL�

,ARGE INTEREST SINCE THE EARLY DAYS OF CONTINUUM ROBOTICS HAS BEEN PAID TO BACKBONE CONTINUUM ROBOTS
;���� ���� ���� ���� ���= �SEE SECTION ���	� $UE TO THE CONTACT BETWEEN CABLES AND DISCS� SEVERAL AUTHORS HAVE
COMBINED FRICTION MODELS WITH DISCS DYNAMIC MODEL ;���� ���=� AND WITH THE CONSTANT CURVATURE MODEL
;���=�

)N THE LAST FEW YEARS� INTEREST TOWARDS MAGNETICALLY ACTUATED CATHETERS HAS SOARED ;���� ���� ���=� (ERE AN
EXTRINSIC WRENCH IS GENERATED AS A CONSEQUENCE OF THE INTERACTION BETWEEN INTERNAL MAGNETISED AGENTS� )N
GENERAL� THE CONSIDERED MODELS ARE A COMBINATION OF THE DIPOLE MODEL ;��� ���= WITH RIGID
LINK MODEL ;���=
OR WITH #OSSERAT ROD MODEL ;���� ���=� !S FAR AS THE AUTHORS ARE AWARE� COMBINATIONS WITH PIECE
WISE
CONSTANT CURVATURE MODELS HAVE NOT YET BEEN INVESTIGATED� ALTHOUGH� THEY MAY BE PROMISING� OWING TO THE
POSSIBLE EXISTENCE OF AN ANALYTICAL SOLUTION TO THE COMBINATION OF DIPOLE MODEL AND CONSTANT CURVATURE
MODEL�

������ %MERGING TECHNIQUES
4HE PREVIOUSLY DESCRIBED MODELLING APPROACHES� GIVEN THE VERY NOVEL NATURE OF CONTINUUM ROBOTS� ARE NOT
WITHOUT DRAWBACKS� 4HEREFORE� NEW PARADIGMS FOR MODELLING CONTINUUM ROBOTS HAVE RECENTLY BEEN
INVESTIGATED�

)N PARTICULAR� IN ;���= THE AUTHORS ATTEMPT TO OVERCOME THE LIMITATIONS OF CONSTANT CURVATURE MODELLING
BY SUBSTITUTING CIRCULAR CURVES WITH %ULER CURVES WHICH PROVED TO BE A BETTER FIT FOR A PNEUMATIC CONTINUUM
ROBOT� )N ;���=� THE AUTHORS EMPLOY A QUASI
STATIC APPROACH BASED ON OPTIMAL CONFIGURATIONS TAKING
INSPIRATION FROM OPTIMAL NON
LINEAR CONTROL� $ESPITE THE PROMISING RESULTS� THE LACK OF ANALYTICAL SOLUTION
AND THE DIFFICULTIES IN GENERALISING THE DYNAMIC MODELLING ARE THE MAIN DRAWBACKS OF THIS APPROACH�

��
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%VEN IF� INTUITIVELY� RESEARCH SHOULD BE DRIVEN BY THE QUEST FOR MORE AND MORE ACCURATE MODELLING
APPROACHES� ACCURACY IS GENERALLY PAID FOR WITH COMPUTATIONAL BURDEN� 4HIS EXPENSE� GIVEN THE INTEREST
TOWARDS MODELS FOR REAL
TIME CONTROL OVER SIMULATION FOR DESIGN� IS A FUNDAMENTAL PARAMETER TO CONSIDER IN
THE CHOICE AND�OR INVESTIGATION OF A MODELLING APPROACH� -OREOVER� CONTROL IS GENERALLY BASED ON BOTH MODEL
AND SENSORS �SEE SECTION ���	 AND THE AIM OF THE DESIGNER IS THE BALANCE BETWEEN THESE TWO COMPONENTS�
4HEREFORE� WE EXPECT RESEARCH TO EVOLVE TOWARDS MORE AFFINE
TO
CONTROL MODELLING APPROACHES ;���� ���=
WITH THE MINDSET OF COMPLEXITY MITIGATION�

���� #ONTROL
#ONTROL IS ONE OF THE FUNDAMENTAL ASPECTS OF ANY ROBOTIC PLATFORM SINCE IT GIVES SIGNIFICANCE TO THE
MECHANICAL PROPERTIES OF ANY AUTONOMOUS SYSTEM� )NTERESTINGLY THOUGH� ONLY �� OF RESEARCHERS SEEM TO BE
FOCUSED ON THIS TOPIC WITHIN SOFT CONTINUUM ROBOTS ;���=� 4HIS COULD BE INTERPRETED BOTH AS A CONSEQUENCE OF
THE LARGE INTEREST IN OTHER ASPECTS OF #2S� SUCH AS MECHANICAL DESIGN� OR EQUALLY RELATED TO THE VERY LIMITED
KNOWLEDGE IN TERMS OF MODELLING �SEE SECTION ���	 AND SENSING �SEE SECTION ���	� )N FACT� TO ACHIEVE ACCURATE
CONTROL� BOTH THESE ASPECTS ARE FUNDAMENTAL� EVEN THOUGH THE PRESENCE OF A HUMAN
IN
THE
LOOP 
 AS FOUND IN
MEDICAL ROBOTICS 
 MAY MITIGATE SOME SHORTCOMINGS ;��=�

4HE LACK OF ACCURATE OR APPROPRIATE SENSING MECHANISMS IN CERTAIN SITUATIONS HAS LED RESEARCHERS TO
DIFFERENTIATE BETWEEN OPEN LOOP� WHICH IS BASED ON MODEL INVERSION� CLOSED LOOP BASED ON FEEDBACK OF THE
ROBOT�S ACTUATOR� AND FEED
FORWARD AND FEEDBACK COMBINED CONTROL ;���=� $ESPITE THE EFFECTIVENESS OF THIS
PARTITION� THE LAST TWO CLASSES CAN BE GROUPED MORE GENERALLY WITHIN THE CLOSED LOOP CONTROL CLASS ;���= WITH
THEIR DIFFERENCES RELATED TO BEING MODEL
BASED AND MODEL
FREE�

#ONTROL IN CONTINUUM ROBOTS CAN BE DIVIDED INTO� KINEMATIC AND DIFFERENTIAL KINEMATIC CONTROL
;���n���=� ADAPTIVE AND LEARNING
BASED APPROACHES ;���n���=� AND WRENCH
BASED CONTROLLERS ;����
���n���=�

������ +INEMATIC APPROACHES
+INEMATIC APPROACHES INCLUDE ANY CONTROLLER THAT CONSIDERS THE INVERSE KINEMATICS OR INVERSE DIFFERENTIAL
KINEMATICS� UNDER THE CLEAR ASSUMPTION THAT ANY CONTROLLER NEEDS KNOWLEDGE OF THE DIRECT KINEMATICS� 4HE
APPLICATION OF INVERSE KINEMATICS IS THE MOST WIDELY USED APPROACH TO CONTROLLING ROBOTS AND CONSIDERED
STRAIGHTFORWARD FOR STANDARD ROBOTS ;���=� $UE TO THE HIGHLY REDUNDANT DESIGN OF CONTINUUM ROBOTS� INVERSE
KINEMATICS IS NOT PARTICULARLY EFFECTIVE ;���=� )N FACT� KINEMATICS IS GENERALLY NOT BIJECTIVE FOR REDUNDANT
MANIPULATORS AND INFINITE SOLUTIONS EXIST FOR THE INVERSE KINEMATICS ;���=� .EVERTHELESS� A LARGE AMOUNT OF
RESEARCH HAS RECENTLY FOCUSED ON LEARNING INVERSE KINEMATICS�

$IFFERENTIAL KINEMATICS ;���=� ON THE OTHER HAND� IS PARTICULARLY EFFECTIVE WITH REDUNDANT MANIPULATORS�
SINCE IT ALLOWS MULTI
TASK CONTROL ;���=� ! GOOD EXAMPLE OF SUCH CASES IS THE DUAL
ARM CONCENTRIC TUBE
COORDINATED CONTROL ;���=� !SSUMING THE DIFFERENTIAL KINEMATICS TO BE KNOWN WITH SUFFICIENT ACCURACY CAN BE
A RELATIVELY STRONG ASSUMPTION GIVEN THE MODELLING APPROXIMATIONS DESIGNERS ARE FORCED INTO� 3ATISFACTORY
ACCURACY MIGHT NOT THEREFORE BE ASSURED� 4O OVERCOME THIS LIMITATION� ADAPTIVE APPROACHES HAVE BEEN PROVED
EFFECTIVE IN SOME SCENARIOS�

������ !DAPTIVE AND LEARNING APPROACHES
4O DEAL WITH PARTIAL KNOWLEDGE OF THE ROBOTS �DIFFERENTIAL	 KINEMATICS� SOME AUTHORS HAVE STARTED INVESTIGATING
ADAPTIVE AND LEARNING APPROACHES� WHICH ARE AIMED AT COMPENSATING FOR MODELLING APPROXIMATIONS WITH DATA
GATHERING� 4HESE APPROACHES CAN BE SUBDIVIDED INTO MECHANICAL ADAPTATION METHODS AND LEARNING
BASED
METHODS� 4HE FORMER ARE GENERALLY BASED ON SOME APPROXIMATED MATHEMATICAL MODEL FOR THE MANIPULATOR
AND AIM AT REAL
TIME ADAPTATION OF THE APPROXIMATIONS� THE LATTER ARE DATA
DRIVEN MODELLING APPROACHES�

!DAPTIVE APPROACH
4HIS APPROACH IS GENERALLY APPLIED TO APPROXIMATED MODELS� WHOSE INACCURACIES CAN BE MITIGATED BY THE
PRESENCE OF A FEEDBACK LOOP� 4HE PROBLEM IS TACKLED AS THE ESTIMATION OF THE MECHANICAL PARAMETERS IS DONE
ON
LINE� )N PARTICULAR� THE APPROACH IN ;���= DESCRIBES THE ROBOT�S POSE AS A &OURIER SERIES EXPANSION AND A
RECURSIVE LEAST SQUARE APPROACH IS APPLIED TO UPDATE THE PARAMETERS� -ORE SATISFACTORY RESULTS WERE FOUND BY
APPLYING A LOCALLY WEIGHTED PROJECTION REGRESSION� BY APPROXIMATING THE MODEL WITH A COLLECTION OF LINEAR
MODELS AND ADAPTATION PERFORMED BY MEANS OF A STOCHASTIC GRADIENT DESCENT APPROACH ;���=�

! DIFFERENT APPROACH HAS BEEN RECENTLY PRESENTED IN ;���=� WITH THE APPLICATION OF A MODEL
FREE ADAPTIVE
CONTROLLER BASED ON VISUAL SERVOING� !NOTHER APPROACH CONSIDERS THE ADAPTIVE OBSERVER OF A +ALMAN FILTER
;���=� DESIGNED TO ESTIMATE THE *ACOBIAN MATRIX OF THE MANIPULATOR� (OWEVER� THE MODEL OF STATE EVOLUTION IS
RELATIVELY SIMPLE AND DOES NOT CONSIDER THE MATHEMATICAL PROPERTIES OF THE *ACOBIAN MATRIX�

��
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,EARNING APPROACH
-ORE RECENTLY� MODELLING AND CONTROL BASED ON MACHINE LEARNING METHODOLOGIES HAS GAINED MUCH INTEREST
AMONGST THE ROBOTICS COMMUNITY� 4HESE METHODS� AS WITH THE PREVIOUSLY MENTIONED ADAPTIVE COUNTERPART�
HAVE THE COMMON AIM OF AVOIDING COMPLEX AND APPROXIMATED ANALYTICAL MODELS� )N PARTICULAR� CONTRIVED
MECHANICAL RESPONSE MODELS CAN BE REPLACED WITH DATA
DRIVEN MODEL
FREE SIMULATIONS� %XAMPLES OF SUCH
STRATEGIES APPEAR IN ;���= WHICH USES A MULTILAYER PERCEPTRON WITH A SINGLE HIDDEN LAYER� THE MULTILAYER
NETWORK EMPLOYED IN ;���� ���= AND A MODIFIED %LMAN NEURAL NETWORK AND 'AUSSIAN MIXTURE MODEL IN
;���=� $ESPITE SOME PROMISING RESULTS AND THE RECENT SURGE IN THE APPLICATION OF LEARNING TECHNIQUES TO
ROBOTICS� A LIMITATION OF THESE METHODS IS THE BLINDNESS TO REAL MECHANICAL INTERACTIONS� 4HIS LACK OF PHYSICAL
SIGNIFICANCE ENDORSES A LACK OF UNDERLYING PHYSICAL COMPREHENSION� THIS IN TURN CAN PRODUCE AN UN
AUDITABLE
SYSTEM AND MAY LEAD TO POTENTIALLY HAZARDOUS UNDETECTED INACCURACIES�

������ 7RENCH
BASED APPROACHES
3INCE THE ACTUATION OF A CONTINUUM ROBOT CAN BE GENERALLY RELATED TO THE INTERACTION BETWEEN THEIR FLEXIBLE
STRUCTURE AND ACTUATING �EXTERNAL	 WRENCHES �SEE SECTION ��� FOR MORE DETAILS	� SOME AUTHORS HAVE TACKLED THE
CONTROL PROBLEM BY DIRECTLY CONTROLLING THE ACTUATING WRENCH� 3OME EXAMPLES ARE THE STATIC APPROACHES IN
;���� ���� ���= AND DYNAMIC APPROACHES IN ;���=�

!S AN OUTCOME OF THIS VISION� DUE TO THE REDUNDANT NATURE OF CONTINUUM ROBOTS� COMPLIANCE�STIFFNESS
;���� ���= AND TASK
SPACE FORCE ;���= CONTROL HAVE BEEN INVESTIGATED� 4HIS IS OF PRIMARY IMPORTANCE FOR SOME
MEDICAL ROBOTICS TASKS� SUCH AS SMOOTH NAVIGATION IN SOFT ENVIRONMENTS AND PALPATION ;���=� .EVERTHELESS�
THE ESTIMATION OF A ROBOT�S FORCE IS NOT TRIVIAL WITHOUT THE ASSISTANCE OF SENSORS� 4HEREFORE� ;���= AND ;���=
HAVE INDEPENDENTLY WORKED ON THE ESTIMATION OF THE FORCE BY APPLYING A PROBABILISTIC AND DETERMINISTIC
APPROACH� RESPECTIVELY�

,ITERATURE ON CONTROL OF #-S SHOWS SIGNIFICANT INTEREST IN MODEL
BASED APPROACHES� 'IVEN THE COMPLEX
MECHANICAL BEHAVIOUR OF #-S AND THE NEED FOR SEVERAL DIVERSE AND INTERCONNECTED ELEMENTS �SEE SECTION ���	
IN THEIR DESIGN� MECHANICAL CHARACTERIZATION MAY LACK ACCURACY AND THUS INDUCE ERRORS IN CONTROL� 7E
THEREFORE ENVISAGE THAT OTHER METHODS� SUCH AS ADAPTIVE METHODS OR DEEP LEARNING� WILL BE IMPLEMENTED TO
COMPENSATE FOR THIS DRAWBACK�

���� 3ENSING
!S STATED PREVIOUSLY� ACCURATELY MODELLING #-S REMAINS A HUGE CHALLENGE� REINFORCING THE NEED TO FURTHER
DEVELOP TECHNIQUES TO IMPROVE CONTROLLABILITY� ACTUATION AND SAFETY� 2EAL
TIME SHAPE SENSING OF #-S ALLOWS
FOR MORE PRECISE AND RELIABLE MOTION CONTROL� 4O DATE THERE ARE THREE MAIN TYPES OF SHAPE SENSING EMPLOYED
IN #-S� OPTICAL SENSING� ELECTROMAGNETIC TRACKING AND IMAGING TECHNIQUES�

������ /PTICAL BASED SHAPE SENSING
/PTICAL SENSING IS BASED ON THE USE OF FIBRE "RAGG GRATING �&"'	 SENSORS WRITTEN ONTO OPTICAL FIBRES� 4HESE ARE
ABLE TO REFLECT A NARROW RANGE OF THE FULL SPECTRUM OF INPUT LIGHT DEPENDING ON THE FIBRE�S STRAIN AND
TEMPERATURE ;���=� 4HIS WAY� BY INCORPORATING SEVERAL &"' SENSORS ALONG AN OPTICAL FIBRE IT IS POSSIBLE TO
ESTIMATE THE SHAPE GIVEN THE STRAIN MEASUREMENTS AT EACH SENSOR� #ONSEQUENTLY� EMBEDDING ONE OR MORE
OPTICAL FIBRES WITH &"'S IN #-S ENABLES SHAPE SENSING OF THE DEVICE�

4HE POPULARITY OF THIS METHOD HAS BEEN INCREASING IN CONTINUUM STRUCTURES� ESPECIALLY THOSE WHICH
UNDERGO SMALL DEFLECTIONS� .EEDLES ARE ONE OF THE MOST COMMON STRUCTURES WHERE THIS SENSING METHOD HAS
BEEN EMPLOYED� .EEDLES ARE INHERENTLY STIFF� SUPPORTING A NEARLY PERFECT STRAIN TRANSFER TO THE ATTACHED &"'S�
4HREE OPTICAL FIBRES WITH TWO &"'S EACH HAVE BEEN REPORTED TO GIVE VERY ACCURATE RESULTS FOR SINGLE �$
DEFLECTIONS ;���=� (OWEVER� AS THE DEFLECTION COMPLEXITY INCREASES TO DOUBLE DEFLECTIONS ;���=� OR �$
DEFLECTIONS ;���=� THE INACCURACY INCREASES SIGNIFICANTLY� 4HE MAIN SOURCES OF ERRORS HAVE BEEN ATTRIBUTED TO A
LOW NUMBER OF SENSORS AND THEIR INACCURATE PLACEMENT DURING FABRICATION� !DDITIONALLY� THE LOCATION OF THE
&"'S HAS ALSO BEEN REPORTED TO HAVE A FUNDAMENTAL ROLE ;���� ���=�

4HIS SENSING TECHNIQUE HAS ALSO BEEN USED ON LESS STIFF STRUCTURES SUCH AS CATHETERS ;���n���= AND
ENDOSCOPES ;���� ���=� 4HESE STRUCTURES ARE MORE CHALLENGING DUE TO THE LOWER STRAIN TRANSFERS ONTO THE
SENSORS� )N FACT� PRELIMINARY WORK ON THE FIELD WAS NOT ABLE TO ACHIEVE ACCURATE RESULTS ;���= OR HAD TO BE USED
IN COMBINATION WITH OTHER SENSING TECHNIQUES ;���= SUCH AS THOSE REVIEWED HERE� 2ECENTLY �$ SHAPE
RECONSTRUCTION OF CATHETERS WAS ACHIEVED USING MULTI
CORE FIBRES ;���=�

/VERALL� USING &"'S SENSORS FOR SHAPE SENSING OF #-S IS A VIABLE SOLUTION� ESPECIALLY FOR STRUCTURES THAT
UNDERGO SMALL DEFLECTIONS� &URTHERMORE� ITS USAGE ON FORCE AND TORSION SENSING HAS ALSO BEEN DEMONSTRATED�
ALLOWING HIGHER SENSING CAPABILITIES WITHOUT THE NEED OF EXTRA EQUIPMENT ;���n���=� )TS INSENSITIVITY TO
MAGNETIC FIELDS ALLOWS ITS USAGE IN A VARIETY OF MEDICAL SITUATIONS SUCH AS -2) OR COUPLED TO MAGNETICALLY
ACTUATED DEVICES� .EVERTHELESS� THE TECHNOLOGY STILL FACES SIGNIFICANT CHALLENGES THAT HINDER ITS MAINSTREAM

��
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USE� ESPECIALLY IN HIGH DEFLECTION STRUCTURES� .OT ONLY WILL THE SENSORS GIVE LESS ACCURATE RESULTS DUE TO A LOWER
STRAIN TRANSFER RATIO BUT THEY WILL ALSO DAMAGE EASILY WHEN SUBJECTED TO SUCH STRAINS� 4HIS IMPOSES STRICT
LIMITATIONS TO THE DEVICES THAT ARE SUITABLE FOR THIS TYPE OF SHAPE SENSING� !DDITIONALLY� THE RELATIVELY HIGH COST
OF SUCH TECHNOLOGY HINDERS ITS APPLICATION IN LOW COST DEVICES� 4HE NUMBER OF SENSORS AND THEIR PLACEMENT ARE
ALSO SHOWN TO HAVE A MAJOR IMPACT ON RESULTS ;���� ���=�

������ %LECTROMAGNETIC TRACKING BASED SHAPE RECONSTRUCTION
%LECTROMAGNETIC �%-	 TRACKING USES MUTUAL INDUCTION BETWEEN A MAGNETIC FIELD GENERATOR AND A MAGNETIC
FIELD SENSOR FOR SHAPE RECONSTRUCTION� 4WO VARIATIONS OF THIS METHOD HAVE BEEN PROPOSED BASED ON THE
LOCATION OF THE MAGNETIC FIELD GENERATOR� EITHER EXTERNAL OR INTERNAL TO THE ROBOT�

%XTERNAL METHODS ARE THE MOST COMMON AND USE COMMERCIALLY AVAILABLE %- TRACKING SYSTEMS� SUCH AS THE
.$) !URORA ;���=� FOR SHAPE RECONSTRUCTION� 4HESE SYSTEMS ARE ABLE TO DETERMINE THE POSE OF SMALL SENSORS
ON A GENERATED EXTERNAL MAGNETIC FIELD� "Y PLACING THESE SENSORS ALONG THE ROBOT� THE SYSTEM IS ABLE TO
DETERMINE THE ROBOT�S POSE� 4HE USAGE OF THESE SYSTEMS FOR SHAPE SENSING HAS BEEN WIDELY DEMONSTRATED ;����
���= AND METHODS TO ESTIMATE CONTACT FORCE HAVE ALSO BEEN REPORTED ;���� ���=� $ESPITE ITS PROMISING RESULTS�
THIS METHOD IS CONSTRAINED BY THE LIMITATIONS OF THE LOCALISATION METHOD ITSELF� SUCH AS LIMITED WORKSPACE AND
VARIABLE ACCURACY WITHIN IT ;���=�

)NTERNAL METHODS ARE ABLE TO OVERCOME THESE LIMITATIONS BY PLACING THE SOURCE OF THE MAGNETIC FIELD INSIDE
THE ROBOT ITSELF� 4WO SMALL PERMANENT MAGNETS ALTERNATED WITH TWO (ALL EFFECT SENSORS ALONG A #- WERE ABLE
TO RECONSTRUCT �$ SHAPE ;���=� "Y MEASURING THE MAGNETIC FIELD AT THE LOCATION OF THE (ALL EFFECT SENSORS� IT IS
POSSIBLE TO ESTIMATE THE RELATIVE POSITION AND THEREFORE� THE DEFLECTION OF THE MANIPULATOR� 3IMILAR APPROACHES
HAVE BEEN REPORTED ;���n���= AND A COMMON LIMITATION TO THEM ALL IS THAT WITH INCREASING DEFLECTIONS� THE
ERRORS INCREASE� 4HIS IS DUE TO CROSS TALK BETWEEN THE SENSORS AND THE MAGNETS� POSING LIMITATIONS TO
MINIMUM BENDING RADII�

%LECTROMAGNETIC TRACKING SHAPE SENSING METHODS ARE ABLE TO PROVIDE FREEDOM FROM LINE
OF
SIGHT
RESTRICTIONS AND ARE RELATIVELY EASY TO INCORPORATE INTO THE ROBOT� (OWEVER� THEY ARE HIGHLY SUSCEPTIBLE TO
MAGNETIC DISTURBANCES FROM NEARBY EQUIPMENT� %XTERNAL METHODS USING COMMERCIALLY AVAILABLE SYSTEMS
CANNOT BE USED IN CONJUNCTION WITH MAGNETICALLY ACTUATED ROBOTS OR -2) APPLICATIONS ;���=� .ONETHELESS�
PROPRIETARY LOCALISATION METHODS COULD BE DEVELOPED FOR THE SPECIFIC APPLICATION AND ROBOT� SUCH AS ;��=�
)NTERNAL METHODS SUFFER FROM CROSSTALK BETWEEN SENSORS AND MAGNETIC AGENTS DURING HIGH DEFORMATIONS�
HINDERING THE RELIABILITY OF SHAPE ESTIMATION RESULTS� &URTHERMORE� THE INCORPORATION OF AN INTERNAL MAGNETIC
FIELD GENERATOR CAN IMPOSE LIMITATIONS ON THE ROBOT�S SIZE� .EVERTHELESS� ASSUMING THESE CHALLENGES ARE
ADDRESSED� THIS METHOD COULD POTENTIALLY ACHIEVE MUCH SMALLER BENDING RADII THAN &"'� FACILITATING ITS USE IN
SOFT #2S�

������ )MAGING BASED SHAPE ESTIMATION
)MAGING METHODS RELY ON CURRENT MEDICAL IMAGING TECHNIQUES TO TRACK AND ESTIMATE THE SHAPE OF #-S� 5NLIKE
THE PREVIOUS METHODS� THIS APPROACH DOES NOT REQUIRED THE INTEGRATION OF ANY ADDITIONAL SENSORS ONTO THE
SURGICAL INSTRUMENT WHICH CAN BE BENEFICIAL FROM A DESIGN AND MINIATURISATION POINT OF VIEW�

&LUOROSCOPY ;���� ���� ���= AND ULTRASOUND ;���� ���= ARE THE TWO MAIN IMAGING TECHNIQUES USED IN
SHAPE ESTIMATION OF #-S AND ENDOSCOPES� 4HE USAGE OF BIPLANE FLUOROSCOPY FOR SHAPE ESTIMATION OF
CONTINUUM STRUCTURES HAS BEEN REPORTED AND IS KNOWN TO ACHIEVE ACCURATE �$ RECONSTRUCTIONS ;���� ���=�
(OWEVER� THESE METHODS DEPEND ON BIPLANE SYSTEMS THAT ARE ASSOCIATED WITH LARGE RADIATION DOSAGES AND
COSTS� 'IVEN THE NATURE OF MONOPLANE FLUOROSCOPY� DETECTING OUT OF PLANE DEFLECTION USING IMAGING ALONE IS
NOT POSSIBLE ;���=� 3EVERAL WORKS HAVE COMBINED PLANAR IMAGING TECHNIQUES WITH TRACKING METHODS
;���n���= OR KINEMATIC MODELLING ;���� ���= HOWEVER THESE SYSTEMS TEND TO ACHIEVE LESS ACCURATE RESULTS�
3HAPE ESTIMATION OF #-S USING ENDOSCOPIC CAMERAS HAS ALSO BEEN REPORTED AND IS GENERALLY PERFORMED ON A
MARKER
BASED OR MARKERLESS APPROACH ;���� ���=� -ARKER
BASED APPROACHES REQUIRE ADDITIONAL INTEGRATION OF
COMPONENTS INTO THE DEVICE� WHILE MARKERLESS REQUIRE LARGE MANUALLY LABELLED TRAINING SETS ;���=�
&URTHERMORE� THESE METHODS ARE NORMALLY LIMITED BY THE FIELD OF VIEW OF THE CAMERA�

)MAGING BASED METHODS CAN PROVIDE RELIABLE RESULTS FOR SHAPE SENSING OF #-S� 4HERE ARE NO LIMITATIONS TO
THE MINIMUM BENDING RADII THESE METHODS CAN POTENTIALLY ACHIEVE� UNLIKE ALTERNATIVES METHODS WHICH� FOR
LARGER DEFLECTIONS� CAN BECOME ERRONEOUS� 4HEY ARE LIMITED OF COURSE BY IMAGE RESOLUTION� NOISE AND
PROCESSING TECHNIQUES� &URTHERMORE� DUE TO THEIR DEPENDENCY ON AND NEED FOR INTEGRATION WITH� HOSPITAL
EQUIPMENT� THEY MAY NOT BE READILY IMPLEMENTED�

)N SUMMARY� RECENT DEVELOPMENTS IN SHAPE SENSING FOR #-S HAS IMPROVED THEIR EFFICACY� (OWEVER� WHEN
INTRODUCING ADDITIONAL ON
BOARD HARDWARE� AS IN &"' AND %- TRACKING APPROACHES� ROBOT MINIATURISATION�
STIFFNESS� FLEXIBILITY AND DURABILITY CAN BE ADVERSELY INFLUENCED� /FF
BOARD SENSING METHODS REMOVE SUCH
RESTRICTIONS AND OF THESE� IMAGING
BASED METHODS ARE MOST PREVALENT� OFFERING POTENTIALLY PRACTICABLE

��
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SOLUTIONS TO THE SENSING PROBLEM IF SUITABLE CLINICAL INTEGRATION CAN BE REALISED� ! LESS EXPLORED BUT PROMISING
OFF
BOARD APPROACH EMPLOYS LOAD CELL SENSORS LOCATED AT THE ROBOTS PROXIMAL END FOR ESTIMATION OF TIP FORCE
AND SHAPE ;���� ���=� 5LTIMATELY� THE LIMITED ACCURACY OF FLEXIBLE AND SOFT ROBOTS� PARTICULARLY WHEN SUBJECT TO
INTERACTION FORCES� HINDERS THEIR RELIABILITY IN CLINICAL SETTINGS� -ETHODS FOR SHAPE SENSING ARE THEREFORE
ESSENTIAL TO REALISE THE FULL POTENTIAL OF MEDICAL #2S AND FUTURE DEVELOPMENT MAY ENGENDER EVER SMALLER
BENDING RADII MEASUREMENT� WHILE MAINTAINING HIGH ACCURACY AND MINIATURISATION CAPABILITIES�

�� #ONCLUSIONS AND FUTURE DIRECTIONS

-EDICAL ROBOTICS HAS SEEN REMARKABLE INNOVATION OVER THE LAST DECADES� $RIVEN BY THE NEED FOR LESS INVASIVE
PROCEDURES WHILE MAINTAINING DEXTERITY LEVELS� CONTINUUM ROBOTS HAVE ESTABLISHED THEMSELVES AS A VIABLE
ALTERNATIVE TO TRADITIONAL RIGID
LINK MANIPULATORS� 4HE RECENT COMMERCIAL RELEASES OF CONTINUUM PLATFORMS
FOR ROBOT
ASSISTED PROCEDURES FURTHER ADVOCATE THEIR FUTURE PLACE IN ADVANCED HEALTHCARE PRACTICES�

$ESPITE THE PROGRESS ACHIEVED� FURTHER ADVANCEMENTS ARE HIGHLY DEPENDENT ON CURRENT CHALLENGES ACROSS
ACTUATION� FABRICATION� CONTROL AND SENSING� !S WITH TRADITIONAL SURGICAL ROBOTIC SYSTEMS� CONTINUUM ROBOTS
ARE COMMONLY INTRINSICALLY ACTUATED USING TENDONS OR PRESSURISED FLUIDS� LIMITING THE ACHIEVABLE $/& AS THEIR
SIZE REDUCES� %XTERNAL ACTUATION VIA MAGNETIC FIELDS DOES NOT SUFFER FROM THIS SCALING ISSUE� PROVIDING A
PROMISING APPROACH FOR CONTROLLING CONTINUUM ROBOTIC DEVICES� ESPECIALLY AT THE SMALL SCALES REQUIRED FOR
MEDICAL APPLICATIONS� -AGNETIC SOFT ROBOTS MAY PROVIDE AN OPTIMAL SOLUTION AS THEY ARE ABLE TO COMBINE THE
FREEDOM IN SCALE FROM MAGNETISM WITH THE SAFE INTERACTION OF SOFT ROBOTS�

&ABRICATION AND CONTROL OF SUCH DEVICES IS CURRENTLY STILL A CHALLENGE GIVEN THE MATERIALS EMPLOYED AND THE
MAGNETISATION PATTERNS NEEDED FOR ACTUATION� (OWEVER� ALLIED TO THESE CHALLENGES IS ALSO THE POSSIBILITY FOR
MAJOR BREAKTHROUGHS� $EVELOPMENTS IN DIGITALLY
DRIVEN AND COMPUTER CONTROLLED MANUFACTURING PROCESSES
HOLDS POTENTIAL TO ALLOW AN EXCITING NEXT GENERATION OF CONTINUUM ROBOTS� WITH GREATER RESOLUTION AND
DEXTERITY� ENABLING US TO REACH AND TREAT AREAS OF THE HUMAN ANATOMY THAT MAY OTHERWISE BE INACCESSIBLE�
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!RANCIBIA . / ���� $ESIGN� FABRICATION AND CONTROL OF A

MULTI
MATERIAL
MULTI
ACTUATOR SOFT ROBOT INSPIRED BY BURROWING WORMS ���� )%%% )NT� #ONF� ON 2OBOTICS AND "IOMIMETICS
�2/")/	 PP ��n�

;���= 3INATRA . 2� 2ANZANI 4� 6LASSAK * *� 0ARKER + + AND 7OOD 2 * ���� .ANOFIBER
REINFORCED SOFT FLUIDIC MICRO
ACTUATORS *�
-ICROMECH� -ICROENG� �� �����

;���= 'REER * $� -ORIMOTO 4 +� /KAMURA ! - AND (AWKES % 7 ���� 3ERIES PNEUMATIC ARTIFICIAL MUSCLES �S0!-S	 AND APPLICATION TO A
SOFT CONTINUUM ROBOT ���� )%%% )NT� #ONF� ON 2OBOTICS AND !UTOMATION �)#2!	 PP ����n��

;���= 9ANG $� -OSADEGH "� !INLA !� ,EE "� +HASHAI &� 3UO :� "ERTOLDI + AND 7HITESIDES ' - ���� "UCKLING OF ELASTOMERIC BEAMS
ENABLES ACTUATION OF SOFT MACHINES !DV� -ATER� �� ����n�

;���= (AGA 9� -UYARI 9� -INETA 4� -ATSUNAGA 4� !KAHORI ( AND %SASHI - ���� 3MALL DIAMETER HYDRAULIC ACTIVE BENDING CATHETER USING
LASER PROCESSED SUPER ELASTIC ALLOY AND SILICONE RUBBER TUBE ���� �RD )%%%�%-"3 3PECIAL #ONF� ON -ICROTECHNOLOGY IN -EDICINE AND
"IOLOGY PP ���n�

;���= !LI !� 0LETTENBURG $ ( AND "REEDVELD 0 ���� 3TEERABLE CATHETERS IN CARDIOLOGY� CLASSIFYING STEERABILITY AND ASSESSING FUTURE
CHALLENGES )%%% 4RANS� "IOMED� %NG� �� ���n��

;���= 'IFARI -7� .AGHIBI (� 3TRAMIGIOLI 3 AND !BAYAZID - ���� ! REVIEW ON RECENT ADVANCES IN SOFT SURGICAL ROBOTS FOR ENDOSCOPIC
APPLICATIONS )NT� *� -EDICAL 2OBOTICS #OMPUTER !SSISTED 3URGERY �� E����nE����

;���= )LIEVSKI &� -AZZEO ! $� 3HEPHERD 2 &� #HEN 8 AND 7HITESIDES ' - ���� 3OFT 2OBOTICS FOR #HEMISTS !NGEWANDTE #HEMIE )NT� %DN�
�� ����n�

��

https://doi.org/10.1109/ICRA.2019.8793571
https://doi.org/10.15302/J-ENG-2015011
https://doi.org/10.15302/J-ENG-2015011
https://doi.org/10.1109/ICRA.2018.8460629
https://doi.org/10.1002/adfm.201303288
https://doi.org/10.1002/adfm.201303288
https://doi.org/10.1089/soro.2014.0022
https://doi.org/10.1089/soro.2014.0022
https://doi.org/10.1109/ROBOSOFT.2019.8722722
https://doi.org/10.1002/adma.201203002
https://doi.org/10.1002/adma.201203002
https://doi.org/10.1109/ISMR.2018.8333287
https://doi.org/10.1088/1748-3190/aa7ccd
https://doi.org/10.1088/1748-3190/aa7ccd
%20https://doi.org/10.1115/DETC2013-13004
https://doi.org/10.1109/TBME.2014.2386309
https://doi.org/10.1109/TBME.2014.2386309
https://doi.org/10.1109/LRA.2020.2972880
https://doi.org/10.1109/LRA.2020.2972880
https://doi.org/10.1109/TMECH.2019.2960308
https://doi.org/10.1109/MRA.2017.2673852
https://doi.org/10.1109/MRA.2017.2673852
https://doi.org/10.1088/1748-3190/10/3/035008
https://doi.org/10.1088/1748-3190/10/3/035008
https://doi.org/10.1109/TBME.2018.2881717
https://doi.org/10.1109/TBME.2018.2881717
https://doi.org/10.1109/ROBOT.2006.1642342
https://doi.org/10.1109/MEMSYS.2016.7421641
https://doi.org/10.1109/ICSMC.1994.400269
https://doi.org/10.1109/ICSMC.1994.400269
https://doi.org/10.1089/soro.2015.0001
https://doi.org/10.1089/soro.2015.0001
https://doi.org/10.3389/frobt.2016.00069
https://doi.org/10.3389/frobt.2016.00069
https://doi.org/10.1088/0960-1317/23/4/045012
https://doi.org/10.1088/0960-1317/23/4/045012
https://doi.org/10.1002/anie.201800907
https://doi.org/10.1002/anie.201800907
https://doi.org/10.1002/adma.201303175
https://doi.org/10.1002/adma.201303175
https://doi.org/10.1109/ROBOSOFT.2018.8404927
https://doi.org/10.1016/j.mechatronics.2011.04.005
https://doi.org/10.1016/j.mechatronics.2011.04.005
https://doi.org/10.1126/scirobotics.aan3028
https://doi.org/10.1126/scirobotics.aan3028
https://doi.org/10.1109/ROBIO.2016.7866293
https://doi.org/10.1088/1361-6439/aab373
https://doi.org/10.1088/1361-6439/aab373
https://doi.org/10.1109/icra.2017.7989648
https://doi.org/10.1002/adma.201503188
https://doi.org/10.1002/adma.201503188
https://doi.org/10.1109/MMB.2005.1548439
https://doi.org/10.1109/tbme.2016.2525785
https://doi.org/10.1109/tbme.2016.2525785
https://doi.org/10.1002/rcs.2010
https://doi.org/10.1002/rcs.2010
https://doi.org/10.1002/anie.201006464
https://doi.org/10.1002/anie.201006464


0ROG� "IOMED� %NG� � �����	 ������ 4 DA 6EIGA ET AL

;���= 3UZUMORI +� )IKURA 3 AND 4ANAKA ( ���� !PPLYING A FLEXIBLE MICROACTUATOR TO ROBOTIC MECHANISMS )%%% #ONTROL 3YST� -AG� ��
��n�

;���= (UETTEL 3 !� 3ONG ! 7 AND -C#ARTHY ' ���� &UNCTIONAL -AGNETIC 2ESONANCE )MAGING VOL � �#AMBRIDGE� -!� 3INAUER !SSOCIATES
3UNDERLAND	

;���= 3IKORSKI *� $ENASI !� "UCCHI '� 3CHEGGI 3 AND -ISRA 3 ���� 6ISION
BASED �
$ CONTROL OF MAGNETICALLY ACTUATED CATHETER USING
"IG-AG�AN ARRAY OF MOBILE ELECTROMAGNETIC COILS )%%%�!3-% 4RANS� -ECHATRONICS �� ���n��

;���= 0ETRUSKA ! * AND .ELSON " * ���� -INIMUM BOUNDS ON THE NUMBER OF ELECTROMAGNETS REQUIRED FOR REMOTE MAGNETIC
MANIPULATION )%%% 4RANS� ON 2OBOTICS �� ���n��

;���= #HAUTEMS #� 4ONAZZINI !� "OEHLER 1� *EONG 3 (� &LOREANO $ AND .ELSON " * ���� -AGNETIC #ONTINUUM DEVICE WITH VARIABLE
STIFFNESS FOR MINIMALLY INVASIVE SURGERY !DV� )NTELLIGENT 3YST� � �������

;���= #HAUTEMS #� 4ONAZZINI !� &LOREANO $ AND .ELSON " * ���� ! VARIABLE STIFFNESS CATHETER CONTROLLED WITH AN EXTERNAL MAGNETIC FIELD
���� )%%%�23* )NT� #ONF� ON )NTELLIGENT 2OBOTS AND 3YSTEMS �)2/3	 PP ���n�

;���= *EON 3 ET AL ���� ! MAGNETICALLY CONTROLLED SOFT MICROROBOT STEERING A GUIDEWIRE IN A THREE
DIMENSIONAL PHANTOM VASCULAR
NETWORK 3OFT 2OBOTICS � ��n��

;���= #HAUTEMS # AND .ELSON " * ���� 4HE TETHERED MAGNET� &ORCE AND �
$/& POSE CONTROL FOR CARDIAC ABLATION ���� )%%% )NT� #ONF�
ON 2OBOTICS AND !UTOMATION �)#2!	 �0ISCATAWAY� .*� )%%%	 PP ����n��

;���= "OSTON 3CIENTIFIC ���� 0OLARIS 8� 3TEERABLE $IAGNOSTIC #ATHETER
;���= 'RAY " , ���� ! REVIEW OF MAGNETIC COMPOSITE POLYMERS APPLIED TO MICROFLUIDIC DEVICES *� %LECTROCHEM� 3OC� ��� "����n"����
;���= 8U 4� :HANG *� 3ALEHIZADEH -� /NAIZAH / AND $ILLER % ���� -ILLIMETER
SCALE FLEXIBLE ROBOTS WITH PROGRAMMABLE

THREE
DIMENSIONAL MAGNETIZATION AND MOTIONS 3CI� 2OBOTICS � EAAV����
;���= +IM 9� 0ARADA ' !� ,IU 3 AND :HAO 8 ���� &ERROMAGNETIC SOFT CONTINUUM ROBOTS 3CI� 2OBOTICS � EAAX����
;���= 4HOMAS 4� +ALPATHY 6ENKITESWARAN 6� !NANTHASURESH ' AND -ISRA 3 ���� ! MONOLITHIC COMPLIANT CONTINUUM MANIPULATOR� A

PROOF
OF
CONCEPT STUDY *� -ECHANISMS 2OBOTICS �n��
;���= ,LOYD 0� (OSHIAR ! +� DA 6EIGA 4� !TTANASIO !� -ARAHRENS .� #HANDLER * ( AND 6ALDASTRI 0 ���� ! LEARNT APPROACH FOR THE DESIGN

OF MAGNETICALLY ACTUATED SHAPE FORMING SOFT TENTACLE ROBOTS )%%% 2OBOTICS !UTOMATION ,ETT� � ����n��
;���= ,IU # ���� &OUNDATIONS OF -EMS �ND EDN �5PPER 3ADDLE 2IVER� .*� 0RENTICE (ALL 0RESS	
;���= .ELSON " *� +ALIAKATSOS ) + AND !BBOTT * * ���� -ICROROBOTS FOR MINIMALLY INVASIVE MEDICINE !NNU� 2EV� "IOMED� %NG� �� ��n��
;���= !BBOTT * *� 0EYER + %� ,AGOMARSINO - #� :HANG ,� $ONG ,� +ALIAKATSOS ) + AND .ELSON " * ���� (OW SHOULD MICROROBOTS SWIM�

)NT� *� 2OBOTICS 2ES� �� ����n��
;���= +IM *� +IM - *� 9OO * AND +IM 3 ���� .OVEL MOTION MODES FOR �
$ LOCOMOTION OF A MICROROBOT )%%% 4RANS� -AGN� �� �n�
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