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Abstract

Soft robotics is a rapidly emerging �eld, and the demand for intelligent, compliant

actuators is on the rise. To this end, a strain gauge that can be 3D printed on

a soft substrate is required, to match this ever-evolving �eld. Conductive carbon

materials, such as carbon nanotubes (CNTs) have been previously presented as such

a material. In this project, a vapour grown carbon nano�bre (VGCNF): gellan gum

(GG) stable dispersion is produced through horn sonication, and is characterised

through electrical, mechanical and rheological testing on a dry �lm, as well as surface

morphology. The damaging e�ects of horn sonolysis is thoroughly investigated, to

understand the reduction in properties caused to the production method. A co-

dispersant, KetjenBlack (KB, a tradename for carbon black) is also added to further

reduce the resistance of the dry �lms. This dispersion is optimised and evaluated

through the same methods, and compared to a VGCNF dispersion. To produce

a �exible strain gauge, a custom 3D printer was developed to perform patterned

deposition of the dispersion. The dispersion is 3D printed onto a hydrogel substrate

(poly-hydroxyethyl methacrylate, p-HEMA) and is found to have a gauge factor

(GF) of 1.8 ± 0.2 and 0.76 ± 0.04 for one and two layers of the ink respectively,

with a higher degree of repeatability with the two layer device.

This project has attributed to the �eld of soft robotics through the production

of a 3D printed strain gauge that can be easily adapted for various substrates. It

has highlighted the damage and �lling e�ects that sonolysis can incur, and how it

should be monitored. It also contributes to the general �eld of 3D printing through

the production of a printer that can be used for multiple materials with varying

rheological properties.
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General Introduction
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1.1. CRITICAL OVERVIEW

1.1 Critical Overview

This chapter highlights important literature surrounding the development of carbon-

based �ller (CBF)-polymer based composite materials, as a free-standing material

or as an ink for 3D printing, and how these materials can easily lend themselves to

soft robotics. E�ects that need to be noted when developing such a composite have

also been outlined, such as sonication induced �lling and damaging of the CBF or

the polymer dispersant.

Soft robotics is an emerging �eld with increased interest as more research is

performed into the development of actuators, however there is still a lot to be desired.

One such property is the ability for the actuators to sense how far they have actuated.

This can be overcome through a strain gauge printed on top of the actuator, which

is measured through an external circuit also controlling the actuation.

In order to develop these strain gauges, a carbon-based ink is required. The

�rst paper presented shows the development of such an ink. This ink was produced

using vapour-grown carbon nano�bres (VGCNFs) dispersed into a solution of gellan

gum (GG). As presented, it shows the e�ciency of GG as a dispersant, and that a

VGCNF sample shows comparable properties to that of multi-walled carbon nan-

otubes (MWCNTs) but for a fraction of the cost. It then shows how this ink can be

used in a variety of electrical applications.

A method of measuring the electrical properties of the samples was required,

and thus the second paper is presented. Within this paper, the production of an

Electrical Impedance Spectrometer was developed, tested, and benchmarked. Also

presented are conductive hydrogels based on VGCNF and GG. This paper presents

an instrument capable of measuring the bulk electrical properties of both dry and

wet samples. This instrument was used to measure all electrical properties in each

paper presented.

A highly e�cient method to disperse CBFs into a solution is through horn

sonication. However, it may cause damage to all compounds and particles within a

solution, with a lot of literature emphasizing this statement. This is presented as a
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literature review contained within this chapter, as well as a study was performed on

these e�ects on the VGCNF-GG dispersions in the third paper presented. This third

paper shows the detrimental e�ects on mechanical and electrical properties, as well

as other methods such as X-ray photoelectron spectroscopy (XPS) and Raman. It

also presents an advantageous side to this damage, as it shows that it has the ability

to �ll hollow tubular Carbon nanostructures (TCNSs), such as single-walled carbon

nanotubes (SWCNTs), MWCNTs and VGCNFs, with other methods detailed in the

literature review.

For the �nal paper presented, a co-dispersion containing both VGCNFs and

KetjenBlack (KB) is optimised and characterised, as literature has indicated a co-

dispersion of carbon nanotubes (CNTs) and graphene have a synergistic e�ect. These

two materials have also shown great properties as conductors, and in being highly

e�cient dispersants into various polymers and resins, requiring very little energy

per gram of material. All of these factors can be culminated into an ink that can

be easily directly written, through extrusion printing, onto a hydrogel. This ink

will have all of the previously mentioned abilities; strain gauging, �exibility, and

versatility in printed design. This, when applied in conjunction with soft actuators,

will prove to be a major step forward in the �eld of soft robotics.
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1.2. LITERATURE REVIEW

1.2 Literature Review

Ever since the �rst machine was developed, mankind has strived to replicate the

functions of nature, and to improve on them. Hard robots, on a macro scale, have

been able to achieve this; cars can drive faster than any animal, planes can �y higher

than birds, and robots can lift more than the strongest animals. The mechanics

behind these were inspired by nature, however 'hard' robots can only achieve so much

when compared to animals. Some hindrances include their lack of ability to move

freely around complex environments [2], or performing delicate tasks such as picking

easily bruised fruit [3] or surgery [4]. To this extent, soft robotics aims to marry hard

and soft materials together, to give a hard backbone with soft, pliable actuators or

completely replace the hard backbone with softer materials at the interface.

The �rst step to achieving this goal is to develop arti�cial muscles that mimic

human ones. One of the oldest (but still relevant!) arti�cial muscles developed to

this end is the McKibben pneumatic actuator, invented by J. L. McKibben in 1950,

and later patented by R. Gaylord [5]. Its original purpose was as an orthotic for

patients with poliomyelitis. The original muscle relied on having a �exible in�atable

bladder surrounded by a sti� outer braid. When the muscle was in�ated pneumati-

cally, the braid restricted the directions that it could expand, causing the muscle to

anisotropically deform and apply force to an attached line. These types of muscles

have been used recently in human-robot interaction as an exosuit around the legs

to assist the gait of those with partial loss (Figure 1.1 a and b) [6].

McKibben muscles have since evolved from their original 1950's design, with

certain researchers altering the muscles for hydraulic actuation [8]. A recent devel-

opment to alter these muscles for the �eld of soft robotics comes from the Walsh

group, in the attempt to create a compliant glove to assist with grip strength (Fig-

ure 1.1-c) [6]. While these actuators are a step in the right direction, there are

still a lot of �aws in the actuator; they are bulky as they require an air or water

delivery system, they are not fully compliant, and they are not easy to reshape the

actuators. A softer actuator must be developed, and one that can be designed and
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Figure 1.1: Two worn robotic exosuits relying on pneumatic soft actuators for
a,b) gait assist and c) grip assist. Reproduced from [6, 7].

manipulated to �t each unique application. 3D printing has allowed bespoke devices

to be developed, lending itself to this application.

If a 3D printer is used to print a device that has the capability to actuate, this

has been referred to lately as a 4D printed actuator i.e. with respect to time, the

4th dimension. This can be as simple as printing a �exible material that is moved

by hand (such as Ninja�ex, a thermoplastic with rubber-like physical properties),

to materials that actuate with respect to an outside stimulus (temperature, pH) to

form complex shapes [9�11]. The production and �nal result for such a device can

be seen in Figure 1.2. Figure 1.2a shows how the actuator is printed, and then it's

method of actuation. In this speci�c case, the material is printed with �bres in a

prescribed orientation depending on the shape required. This is then encapsulated

with another layer of inactive material, and cured. When the sample is heated,

stretched, cooled, and then released, it is able to form various complex shapes,

(Figure 1.2c-h). Upon re-heating of the sample, it then returns to its original shape.

The materials used to develop 4D printed actuators are designed in such a way

that, as a response to an external stimulus, they deform either isotropically [12]

or anisotropically [13]. This is achieved through multiple mechanisms, including

contraction of the lattice structure or expulsion of water. To use a material like

that to produce an actuator (and not just a hydrogel that shrinks), it is printed

alongside a second material that has a much lower swelling ratio, and does not
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Figure 1.2: The development of a 4D printed actuator, showing the design
principles and possible conformations. a) shows how the actuator is produced,
and as it is printed. Two layers are printed; the �rst of which has �bres within
it in a prescribed orientation, and the second is the pure matrix. b) shows such
a sample. This printed sample is then heated, stretched, cooled, and released.
(c-h) Upon release, it assumes a shape as calculated from the �bres. Upon re-
heating, the shape returns to it's original conformation, and can be actuated again.
Reproduced from [9].

respond to stimulus. The direction of actuation and thus the �nal shape depends

on the di�erence in swelling ratios of the two materials, and how they are patterned

[14]. In order to produce an actuator to meet all situations, a material that can

have di�erent properties depending on the make or concentration is required. To

this extent, hydrogel actuators have seen a lot of use in soft robotics. They also

have the added bene�t to be able to match materials found in the human body.

The progression of 3D printed hydrogel actuators has been a rapid one, which

can be measured in two ways: response time and force output of the actuator. One

of the earliest hydrogel actuators was produced in 1995 by Yoshida et al., which

had a response time of 20 mins [15], which has come down to sub 10 s in recent

actuators [16, 17]. Having a ultra-violet (UV) curable material is important to 3D

printing as this allows you to deposit the material as a liquid and then, upon UV

irradiation, solidify it into a sturdy, free-standing material. One of the most common

4D printed actuating materials used is p-nIPAAm, used as early as 1996 [18], using

poly(acrylamide) (p-AAm) as the backbone (i.e. network that does not respond to

stimuli), allowing both networks to be cured through UV irradiation [19].
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A lot of current research has been placed into soft robotics, so much so that

journals have started to appear solely for soft robotics. One such journal aptly

named Soft Robotics (published by Mary Ann Liebert publishing) with the �rst

volume published in July 2013 with a current impact factor of 6.130 (accurate as of

July 2016). The need for a journal for this speci�c �eld indicates the growth of the

�eld of soft robotics.

Current issues with soft robotics lie in that the materials are quite hard to ac-

tuate, requiring either a water bath (for pH/temperature change) or compressed

air/liquid, and they are not 'smart', i.e. the actuators have no measurable response

proportional to how far it has actuated. Both of these issues can be overcome by

adding intelligence or external sensing to the material, and through Joule heating

to cause actuation. This problem has been tackled previously through sensing ma-

terial property changes, such as capacitance in a piezoelectric actuator [20, 21] or

back-EMF for electromagnetic actuators [22]. These approaches, however, require a

speci�c actuator to be used and designed, and cannot be applied to any soft actuator

as required. The development of a universally applied sensor, such as a strain gauge

designed for sensing of hydrogel actuators, would further the development of soft

robotics.

These sensors also have another, very powerful, use for soft robotics, which is

sensed human actuation. As seen above in Figure 1.1, robotic-human interaction

is on the rise, however both of these devices do not react to the human body.

The gait assisted exosuit has the arti�cial muscles timed in with a standard gait

and actuates appropriately, not allowing for any changes or abnormalities, and the

glove is actuated through the push of a button. With proper human-sensed robotic

actuation, a doctor could perform remote surgery using a glove laden with sensors

to pick up their every movement, which is then tied to a soft robot in the operating

room. In order to make this a reality the sensors would need to be quite accurate,

and the actuating materials would need to give feedback. Human-based sensors

are a large area of research, to attempt to sense human movement as accurately
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as possible [23, 24], with feedback being as simple as strategically placing pressure

sensors on the soft robot [25].

1.3 Carbon-Based Fillers

Various CBFs have been used over the years as a supplemental material to produce

strong, tough, or electrically conductive composite materials [26�28]. This is due to

the outstanding mechanical and electrical properties that various CBFs o�er, both

on their own an in composite materials. Due to these factors, CBF are the main

method that will be used to produce the required ink for strain gauging. The �ve

CBFs that shall be reviewed are; CNTs (SWCNT, double-walled carbon nanotube

(DWCNT), and MWCNT), carbon nano�bres (CNFs), graphene, and carbon black

(CB). The structural di�erences between SW, DW, MW CNTs and CNFs can be

seen in Figure 1.3.

Figure 1.3: transmission electron microscopy (TEM) micrographs of a typical
a) SWCNT, b) DWCNT, c) MWCNT and e) typical VGCNF. A schematic rep-
resentation is given in (d) of the "cup-stacked" VGCNFs, resulting in a hollow
core. a-c) Adapted with permission from [29], copyright 2006 the Royal Society of
Chemistry and d,e) with permission from [30], copyright 2007 the Royal Society
of Chemistry.
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1.3.1 Carbon Nanotubes

Carbon nanotubes are well-known, 1D nanostructures, which are comprised of single,

double, or multiple coaxial layers of rolled graphene [31]. The synthesis method and

conditions greatly a�ect their structural characteristics such as number of layers,

length and diameter distribution [32]. For example, the arc discharge synthesis

method can be used to produce MWCNT with an inside diameter as small as 0.4

nm [29] and an outside diameter of up to 200 nm [33]. It has been shown that the

inside diameter of MWCNTs produced using catalytic chemical vapour deposition

(CCVD) is proportional to the size of the metal catalyst used during production

[34]. Their high speci�c surface area (SSA) of 1315 m2 g-1 [35] makes MWCNTs an

ideal material for application in hydrogen storage [36], capacitors [37] and sensing

[38].

Initially, both DWCNTs and MWCNTs were discovered at the same time, as

the one method was yet to be re�ned and produced CNTs with a variety of walls

and sizes [39]. These were produced through low pressure, high voltage arc dis-

charge evaporation of carbon in an argon environment. Although DWCNTs were

�rst imaged in 1991, they did not start to �nd common use until this process was

further re�ned in 2005 to produce pure DWCNTs [40]. SWCNTs were discovered

later during investigations into the �lling of MWCNTs with iron and cobalt [41,

42]. Rather than producing a �lled MWCNT (as expected), the metals acted as a

catalyst to create a nanotube with a single wall. Similar to MWCNTs, the physi-

cal properties (inside diameter, length, degree of graphitization) of SWCNTs vary

with the production method [43]. For example, during the synthesis of SWCNTs

using pulsed laser vaporisation (PLV), the temperature of the deposition chamber

was used to in�uence the average inside diameter range. It was demonstrated that

at 780 ◦C the average diameter was 1.0 nm, whereas at 1000 ◦C the average diameter

increased to 1.2 nm [44]. PLV has also been used to produce large quantities of pure

SWCNTs and MWCNTs [45]. Other research showed that applying a magnetic �eld

had a large e�ect on the size of the SWCNTs [46�49]. The SSA of the SWCNTs can
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be between 124 and 1024 m2 g-1 depending on the production method used by the

various manufacturers [50]. Arc discharge has also been used to produce bundles of

SWCNTs with a yield of up to 90 % [51]. This technique is now one of the more

common production techniques, in addition to CCVD.

Each of these di�erent materials have their own strengths and advantages when

used as a dispersant. SWCNTs boast the most impressive electrical and mechanical

properties, however they are harder to disperse in large concentrations when com-

pared to MWCNTs [52]. DWCNTs have the added advantage of maintaining many

of the properties of SWCNTs (such as thermal [53, 54] and mechanical [55, 56]), but

are more chemically resistant [57]. This is because the second shell of carbon can be

damaged without damaging the entire structure. MWCNTs boast very comparable

properties to both SWCNTs and DWCNTs when in a composite material, but at a

much cheaper cost ($1575, $1585, and $160 per gram for SW, DW, and MWCNT,

respectively, Sigma Aldrich Australia, prices true as of November, 2016), and are

much easier to disperse [58].

1.3.2 Carbon Nano�bres

CNFs, when compared to CNTs, are larger (≈ 100 nm outer diameter), cylindrical,

carbon structures that have multiple possible structures. In order to ease the com-

plexity that surrounds all of these possible structures, the nomenclature proposed

by Suares-Martinez et al. shall be used for the most part [59]. The structures that

have been observed include: hollow- and �lled-core, stacked nanocones; partitioned,

stacked nanocones; and partitioned nanotubes. The �lled-core, stacked nanocone

structure consists of bowed sheets of graphene, which are stacked to produce a cylin-

drical, solid structure [30, 60]. Another morphology of CNF is produced by catalytic

thermal chemical vapour deposition using a �oating catalyst, henceforth referred to

as VGCNFs [61], however they are also commonly referred to as graphitic carbon

nanotubes (GCNTs). This technique can be used to produce partitioned, stacked

nanocones or partitioned nanotubes. VGCNFs are produced (depending on the
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structure of the catalyst) with a hollow interior cavity [62] and have been shown

to consist of two primary structures, single layer and double layer. The internal

arrangement is the same for both structures, that is, a series of parallel graphitic

layers at an angle of 4-36 ◦relative to the hollow core. The double layer CNFs have

an additional second layer (outside the angled layer) consisting of multiple sheets of

graphene, which are aligned parallel with the core [43, 63]. Since it has been shown

that thermal treatment between 1300 ◦C and 1700 ◦C leads to improved electrical

and mechanical properties, VGCNFs are typically heat treated [64].

Typical dimensions of CNFs are: outside diameters of up to 200 nm, inside

diameters of 12.5 nm (single layer) or 22 nm (double layer), and lengths of up to

20 µm [61, 63]. The SSA depends on the degree of heat treatment. For example,

a SSA of 37 m2 g-1 results from heat treatment at 1200 ◦C and is reduced to 15

m2 g-1 after heat treatment at 2800 ◦C. Pyrolitic stripping can also be performed

on as-grown nano�bres to remove unreacted polyaromatic hydrocarbons that may

have fused onto the surface of the VGCNFs. This has been shown to increase the

SSA from 20 m2 g-1 to 62 m2 g-1 [65]. Even higher values (348 m2 g-1) have been

reported when using a metal catalyst and C3H8 decomposition [66]. Due to their

unique internal structure, there has been signi�cant interest in the �lling of CNFs

for the alignment of atoms [67, 68],

Figure 1.3 shows the morphological di�erences between a typical DWCNT,

MWCNT and a typical VGCNF. Due to their large (average) inside radius, VGCNFs

have a larger inside area as compared to SWCNTs and MWCNTs of the same length.

The main interest in the �lling of VGCNFs comes from their unique angled structure:

the slight angle produces internal �shelves�. This unique structure is clearly visible in

the microscopy image (Figure 1.3e) and the schematic representation (Figure 1.3d).

Typically, SWCNTs boast the best properties, both electrically and mechani-

cally, however this is o�set by their high cost ($1575 per g, Sigma Aldrich Australia,

accurate as of November 2016) and the di�culty to disperse (high dispersion times,

low comparative amount able to be dispersed) tends to see SWCNTs used less of-
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ten. MWCNTs are cheaper again ( 160 per g, Sigma Aldrich Australia, accurate as

of November 2016), but are still expensive on an industrial production scale, but

boast similar electrical and mechanical properties to that of SWCNTs. VGCNFs

are cheaper again (≈ 56 c per g, Pyrograf Products, Inc., accurate as of November

2016) with properties similar to that of both SWCNTs and MWCNTs, however the

ease of dispersing (and thus, the amount that can be dispersed) is the highest [52].

1.3.3 Graphene

Next to CNTs, graphene is one of the most widely used carbon-based �llers, for

much the same reasons. Graphene is derived from graphite, which is multiple layers

of graphene stacked on top of each other, bonded through π-π stacking of the sp2

carbon atoms. Graphite has been produced since the 1800's [69, 70] and its structure

was �rst discerned in 1962 [71], however graphite had unremarkable properties as a

dispersant, and so it was forgotten. After the success of CNTs, there was a lot of

research going in to producing single-layer sheets of graphene, and this was �nally

achieved in 2004 by Novoselov et al. [72]. This work won Novoselov and Geim the

Nobel Prize in Physics in 2010. Since then, a signi�cant amount of research has

been put towards various e�cient methods of separating graphene sheets.

There are multiple methods to develop single sheets of graphene; micromechan-

ical cleavage [73�75], chemical synthesis [76, 77], in-situ growth [73], and chemical

exfoliation through graphene oxide [78�81]. Chemical exfoliation is currently the

most widely used method, which involves chemically converting the graphene to

graphene oxide. This would disrupt the π-π stacking (due to the presence of oxygen

or hydroxy group), and would weaken the graphite. This is typically mechanically

exfoliated, through a process such as ultrasonication, to produce individual sheets of

graphene oxide. These sheets are then reduced back to graphene through chemical

treatment [82, 83].

Each method mentioned has its' own advantages and disadvantages. Chemi-

cal synthesis of graphene shows the most promise, as it produces chemically pure
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graphene, however it is currently quite slow and ine�cient, only capable of producing

grams at the highest end [84]. Currently, reduced graphene oxide (r-GO) presents

the majority of graphene used, as it is quite easy to produce large amounts, and

graphene oxide before reduction is easy to disperse in aqueous systems and can be

rapidly reduced, making it easy to apply to many situations. It is known for CNTs

and Buckyballs that it is the unique arrangement of carbon atoms that grant it the

incredible electrical, mechanical, and thermal properties, and r-GO has �aws in the

structure that compromise these properties [85, 86]. It still boasts amazing electrical

properties (85 S cm-1 [87]) and mechanical properties (ultimate tensile strength of

130 GPa [88]) despite being 1 atom thick.

1.3.4 Carbon Black

Carbon black is a material that has been around since the Pharaonoic period of

Egypt, which dates around 3200 BC, and was found in black inks used on papyrus

[89]. The method to create carbon black then was to partially combust organic

materials, then collect the remaining material and stabilise it in a liquid with gum

arabic, a polysaccharide. This method has since been re�ned, as it was found that

these compounds contained a lot of polyaromatic hydrocarbon (PAH) impurities,

and is more closely related to soot. Carbon black, on the other hand, tends to have

less than 0.25 % organic compounds [90].

The two primary methods of producing carbon black are through the processes

furnace black and thermal/lamp black. Furnace black decomposes heavy aromatic

oils in a hot gas stream, in a controlled manor to achieve speci�c particle sizes.

Thermal black converts natural gases into carbon black atoms by heating the gases

up in a furnace void of oxygen, to produce carbon black and hydrogen o�-gas. This

o�-gas is then used to pre-heat another batch of natural gas to convert [91].

Carbon black has an aciniform morphology, that is, a 'grape-like' morphology.

This can be seen in Figure 1.4. Carbon black boasts a lot of powerful properties

similar to that of CNTs and for the same reasons; high surface area, high conductiv-
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ity, and show mechanical reinforcement in composite materials. Carbon black has a

typical diameter of between 80 and 800 nm [92, 93] and a conductivity of 1.25 to 5

S cm-1 [94], however it is quite hard to obtain a precise size due their morphology

and inconsistency during production.

Figure 1.4: A TEM micrograph showing carbon black. Reproduced from [95].

There are multiple di�erent producers and forms of carbon black, but one of

the most conductive, easiest to disperse, and with the highest SSA has the trade

name KetjenBlack, produced by AkzoNobel. Within the Ketjenblack selection of

KB, they come in multiple formats, such as a powder, pelletised, or pre-dispersed in

a polymer. As the only forms of Ketjenblack that can be dispersed are the powders

(both pelletised or not), the other types have been omitted, and a summary of the

physical properties of the remainder can be seen in Table 1.1.

The form that has been chosen in this study is the EC-600JD. This was chosen

for several reasons. The �rst of which is the low concentration required for a per-

colated network. According to the manufacturer in the material speci�cation, this

is typically at 4 - 5 % wt (Table 1.1) with most researchers reporting up to 5 wt%

loading [96, 97]. The second reason is the physical form it comes in. Using pelletised

carbon powder makes handling a lot easier, safer, and easier to disperse. This is due

to the fact that a lower density material, or one that has not been pelletised, tends

to have a large volume, making it harder to completely submerge in the dispersant.

Low density materials that have not been pelletised also carry a much greater risk

of inhalation, and thus respiratory conditions may arise. This is overcome using a

pelletised form. However, these pellets must be broken up either before or during
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Table 1.1: A table detailing the di�erent forms of Ketjenblack. Recreated from
manufacturer's details.

Product
Name

Ketjenblack
EC-300J

Ketjenblack
EC600-JD

Ketjenblack
EC-600JD

Physical form Soft pellets Soft pellets Very �ne powder

Description Superconductive
black with very
high purity

Top end super-
conductive black
with very high
purity

Ketjenblack EC-
600JD in very
�ne powder form

Polymer All polymers.
Resins, coatings
and inks

All polymers.
Batteries and
fuel cells

Batteries and fuel
cells

Typical dosage
(wt%)

8 - 10 4 - 5 4 - 5

Surface area
(m2 g-1)

800 1400 1400
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dispersion, as they are tightly compacted to increase density. It is also the cheapest

CBF, at only 23 c per g (AkzoNobel, accurate as of January 2016).

All of the discussed CBFs, and others, show strong properties as a particle.

However, due to their size (typically in the nano-scale), they are currently not very

useful in this form. For this reason, in order to harness their excellent mechanical

properties and ultra-low resistance on a micro or macro scale, they are added as a re-

inforcing agent in composite materials. This has been used to achieve high electrical

[98�100] or thermal [101] conductivity, use as an electromagnetic interference (EMI)

shield [66], mechanical reinforcement [102], or have been used to add 'intelligence'

or sensing to a material [23, 103, 104].

1.4 Gellan Gum

The biggest drawback of CBFs is their hydrophobicity, and thus require a dispersant

to disperse them into an aqueous system. Gellan gum (GG) has been proven to be

a highly e�cient dispersant of both CNTs [100, 105] and CNFs [52], requiring very

litte sonication energy per unit mass to disperse into an aqueous liquid. There are

some unique properties of GG that make it ideal for this purpose, and make it ideal

for designing an extrudable ink with modi�able rheological properties.

There are many common dispersants used to disperse CBFs into an aqueous

solution, such as sodium dodecyl sulphate (SDS). GG was chosen to be evaluated

as it is a more e�cient dispersant (a stable dispersion can be created with 1 wt%

MWCNT and 0.3 wt% GG [52] as compared to a 0.5 wt% MWCNT in 2 wt% SDS

[106]), requires less energy (for MWCNT, 108 kJ g-1 in 0.3 wt% GG [52] compared

to 2700 kJ g-1 in 1.5 wt% Triton-X 300 [107]), can be used as a rheological thickener,

and the sonication degradation e�ects will be lessened on a higher molecular weight

polymer. Tsaih et al.[108] performed a study that evaluated the sonication degrada-

tion e�ects on guar (MW 25 kDa), pectin (MW 30 - 100 kDa) and xanthan (M.W.

2 - 20 MDa) gums, and found that xanthan gum was a�ected least by sonication

degredation due to its highter MW when evaluating their rheological properties.

19



CHAPTER 1. GENERAL INTRODUCTION

GG is a linear, anionic, water soluble polysaccharide that is derived from the

bacteria Sphingomonas elodea (formerly Pseudomonas elodea or Auromonas elodea

[109]). The repeating unit of the polymer is a tetrasaccharide, which consists of two

residues of G-glucose and one of each residues of L-rhamnose and D-glucuronic acid

[110], see Figure 1.5.

Figure 1.5: The chemical structure of both the (a) high and (b) low acyl form
of GG. Reproduced from [111].

One primary method for the formation of GG hydrogels is physical entangle-

ment, which can be reinforced through ionic bonding. Physically entangled GG

hydrogels are thermally reversible, albeit weaker hydrogels. Physical entanglement

was observed to occur at around 1.5 % w/w (21 ◦C). This mechanism simply in-

volves the GG chains wrapping around each other tightly, which forms the stable

hydrogel.

Adding an ionic crosslinker to these GG hydrogels removes their thermal re-

versibility, however they are mechanically stronger and tougher. Upon addition

of a cation, the solution to gel (sol-gel) transition temperature is signi�cantly in-

creased, meaning that the gel will form at a higher temperature upon cooling [112].

Monovalent, divalent, and trivalent cations can be used to produce GG-crosslinked

hydrogels, however the properties of the gels will be di�erent; namely a decrease in

mechanical properties if a monovalent cation is chosen over a divalent or trivalent

one [113]. This is attributed to the crosslinking mechanism in a GG hydrogel.

When GG is ionically crosslinked to form a hydrogel, the carboxylate ion (formed

in solution after the metal counterion dissociates, see Figure 1.5) ionically bonds

20



1.5. PROBE SONICATION AS A DISPERSION METHOD

with the added cation. This cation also ionically bonds with another GG chain,

and these two chains then form a double helix around each other. This is why it is

believed that a monovalent cation will not form crosslinks that are as strong, as it

is hypothesized that rather than forming a polyanion - cation - polyanion bond, it

is required to form a polyanion - cation - water - cation - polyanion bond [113].

GG can come with varying degrees of acylation, and as produced by CP Kelco

(the major, possibly sole large producer of GG) these are referred to as high acyl (as

produced, native) and low acyl (chemically deacetylated), which can both be seen

in Figure 1.5. High acyl GG tends to produce soft, �exible, non-brittle hydrogels,

whereas the low acyl form, in contrast to the native form, produces �rm, non-elastic,

brittle hydrogels, and has been shown to be a very e�cient dispersant of CBF [58,

100, 114, 115]. It is commonplace to mix both high and low acyl forms together to

obtain a mixture with physical properties somewhere in between both of them, as

there has been evidence of strong synergistic properties when a 50-50 mix is used

[116].

Another advantage of GGs is that it has been approved for use in foodx by

the European Union and the United States Food and Drug Administration as a

rheological thickener [117]. Due to this approval, there has been a lot of interest

in developing GG as a sca�old for cell growth [118], with documented in-vivo and

in-vitro feasibility [119].

1.5 Probe Sonication as a dispersion method

In order to disperse the CNTs and CNFs into an aqueous GG solution, a method of

mechanically mixing is required. The primary method used to achieve this goal is

sonication, through either bath [120] or probe sonolysis [121]. Using bath sonolysis

tends to have a longer mixing time with a much greater energy use (24 hour mixing

time, at 300 W), when compared to probe sonication (less than 3 hours, typically

30 mins, run at around 7 W). Probe sonication comes with a large drawback, and

that is that the method focuses all of the applied energy into a smaller proximity
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[122], and these e�ects must be taken into consideration.

1.5.1 Material Degradation Due to Probe Ultrasonication

During sonication, a lot of stress is applied to the solution, which is stretched and

compressed, creating cavitation bubbles as displayed in Figure 1.6. Two types of

cavitation bubbles are formed; stable and transient. Stable cavitation bubbles are

typically formed at lower energies (1-3 W cm�2) and their size merely oscillates

around some equilibrium size. At higher ultrasonication energies (over 10 W cm-2)

transient cavitation bubbles are formed, which grow in size until they reach a criti-

cal diameter (typically twice their starting diameter) and explode, applying a high

amount of energy to the surrounding. Transient bubbles are considered to be the

main source of energy during sonication.

Due to this rapid but e�cient application of energy, every compound that is at

the point of sonication undergoes high levels of shear stress. The negative e�ects

has been well documented [1, 124], however if monitored properly can be used quite

advantageously. Within a system such as the ones above (i.e. carbon material

dispersed into a polymer) both materials are highly damaged when horn sonication

is applied.

In a polymer solution, the chain length is shortened, which alters their rheo-

logical properties [125, 126]. This has been shown to reduce both the consistency

Figure 1.6: A simple mechanism showing the creation of both transient and sta-
ble cavitation bubbles during sonication. a) represents the displacement, b) shows
the transient bubbles, c) shows the stable cavitation bubbles, and d) represents
the pressure. Adapted from [123].
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(K) and �ow (n) behaviour of shear thinning polymers [127]. If this is a desirable

property (i.e. to improve �ow) then this can be an applicable technique to achieve

such a result. In terms of 3D printing, where a shear thinning material is ideal, and

this sonication damage can be to the detriment of the �nal product.

When evaluating the sonication e�ects on a long carbon material, such as CNTs,

it has shown to reduce their average length from 3.5 µm down to 0.5 µm after brief

exposure [128]. If these materials are added to increase electrical conductivity of

the solution, then a longer CNT is desired, as this has shown to increase resistance,

and thus reduce conductivity. According to a model proposed by Huang et al.

[129], this reduction in length is due to mechanical/shearing process, as opposed to

a thermal/chemical breakdown. It was also observed that the CNTs will shorten

and eventually reach a limit, where shearing can no longer take place. This was

calculated to be:

Llim ≈ 7× 10−4d
√
σ∗, (1.1)

where d is the diameter and σ∗ is the tensile strength of the CNTs. This indicates

that a CNT with a larger diameter will be shortened further than one with a smaller

diameter. Huang et al. also propose that this indicates that various parameters of

sonication (i.e. pulse length, power level, and container geometry) will not a�ect this

length shortening, and that all CNTs exposed to sonication will eventually plateau

at Llim.

1.6 Filling E�ects of Sonolysis

It is well known that the as-produced CNTs have one end capped [130], thus in order

to achieve �lling, the CNTs must be opened. Controlled amounts of probe sonication

can be used to open sealed CNTs, however this e�ect is required to be studied and

monitored through techniques such as TEM, scanning electron microscopy (SEM),

and XPS as to not over-damage the CNT.
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The �lling of SWCNTs, MWCNTs, and VGCNFs (hereafter referred to as TC-

NSs), has attracted much interest due to their applications in gas storage (in par-

ticular H2) [131, 132], electrochemical energy storage [133, 134], battery electrodes

[61, 135], catalysis [67, 136] and nanowelding [137]. Shortly after their discovery

in 1991, MWCNTs were �lled with metals in order to create metal nanowires en-

capsulated within the CNT [41]. While this was the original inspiration behind the

�lling of TCNSs, it is still very much prevalent today. The main advantages of using

CNTs to produce metallic nanowires is that the CNTs act as a template for self-

assembly of the nanowires [138, 139] and the CNT structure can act as a protective

sheath to protect the nanowire from being damaged by chemicals in harsh condi-

tions/environments [140]. CNTs have also been used as sacri�cial templates. The

CNTs can be removed by heat treating (generally requiring temperatures greater

than 600 ◦C), thereby leaving the metal structures unaltered and exposed [141,

142]. It has also been shown that the irradiation of a �lled MWCNT with a focused,

high energy (200 keV) electron beam results in MWCNT-Co-MWCNT junction sites

[143, 144].

There has been considerable interest in the �lling of SWCNTs and MWCNTs for

drug delivery applications, for example, tip functionalisation of the �lled CNT for

selective drug release [73, 145]. A recent review focussed on the use of CNTs �lled

with antitumour medication for use in chemotherapy and immunotherapy [146]. In

particular, they noted that the high level of selectivity (when functionalised) gave

the CNTs the ability to "seek out" and selectively deliver the contained drugs to

the tumours. The same article also discussed the potential use of SWCNTs for the

treatment of central nervous system disorders due to their ability to pass through

blood-brain barriers [147].

Selected avenues for the �lling of carbon nanotubes and nano�bres as well as

applications of the �lled TCNSs (including biomedical and catalytic applications)

are discussed in the following sections. The progression of selected TCNS �lling

techniques beginning from the earliest papers that can be found as well as how the
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techniques have adapted to modern methods and applications shall be reviewed,

which will also extend to some of the most recent papers that have been published.

The most common ex situ techniques for opening (decapping the TCNSs) and �lling

are also described in detail, as this is one of the main problems to overcome when

�lling TCNSs. The unique advantages with regards to the �lling of these two TCNSs

are also discussed, as it is important to emphasise that both serve their own, unique,

purposes.

1.6.1 Approaches for Filling Carbon Nanostructures

1.6.1.1 Opening the capped ends

Various methods have been employed with the sole purpose of opening up sealed

TCNSs. The initial work focussed on the opening of MWCNTs using bismuth in the

presence of oxygen at 850 ◦C [148]. This was then further expanded by suspending

the MWCNTs in 68 % nitric acid and re�uxing at 140 ◦C for 4.5 h [149]. This

wet chemistry method of opening MWCNTs was also attempted on SWCNTs using

a heated hydrochloric acid solution, as nitric acid was found to be too harsh for

SWCNTs. Similar to the MWCNTs, the SWCNTs were then easily �lled directly

after opening [150]. This was followed by more sophisticated methods such as oxygen

plasma treatment [151], electrochemical treatment (which was able to remove the

caps for both SWCNTs and MWCNTs) [152], heat treatment in carbon dioxide/air

[153], sonication-induced shearing [124, 154], partial opening due to puri�cation

[155], precision cutting [156] and water-assisted etching [157].

The main issue with these methods is that etching the CNTs in this way damages

their surface or alters their morphology in undesired ways (e.g. reduction in length).

Due to this challenge, much research has been focussed on producing CNTs that are

open at both ends. This has been achieved by using an anodic aluminium oxide

(AAO) �lm as a template for the thermal decomposition of hydrocarbon gases,

followed by removal of the template by etching in 46 % HF solution [158, 159].

This technique has since been re�ned to produce tailored CNTs of desired length
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and diameter [160] and to allow the template to be dissolved in NaOH (rather than

concentrated HF) [161]. This method has also been employed to produce SWCNTs

[162] and VGCNFs [163], as well as long (10 µm) MWCNTs that can be nested or

joined to create long MWCNTs [66].

There are multiple modes available to �ll TCNSs, and those that shall be out-

lined are; electrochemical �lling, functionalisation of the TCNSs, capillary suction,

vapour phase, and in situ �lling. Although it is also possible to combine more

than one technique (e.g. chemical and capillary [164]), each mode will be described

individually.

1.6.1.2 Electrochemical �lling

Electrochemical deposition on both the interior and exterior surfaces of TCNSs has

been achieved [165]. MWCNT samples decorated with gold nanoparticles on the

interior and exterior surfaces were produced by �rst functionalising the CNTs with

carboxylic acid groups [160]. This was followed by sonication of the functionalised

MWCNTs in water and application of a large (225 V) potential across two gold

electrodes [166]. This was shown to not only decorate the external surface, but also

to �ll some MWCNTs with a gold nanowire. Ordered, open MWCNTs produced

from the AAO template method have also undergone an electrochemical �lling pro-

cess with nickel-iron alloys [156]. It was shown that this technique could be used

to control the nickel/iron ratio and the amount of �lling. Electrochemical methods

have also been used to �ll TCNSs with water [167] and can take advantage of the

presence of oxygen within TCNSs applied as an electrode for Li-O2 rechargeable

batteries [168].

1.6.1.3 Filling through Functionalisation

The functionalisation of TCNSs is a proven, e�ective method to coat the exterior

[37, 169, 170] or interior [171] surface with metal particles. This method produces

TCNSs with a single-atom thick layer (plus the functional group, typically a car-
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boxylate group) of metal particles. It has been utilised to create nanoscale capacitors

with high energy storage rates, high speci�c capacitance (329 F g-1) [37, 172] in ad-

dition to high surface area electrodes [169, 170, 173]. TCNSs have also been used as

a membrane for water and gas �ltration [174]. It has been proposed that by chemi-

cally functionalising the TCNSs, the selectivity of the membrane can be adapted to

remove speci�c contaminants [175, 176]. Tip functionalisation has also been used as

a method to selectively separate various analytes [177, 178] and can be performed

at room temperature using ozone and small amounts of water vapour [179].

1.6.1.4 Capillary �lling

It is well known that a tubular structure with a high aspect ratio will have strong

capillary forces, and this is especially true for TCNSs [180, 181]. These forces

can be exploited to achieve the �lling of TCNSs. Capillary �lling was achieved by

depositing drops of metallic lead onto the external surface of MWCNTs, followed by

heat treating the sample to 400 ◦C [182]. This heat treatment removed the capped

ends and the resulting capillary action lead to the �lling of the MWCNTs through

the absorbance of the liquid lead. This process has been modelled to determine the

extent of the capillary action [183]. In addition, the e�ect of the molecular weight

of a polymer on the capillary action has also been investigated [184]. Microscopy

has been used to visualise the �lling of a MWCNT with gold via Joule heating

and capillary action [185]. A mathematical model has been developed to evaluate

the relationship between the TCNS radius, the radius of the nanoscale drop of

material used to �ll the TCNS, and the contact angle between the �ller and the

TCNS. This model successfully predicted the capillary absorption of nonwettable

nanoparticles [186] and has been employed to achieve �lling [187] as well as removal

of the encapsulated nanoparticles [188]. Sonication has also been employed to �ll

MWCNTs in solution. Sonication acted to shear the MWCNT, resulting in the

�lling of the MWCNT with the surrounding metal solution [189].

Other methods have employed focused electron irradiation to produce SWCNTs
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within the core of a �lled MWCNT. This was achieved by �rst �lling a MWCNT

with iron, cobalt, nickel, or an iron-cobalt alloy using capillary action. Following

this step, the sample was placed inside a transmission electron microscope (with the

sample stage temperature set at 600 ◦C) and subjected to electron irradiation [190].

This resulted in the growth of a SWCNT within the inner core of the MWCNT.

1.6.1.5 Vapour-phase Filling

Filled SWCNTs and MWCNTs have been achieved by exposure to a metallic vapour.

This resulted in metal nanowires within the core of the CNT [191�193]. A gen-

eral summary of this method is as follows: the as-produced SW/MW CNTs were

processed in a furnace under vacuum at a temperature that vaporizes the com-

pound/element to be �lled into the CNT. Next, a stream of the metallic vapour was

sent into the furnace. In one such study, puri�ed DWCNTs were added to an evac-

uated furnace at 400 ◦C and 10-3 Pa containing VCl3 vapour [194]. The resulting

material was then cooled to 100 ◦C for 48 h and cleaned with a HF solution. This

�lling method not only �lls the interior cavity, but also coats the exterior of the

CNTs with the vapour. Therefore, an additional cleaning step is required to remove

these species.

It is important to note that this �lling method, along with many other methods,

is not restricted to metallic �lling, although it is one of the more prevalent topics.

Botka et al.have performed multiple studies on methods to e�ciently �ll SWCNTs

with coronene [195, 196]. In both cases, the �lling was performed by �rst opening

the SWCNTs, then placing them in a furnace with coronene at temperatures of up

to 450 ◦C and at a pressure of 10-4 mbar - the ideal conditions for the sublimation

of coronene. After processing it was found that the coronene had both coated

the SWCNT, as well as �lled it. In some instances, this annealing and vapour

�lling caused a structural change in the coronene (which formed dicoronylene, the

dimer of coronene) or in the SWCNT itself (which produced a DWCNT at high

temperatures). This e�ect along with the unique structure of CNTs was exploited to
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produce linear diamondoid assemblies of adamantine within the core of the DWCNTs

using a method based on that proposed by Zhang et al.[197].

1.6.1.6 In-situ Filling

Although a signi�cant amount of e�ort has gone into developing approaches for

opening the end caps of TCNSs, some research has focussed on methods that either

�ll in-situ (during growth) or that simultaneously open and �ll. These methods

make use of the strong capillary action that exists within the nanoscale cavities.

Filled SWCNTs and MWCNTs have been produced using layered sheets of graphene,

decorated with palladium particles via arc discharge in solution [198, 199] (see Fig-

ure 1.7). This approach was able to produce �lled SWCNTs or MWCNTs, depend-

ing on the number of layers of graphene used. In addition, it has been proposed

that other metallic particles can be used. This has been demonstrated with Pd-Ag

nanoparticles on graphene sheets, however, they were not "rolled" into CNTs [19].

Figure 1.7: Schematic of a method for producing �lled SWCNTs and MWCNTs
via arc discharge in solution. Metallic palladium particles decorated the exte-
rior surface of graphene sheets, which were then processed as �lled CNTs. This
schematic was inspired by a �gure appearing in [199].

Both vapour phase �lling and in-situ �lling techniques have been combined to

produce MWCNTs that are doped with various other elements, such as phosphorous

and nitrogen, which can then later be released under high temperature conditions

[200, 201]. One method to produce nitrogen-doped MWCNTs is a modi�ed, �oating

catalyst, CCVD technique, which is most commonly used to produce VGCNFs. The
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catalyst (ferrocene) was placed into the CCVD chamber under an argon/ethylene

�ow, and melamine was used as an e�cient source for N-doping [131]. The chamber

was then heated to 950 ◦C, with an e�ective heating of the ferrocene and melamine

to 350 ◦C. At this temperature both compounds undergo sublimation. After the

puri�cation steps, it was found that the resulting MWCNTs were highly doped with

nitrogen, demonstrating yet another method to produce MWCNTs to be used as a

source of nitrogen storage. The nitrogen could be removed by heating to 700 ◦C. A

very detailed review on one-dimensional nitrogen-containing carbon nanostructures

by �iri¢-Marjanovi¢ et al. contains a very detailed list of other structures and

methods used to achieve nitrogen storage [202].

The arc discharge method was also modi�ed to produce �lled SWCNTs and

MWCNTs [203, 204]. This was achieved by �rst producing a powdered mixture

of graphite and the various metals performed in the study (YB2, YNi2, and NiB).

Next, standard arc discharge methods were utilised (25-35 V, 100 A). This method

produced �lled MWCNTs, as well as �lled, graphitic nanoparticles. This method has

been employed in conjunction with an AAO template lined with the �ller material

[205] or completely �lled with the metal [206]. Moreover, a variety of bismuth-

tin nanostructures covered by CNTs have been produced via in-situ �lling. It was

demonstrated that the MSnO2/MBi2O3 ratio was instrumental in the formation of

the encased nanostructures (nanoparticles, nanorods, and nanowires) [207].

1.6.2 Recent developments

Although several drug delivery and medical imaging applications of SWCNT and

MWCNTs have been identi�ed, this line of research has only very recently emerged

[208�210]. Further investigations into the selective binding of functional groups and

various viruses or tumours could provide for an e�ective drug delivery system for

treating various di�cult-to-treat ailments. However, e�ective CNT �lling methods

that do not negatively impact the drug require further investigation. To date, only

SWCNTs and MWCNTs have been evaluated for their use in drug delivery. Although
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potentially promising for a�ordable, targeted, drug release, VGCNFs have not yet

been evaluated. Whilst they have not demonstrated the same nanoscale interactions

as CNTs (such as crossing the blood-brain barrier, which is still under investigation),

they may have other applications on the larger scale and allow for higher drug storage

capacity.

The use of focused electron beam irradiation for the removal of the outside layers

of SW/MW CNTs has promise as an e�ective method to produce pure or alloyed

nanowires for conductive applications [211]. This, however, is also a relatively new

research �eld where very little investigation into developing a scalable method for

producing larger quantities of nanowires has been undertaken. As TCNSs have

shown promise in the �eld of tissue engineering, with further development, this

method may be used to produce channels for cell growth. Filled with appropriate

drugs and medium, TCNSs may provide a platform for the growth of various cells.

Although signi�cant research has gone into the �lling of TCNSs, possibility for

further exploration still remains. For example, most of the current methods are

harsh (i.e. employing concentrated acids, high temperature/pressure conditions)

and damage either the �ller material or the TCNS itself. In addition, the �lling

process can be complex and can require multiple steps using custom-built equipment.

These methods could be improved to provide a simple method to completely �ll the

TCNSs with the desired material, without damage to the TCNS, and in a timely

manner. Simplicity is key for scale-up to large quantities of �lled TCNSs, which is

a requirement for any commercially viable application.

TCNSs provide a unique structure with a high aspect ratio, large �lling vol-

ume, and good stability, which can be useful for many applications. For example,

it is well known that they can improve the mechanical and electrical properties of

various dispersants [101, 212�214]. However, the properties of the resulting materi-

als prepared from dispersions of TCNSs �lled with various materials have not been

fully investigated. One interesting application area is in the �eld of repair (heal-

ing) of polymer materials [199]. Traditionally crack healing, which can repair the
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detrimental e�ects of mechanical degradation and fatigue in polymer adhesives, was

primarily investigated this �eld. One application of this concept could be in the

area of polymer materials (such as hydrogels) for cartilage replacement.

Most interest in the �lling of VGCNFs is due to their unique internal structure,

which allows for the alignment of atoms along the ridges of the graphene sheets [67],

as shown in Figure 1.8. The internal structure has been demonstrated to be a good

site for the catalytic growth of nanoparticles of desired dimensions (Figure 1.8a,d).

When the nanoparticles grow too large, they simply �ow through and out of the

VGCNF, as indicated in Figure 1.8d [215, 216]. The structure of VGCNFs in the

context of �lling has not been extensively studied [194], leaving much to be dis-

covered as to how this unique internal "layering" can assist with self-assembly and

size-controlled particle growth.

Figure 1.8: (a,b,c) Transmission electron micrographs of a hollow CCVD-grown
CNF with the graphene caps indicated by the white arrows. (d) Schematic of the
structure of the CNFs with the caps as well as nucleation sites indicated by the
black arrows. (e) Transmission electron micrograph of the �lled CNFs with gold
nanoparticles. Inset: a computer generated model. Reprinted with permission
from [67], copyright 2012 Wiley-VCH.
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1.6.3 Future Prospects

The �lling of TCNSs has shown much promise regarding the synthesis of nanowires,

hydrogen storage, and drug delivery. Although most of the research has focussed on

the development of the actual methods for �lling, there are a number of biomedical

applications of these fascinating materials that remain to be explored and devel-

oped. Most of the reviewed literature relates to MWCNTs, as this material has

been extensively studied. VGCNFs are an emerging material for �lling applications,

but not all VGCNFs are suitable. For example, the VGCNFs with a "deck of cards"

morphology (i.e. a series of parallel graphene sheets stacked on top of each other

[217]) cannot be �lled due to the lack of a hollow core [60]. VGCNFs have signi�cant

promise, however, their high production cost has limited research in the past. As

research into the e�cient production of pristine SWCNTs has progressed, their cost

has correspondingly rapidly decreased, which should lead to future SWCNT �lling

applications.

1.7 Additive Manufacturing

When developing any new item, there are two approaches to the manufacturing pro-

cess; additive or subtractive. Subtractive manufacturing relies on having an excess

of the material and removing that which is unnecessary, such as a lathe. Additive

manufacturing works on the opposite principle. That is, rather than removing what

is not needed, it only adds what is required, and this is the basis for all 3D printers.

This typically involves adding material layer-by-layer, and can also be performed

through techniques such as inkjet printing and pen writing.

Additive manufacturing, as an approach, is not a new method, however it is

now being applied in all new ways to achieve what was unable to be previously, e.g.

restaurants have started to serve 3D printed food. This particular usage displays

how advanced this technique has become, as this requires the printer to work with a

variety of materials with various rheological properties. Advancements using addi-
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tive manufacturing techniques have also shown promise to be able to produce living,

implantable organs [218, 219], however this is still years from implementation.

1.7.1 Pen Writing

The basics for using a fountain pen have been around since 6th century AD, where

a quill was the primary method of writing. Writing with a quill involved simply

dipping the tip of the quill into an ink reservoir, where it was deposited on the

parchment. This was then improved in the 10th century to contain the ink reservoir

in the body of the pen [220], which was the �rst known prototype of the fountain

pen, as it is known today. A fountain (nib) pen relies on controlled leakage of the

ink within the reservoir out the uniquely designed tip and onto the substrate. This

technique has been revisited in the last 15 years to develop more complex devices

than simply writing, such as designing solar cells [221], nanoelectrodes [222], and

DNA patterning [223].

Fountain pen writing is a relatively simple technique, and the ink design re-

quirements are minimal. The only requirement is that the ink is similar to water at

a shear rate of 1000 s-1, the shear rate of standard pen writing, and is liquid at lower

shear rates, to facilitate the liquid leaking down the nib. This same principle has

been applied to an atomic force microscope to etch chrome lines 1 µm thick, with

edge sharpness of 0.1 µm [224]. However, despite a variety of research showing that

this technology can be used for �ne chemical control of reactions [224] or accurate

deposition [19, 225], the �eld of fountain pen writing has very little research.

1.7.2 3D Printing

3D printing is a rapid, additive fabrication technique that has been around since the

1980s by Hideo Kodama [226], who used a UV-hardening polymer to print the �rst

3D parts. This has since changed to favour thermoplastics for the printing process,

due to the ease at which they can be melted, patterned, and then hardened through

cooling. This iteration of 3D printer has recently gained traction in the general
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public as a method of producing bespoke parts, mostly due to the reduced cost of

printers, and increase in availability. Material, printers, and replacement parts can

now be purchased quite easily.

Typical 3D printers are designed to print thermoplastics, however in order to

print various other materials, such as hydrogels, the printer must be adapted to

allow for this new material. There are two types of extrusion methods commonly

used to achieve this; pneumatic or mechanical extrusion [227, 228].

3D printing, in its own right, has furthered device development, both in fabrica-

tion time and ability in many di�erent �elds, from medical [229, 230] to industrial

production [231, 232], with many other uses [229]. 4D printing is the next step with

this technology, as this will allow entire devices to be printed, that have the ability

to actuate.

4D printed actuators are achieved through patterned 3D printing of a material,

where the printed structure can change its shape or size, typically in heated water.

Bakarich et al. produced a fully 3D printed valve, that utilised various ionic-scovalent

entanglement (ICE) hydrogels with a commercially available gel, all of which are UV

curable [14]. The produced valve and printing of it can be seen in Figure 1.9. The

actuating hydrogel, an alginate/p-nIPAAm blend, changes its volume with respect

to the water temperature it is submerged in. The other ICE hydrogel used was

an alginate/p-AAm blend, which does not change its size or shape once swelled in

water. A third structural gel, a commercially available UV curable adhesive (Emax

904) was also used as a rigid cap. This was able to produce a fully 3D printed device,

with 4D printed actuators allowing it to control the �ow of water.

The term 4D printing has only recently been coined, with simple 4D printed

actuators showing up as recently as 2008 [233�235] without the term '4D actuator'.

It has, however, picked up a lot of movement recently, as it strongly supports soft

robotics through the production of highly adaptable and customisable actuators

made of soft materials. Many other �elds will also bene�t from this research, in

particular ones that require bespoke actuators from either hard or soft materials.
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Figure 1.9: A graphic showing a fully 3D printed valve that opens or closes
depending on the temperature of the surrounding water. a) shows the 3D printer
in operation, printing the various materials required (algnate/p-nIPAAm, E-max,
or alginate/p-AAm. b) shows the as-produced valve when submerged in 20 ◦C
water, and c) shows it in 60 ◦C water. Reproduced from [14].

Current technology of soft robotics lies with developing hard robots that are

covered in any soft material, such as hydrogels [236], most of which have biological

inspiration, such as an octopus tentacle [2] (coined as biomimetic development).

The J. Lewis research group at Harvard university have been striving to achieve

biomimetic 4D actuators, and have recently reported success in such a �eld, which

can be seen in Figure 1.10 [11] . The shape is made of a cellulose �bre reinforced

�uorescently tagged acrylamide (AAm) solution, which is then UV cured to form a

free-standing structure, as seen in Figure 1.10b. The material printed is also capable

of changing shape over time in a water bath, allowing it to be deemed a 4D printed

actuator.

Figure 1.10: a) A 3D/4D printer extruding UV-cured AAm. b) The resulting
printed shape, and its 4D actuation path. Reproduced from [11].

While this is producing a new wave of robotics, this involves developing two

di�erent mechanisms, and marrying them. This is important as trying to marry hard

materials, such as metal, with soft hydrogels comes with its own set of problems,
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deemed the 'fork through jelly' issue. Through the use of 4D printed actuators, and

speci�cally hydrogel materials, a soft robot can be produced without any of these

interfaces.

One of the main strengths to hydrogels is their highly tunable physical proper-

ties, and they can be developed to be sti� or soft, with no barrier between materials

of various toughness [237]. Research has gone into producing a squid beak, which

is a combination of both hard and soft materials, with no discernible distinction

between either material. This will allow for a unique design of soft robot where

every material used, including the actuators, are hydrogels [14].

4D hydrogel actuators rely on an active hydrogel, that expands or contracts

under various conditions, that then works against another hydrogel layer that does

not actuate [14, 238]. The most commonly used actuating hydrogel polymer is p-

nIPAAm. When p-nIPAAm is exposed to temperatures around 60 ◦C, the interstitial

water caught within the polymer network is ejected, which causes the hydrogel to

turn white and reduce in volume [239]. In order to expand to its original size, the

p-nIPAAm must then be placed into a cool (≈ 21 ◦C) water bath, where it can

reabsorb the interstitial water. This whole process can be done in as little time as

2 minutes (1 min to contract, 1 min to expand) [240]. This mechanism is the basis

behind the valve produced by Bakarich et al. as seen in Figure 1.9 [14].

Hydrogel actuators have shown a lot of promise for soft robotics [241, 242],

with 4D printing adding a lot more to the design and rapid prototyping of such

actuators. Each actuator simply requires the addition of intelligence, so that the

muscles can be accurately actuated to the required length, or the required force

output. The development and addition to a strain gauge to these actuators would

assist in �ner control of these devices. Most modern strain gauges can also be 3D

printed, which lends itself to the development of a 4D printed actuator with a strain

gauge embedded.
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1.8 Strain Gauges

Strain gauges are a patterned sensor that can detect when the pattern has been

distorted or stretched in one direction. When the device is deformed, there is an

alteration in the physical layout of the device (surface area, track length), and this

change results in a measurable property changes, such as capacitance [243, 244]

or, more commonly, resistance [23, 245]. Strain gauges are of increased interest

for human-sensed actuation for the �eld of soft robotics [23] due to their ease in

human-motion sensing ability.

For strain gauges to work in such a facility, the material needs to be patterned in

a speci�c way for heightened sensitivity, even for small strain changes. Figure 1.11

shows two types of strain gauges. Figure 1.11a-c) shows a capacitive strain gauge

that, when stretched, increases the contact surface area, while reducing the distance

between the electrodes. As the well-known equation for capacitance shows,

C =
kε0A

d
, (1.2)

where C is the capacitance, k is the relative permittivity of the dielectric between

the plates (1 for air), ε0 is 8.854×10−12Fm-1, the vacuum permittivity constant, A

is the area of the electrodes, and d is the distance between the plates. This shows

that, as A is increased and d is decreased, C will increase. When the change in

C is measured with respect to l, the strain gauge can accurately measure how far

it has been stretched in a linear direction. This can also be applied for hydrogel

capacitance-based buttons and pressure sensors for various applications, including

biomedical [246].

Figure 1.11d-e) shows a CNT based resistance strain gauge, that, when stretched,

increases the track length, which causes the resistance to increase. To explain this

variance mathematically, let ∆r be the increase in resistance across a single track

(as outlined in red in Figure 1.11d), ∆R is the change in resistance across the whole

strain gauge, and δl
l0
be the change in length. Thus,
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Figure 1.11: Two strain gauges and their patterns, displaying two that operate
by either a) capacitance, and b) resistance. As a) is stretched, both distance
between the two electrodes (denoted g) and the width (denoted w) are reduced,
with the length (denoted l) is increased. This then causes the capacitance to
increase measurably. b) shows a computer model of this strain gauge, with c)
showing SEM imaging of the strain gauge. d) shows a resistive strain gauge,
along with where it is connected. As it is strained in the direction of the tracks,
the increase in track length increases the resistance of the sample, with e) showing
SEM imaging of the surface. Reproduced from [247, 248] respectively.

∆r α
δl

l0
, (1.3)

and

∆R = Σ∆r. (1.4)

If 3 of the tracks in the strain gauge shown in Figure 1.11d) were to be removed,

this would drop the sensitivity of the strain gauge considerably. This is because the

length change would be felt by each track in the direction of strain, thus e�ectively

multiplying δl by 4. For a single track to have the same change in resistance for a

set δl, it would need to be 4 times as long. Thus, the more tracks you have, the

higher the measurable change in resistance, and the higher the sensitivity of the

sensor. The only factor that must be taken in to consideration with multiple tracks

is print resolution i.e. the width of the tracks, to ensure that they do not bridge.
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Two primary uses for strain gauges includes human-motion detection [24, 249]

and development of a humanoid robot [23], however there are many more �elds in

which strain gauges are being studied for possible use. The medical �eld has a lot of

interest in using wireless strain gauges [250] to monitor internal bodily operations,

such as intestinal muscle movements [251] and automatic dietary monitoring [252]

through the development and application of edible, or implantable, strain gauges.
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1.9 Aims

The main aim of this thesis is to develop a conductive ink to facilitate 3D printing

of strain gauges onto the surface of soft materials. This will be obtained through the

use of conductive carbon �llers dispersed into an aqueous solution using a biopolymer

with tunable rheological properties, which is then deposited through 3D printing.

The speci�c aims of this project were to:

• Design and optimize a variety of inks based on VGCNF and/or KB dispersed

in GG;

• Characterise the as-produced ink for a variety of properties, such as:

� Electrical conductivity

� Mechanical properties

� Rheological properties

� Surface morphology

• Evaluate e�ects of sonication damage on the as-prepared composite materials

through various microscopic techniques;

• Custom develop a 3D printer to pattern the inks as required;

• Fabricate and characterise a strain gauge using these inks onto a soft substrate.
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Chapter 2

Materials and Methods

Each material and method that was used throughout each ex-

perimental chapter is discussed in full. For ease of reading, all

chapters based on journal articles have had the experimental

section collated to within this chapter.





2.1. SAMPLE PREPRATION

2.1 Sample Prepration

2.1.1 Prepration of Gellan Gum solutions

GG solutions are prepared by �rst weighing out the appropriate amount of GG (low

acyl form, CPKelco, Gelzan CM, Lot # 1I1443A) into 100 mL of Milli-Q water

(resistivity ≈ 18.2 MΩ cm). This solution is then heated to ≈ 80 ◦C on a hotplate

(Stuart CB162 heat stirrer) while stirring with an overhead stirrer at ≈ 800 RPM

(IKA RW 20 Digital) for at least 30 minutes, until the solution is clear.

2.1.2 Prepration and Sonication of Carbon-Based Dispersions

To prepare a solution with CBFs, the appropriate amount of carbon material (VGC-

NFs (Pyrograf Products, PR24-LHT, Batch info: PS1345 Box 8, HT 170, diameters

up to 200 nm) or KB (AkzoNobel, Ketjenblack EC-600JD powder, partially pel-

letised)) is initially added to a 20 mL glass vial (VWR, GERR502039B22RSP00,

diameter 25 mm). 10 mL of the appropriate GG solution is then gently pipetted

in. The solution is then brie�y vortexed (IKA Vortex 3, Ident. No. 0003340000)

to ensure that all of the CBF is wetted by the solution. Horn sonolosys is then

applied to the solution (Branson Digital Soni�er, power output 6 W, 0.5 s pulse, 0.5

s between pulses) through a microtip horn (Consonic, diameter 3.175 mm) which

is held ≈ 1 cm o� the base of the glass sample vial. A water bath surrounds the

sample vial to keep the solution cool when in operation, to minimise evaporation.

In extreme cases (i.e. GG concentrations above 0.9 mg mL-1) the solution is

too viscous to allow proper sonolysis, so to ensure that the sample could still be

sonicated, it was initially heated to reduce the viscosity of the GG. This was done

by placing the sample in the sonicator as normal, however rather than using a cold

water bath, hot water (≈ 60 ◦C) was used in place of cold water. The solution was

allowed to heat for 5 minutes before sonolysis commenced.

Higher mass amounts of CBF (above 20 mg mL-1 for VGCNF, 40 mg mL-1

for KB, and 300 mg mL-1 for combined systems) proved to be quite challenging
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to sonicate, as the volume of the CBF was greater than that of the 10 mL of GG

solution. To overcome this, the CBF was lightly compressed prior to the addition

of the GG solution.

2.1.3 Prepration of Free-standing Films

Two types of free-standing �lms were produced for use; evaporative cast (EC) �lms,

and buckypaper (BP) �lms. Depending on the application, either of these �lms were

used for analysis. Both of these �lms initially required to make a CBF dispersion

to then cast into the �lm. The method used to create both of these �lms is outlined

below.

2.1.3.1 Evaporatively Cast Films

EC �lms were prepared by pouring the as-prepared dispersion into a plastic petri

dish (diameter 55 mm) and was allowed to dry under controlled conditions (21

◦C, 50 % relative humidity (RH)) in a temperature-humidity controlled chamber

(Humiditherm by Thermo Scienti�c, TRH-150-SD) for 24 hours, or until completely

dry. The resulting �lms were then carefully removed from the petri dishes to produce

free-standing �lms for analysis.

2.1.3.2 Buckypaper �lms

BP �lms were prepared by following the method as outlined by in het Panhuis [214,

253]. In brief, the as-prepared dispersions are diluted up to 100 mL with Milli-Q

water, and was then brie�y vortexed (IKA Vortex 3, Ident. No. 0003340000). This

diluted solution was then �ltered through a commercial membrane (Millipore, 5 µm

pore size, polytetra�uorethylene) under vacuum (Vacuubrand, CVC2, 30 - 50 mbar)

until all of the solution has been passed through the �lter. The membrane is then

gently removed and left to dry under controlled conditions (21 ◦C, 50 % RH) in a

temperature-humidity chamber (Humiditherm by Thermo Scienti�c, TRH-150-SD)

for 24 hours. One dried, the BP is then gently removed from the membrane to
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produce a free-standing �lm.

2.1.3.3 p-HEMA Gel Preparation

To make a 20 mL solution, initially 5 g (25 wt%) of hydroxyethyl methacrylate

(HEMA) was added to 10 mL of ethanol (EtOH) (50 wt%) along with 2 mol% of α-

ketoglutaric acid (AKG), N,N'-methylenebis(acrylamide) (MBAAm). This was then

heated to 60 ◦C, and stirred until dissolved fully dissolved. After the mixture turned

transparent and has fully dissolved all solids (≈ 10 mins), 10 g (50 wt%) of polyether-

based polyurethane (PEO-PU) was added in small portions. The �nal volume is left

on the heat stirring for 2 days, to ensure through mixing of all components. The

�nal ink is completely transparent.

To cast the gels, rubber was cut to form the required shape, and was placed

between two glass slides after injecting the ink. These samples placed under a UV

lamp (Dymax BlueWave 75 UV spot curing lamp, 75 W lamp) in a re�ective shroud

to ensure complete irradiation. The total time of irradiation was 30 mins to ensure

a complete cure.

2.2 Direct Writing of the Dispersions

2.2.1 Fountain Pen Writing

Fountain pen writing was carried out using a commercially available fountain (nib)

pen (Parker, Jotter, purchased from O�ceworks Australia) out�tted with a re�llable

cartridge. High quality photo paper (Spilman, matte, 180 g m-2) was used as the

substrate. Multiple tracks were deposited by �rstly allowing the original track to

dry before writing the second track on top. Care was taken to ensure that the second

track is placed directly on top of the �rst one.
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2.2.1.1 Circuits Produced from Fountain Pen Tracks

Circuits prepared using the fountain pen tracks as the electrodes were all drawn

on high quality photo paper (Spilman, matte, 180 g m-2). Multiple circuits were

prepared using a variety of patterns, which were connected to green LEDs (Jaycar

Electronics, Australia, diameter 5 mm, 3.5 V switch on voltage) with a 6 V power

source, connected using copper tape (3M) and silver paint (SPI, Flash-dryTM Silver

Paint) to ensure good connectivity. The resistance of the tracks in the as-produced

circuits was measured using a multimeter (Agilent 34401A) attached to the pieces

of copper tape, witout the LED present.

2.2.2 Extrusion Printing

All inks deposited via extrusion deposition was performed using an in-house designed

3D printer. The printer was initially designed by C. Mire and M. in het Panhuis [227],

but has since been adapted. The moving stage used for both versions is a Sherline

Milling machine (Sherline 8020 CNC system) with the milling head removed. Both

versions are displayed in Figure 2.1.

Iteration 1 (as described by C. Mire, Figure 2.1 A and B) used a pneumatic air

�uid dispenser (EFD, Ultimus II) which was manually controlled in time with the

moving stage. The sample mount was a clip that was held on to where the milling

head was removed from, and the substrate is placed underneath. As the sonicated

inks were too thin to print using only positive air pressure, the inks were thickened

post-sonication to have a �nal [GG] of 0.7% w/w. For these inks, the air pressure

applied to achieve consistent extrusion was between 15 and 70 psi, typically at 37

psi. Extrusion needles (EFD) were attached to the base of the syringe, which were

applied to suit the resolution required (typically 25G, ID = 0.25 mm, or 32G, ID =

0.10 mm).

Iteration 2 removed the air pressure system and sample holder, and was in-

stead replaced with a custom designed 3D printed mount that holds two linear

actuators (Zaber, T-LA60A or T-NA08A50) that extrude out of two 5 mL sy-
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Figure 2.1: A, B) The pneumatic extrusion system used to extrusion write the
tracks, with the various parts labelled, showing the general layout of the deposition
method. Designed by C. Mire and M. in het Panhuis [227] C, D) The revised
version of the same moving stage, displaying the mount with the various parts in
place, as labelled.

ringes (�g:extruder C and D). The linear actuators were automatically controlled by

custom-coded software, and was timed to match the moving stage. This iteration

was designed for 3 printing methods in mind; regular printing, ratio printing (same

ratio of two materials), and gradient printing (varying amounts of two materials

throughout the print). Both ratio print and gradient printing were mixed at the

point of printing.

More details on the extrusion deposition system, as well as the development and

applications, can be found in the appendix.

2.3 Analysis Methods

2.3.1 Dispersion Optimisation through UV-Vis-NIR

Spectroscopy

Carbon dispersions were prepared as described, however during sonication, a 30 µL

'thief' sample is taken from the vial after sonicating for various times (0.5, 1, 2,

4, 8, 12, 16, 20, 24, 28 mins). This thief sample is then diluted down to have a

�nal CBF concentration of 10 µg mL-1. These diluted samples were then analysed

by UV-Vis-NIR spectrometry (Shimadzu UV-3600) between the wavelengths of 850
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nm and 1200 nm.

2.3.2 Impedance Analysis

Impedance analysis was performed by applying a 1-V peak voltage ac signal using

a waveform generator (Agilent U2761A) swept between frequencies of 1 Hz and 100

kHz, across a circuit consisting of a known resistor, and the sample. The impedance

was obtained by measuring the voltage drop across the known resistor with an

oscilloscope (Agilent U2701A), and also calculating the phase lag due to the sample.

For dry �lm samples, the �lms are cut into short strips (3 mm wide, 30 mm

long) and placed between two glass slides held together with constant pressure, and

contacted with copper tape (3M) on either side. After a measurement is taken at

that length, the sample is then shortened and measured again, to ensure there are

5 di�erent lengths analysed.

For gel samples, they are housed in a custom-designed sample compartment.

The sample compartment that held the gels are rectangular in shape, with a width

of 5 mm, height 6 mm (giving a cross-secitonal area of 30 mm2), and lengths of 5

mm, incrementing up to 25 mm in 5 mm increments. Reticulated vitreous carbon

(RVC, ERG Aerospace, foam structure with 20 pores per inch, relative density 3 %

or void volume 97 %, resistivity 0.323 Ω cm) pieces were placed in the ends of the

sample compartment so that the electrode materials could be incorporated into the

gels to provide gel�electrode contact.

2.3.3 Mechanical Analysis

The mechanical properties of samples was analysed using a Shimadzu EZ-S Tabletop

Universal tensile/compression tester. For both compression and tensile analysis, the

instrument was moved at a speed of 2 mm min-1 unless otherwise speci�ed. For

tensile testing, custom-printed clamps (3D printed titanium) were implemented to

ensure that the samples do not slip in the clamp, which consisted of a series of small

jagged teeth angled in the opposite direction to the force applied.
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Mechanical testing of HEMA-PU cured hydrogels was performed on a universal

tensile tester (Shimadzu, EZ-S). 5 x 20 mm strips of the cured HEMA-PU hydrogels

without the hydrophobic coating were tested at a rate of 2 mm min-1. The strain

gauges were also tested using this same instrumentation. Each strain gauge was

tested up to a strain of 15%, at a rate of 6 mm min-1. In order to evaluate the creep,

a 15 s pause was added at both the start and end of each cycle. A USB multimeter

(Agilent 34401A) was connected and was recording the resistance at 50 µs intervals.

Each gauge was subject to 25 loading/unloading cycles.

2.3.4 Rheological Analysis

All rheological properties were mapped using an Anton Paar Physica MCR301 Dig-

ital Rheometer equipped with a peltier temperature-controlled plate (Anton Paar,

P-PTD 200) and hood (Anton Paar, H-PTD 200) to ensure the tests were all per-

formed at 21 ◦C. Two main measuring tools were used, depending on the type of

analysis required; parallel plate tool (PP15, 15 mm dia.), typically for gel samples,

and the conical plate tool (CP50, 50 mm dia., 0.992 o angle, 97 µm truncation),

typically for liquid samples.

For gel samples, they were cast into a mould with a height of 10 mm and 16 mm

diameter, to match the diameter of the parallel plate tool. Strain amplitude sweep

experiments were carried out at a constant oscillating frequency of 10 Hz, with an

oscillatory strain varying between 0.1 and 10 %.

For liquid samples to probe their shear thinning properties, 570 µL of the sample

was placed onto the plate, and was measured using the conical plate tool, to ensure

the shear stress is constant throughout varying shear rates. The sample is initially

pre-sheared for 3 minutes at γ̇ = 0.1 s-1, then the shear rate is ramped from γ̇ = 0.1

to 100 s-1 over 2 minutes.
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2.3.5 Light Microscopy

All light microscopy images were taken on a Leica Z16 APO optical microscope,

connected to a computer via �rewire, where the images were obtained using Leica

Application Suite version 4.3. Images were illuminated using external LEDs (Leica

LED3000 RL). Length analysis for items of interest (i.e. nanotube length) was

performed using the image analysis software in Leica Application Suite version 4.3.

2.3.6 Scanning Electron Microscopy

All SEM micrographs obtained of free-standing �lms and as-received CBF samples

was performed using a �eld emission scanning electron microscope (FESEM JEOL

JSM 7500-FA) operated at 5 kV and a spot size setting of 8.

For �bre length analysis, the micrographs obtained from the free-standing �lms

sonicated for various times was taken into an image analysis program (Leica Ap-

plication Suite 4.3) where the average �bre length was calculated. Only �bres that

started and �nished within the microgrpah were analysed.

2.3.7 Transmission Electron Microscopy

TEM analysis of the dispersions was performed using a JEOL 2011 TEM operated

at an acceleration voltage of 200 kV. All images were captured on a TEM digital

imaging system (Gatan Orius). The samples were cast onto a copper grid (pore size

5 µm) and left to dry under controlled ambient conditions before TEM imaging.
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Chapter 3

Conducting carbon nano�bre

networks: dispersion optimisation,

evaporative casting and direct

writing

The optimisation of vapour-grown carbon nano�bres (VGC-

NFs) dispersed in the biopolymer gellan gum (GG) and its

usage as an ink for the direct writing of conducting networks

are reported. Sonication optimisation showed that dispersing

10 mg mL-1 VGCNFs required 3 mg mL-1 GGs solution and

4 minutes of low energy probe sonication. Free-standing �lms

prepared by evaporative casting were found to exhibit electrical

conductivity values of up to 35 ± 2 S cm-1. It is demonstrated

that sonolysis has a detrimental e�ect on electrical conduc-

tivity. The dispersions were easily modi�ed to allow for di-

rect writing of conducting networks on paper using a commer-

cial fountain pen. The electrical characteristics of these direct

written electrodes (on paper) improved with increasing num-

ber of layers. The written electrodes on paper were used to

connect a battery to a light emitting diode to demonstrate that

they can be used in simple devices.
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3.1. INTRODUCTION

3.1 Introduction

Additive manufacturing or rapid prototyping refers to techniques capable of building

structures layer-by-layer, such as 3D printing [254], laser sintering [255], air-brush

spraying [256], dip-pen nanolithography [257], slot-dye coating [258], gravure print-

ing [259], inkjet printing [260�262], and extrusion printing [263]. These techniques

have been extensively used for the fabrication of conductive electronics. Recently,

conducting paper substrates have been used as part of low-cost, �exible, disposable

devices [264�266]. This has led to the emergence of pen-on-paper (PoP) electronics,

in which pens �lled with conducting silver ink have been employed to create devices

such as interconnects for light emitting diodes and antennas on paper [225]. The

PoP approach requires inks with speci�c �ow characteristics under ambient condi-

tions, i.e. it should readily �ow during writing and it should not coagulate in the

pen. It has been shown that the resulting feature size of the written lines depend

on the pen speed and the physiochemical properties of the ink and paper [267]. GG

is a linear anionic polysaccharide produced from the bacterium Pseudomonas elodea

[109, 268]. It is composed of tetrasaccharide repeating units of glucose, glucuronic

acid and rhamnose in a molar ratio of 2 : 1 : 1 [269]. Aside from its wide- spread

application in food and cosmetics, GGs unique suspending (dispersing), gelation

and rheological properties have been used in the process of conducting carbon �llers

such as SWCNTs, MWCNTs and graphene [105, 253, 270].

CNF are a conducting carbon �ller which are closely related to CNTs, both

in their structure and in their properties [271]. A CCVD synthesis method (with

the use of a �oating catalyst) has facilitated large-scale production of VGCNFs

[272]. The structure of these VGCNFs is "cup-stacked", meaning their stacking

morphology is one of truncated conical graphene layers around a large hollow core

[61]. Their average diameter (100 nm) and average length (50 to 200 µm) can be

tuned by precise control of the synthesis conditions [43] and are similar to MWCNTs

produced by chemical vapour deposition (CVD) [273]. As-produced VGCNFs are

often coated with layers of amorphous carbon which serves to reduce the electrical
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conductivity due to low crystallinity [61]. This amorphous layer can be removed

by post-treatment of the �bres with heat, which increases the crystallinity [274]

and results in a double-layered nano�bre [63]. The VGCNFs used in this paper

underwent a heat treatment at 1500 ◦C, which resulted in a highly graphitised outer

layer of the hollow carbon �bre.

CNFs have potential applications as gas sensors [275], electrostatic paint and

electronic shielding for the automotive industry and as components in batteries

[274]. VGCNFs have been dispersed into various polymers including polystyrene

(PS) [275], polypropylene (PP) [61, 274] and poly(methyl methacrylate) (PMMA)

[276] using high-shear stirring methods. It has been shown that using a sonication

bath followed by high-speed mechanical stirrign is a better dispersion method for

VGCNFs (in an epoxy) compared to dispersing in a solvent for surfactant [277]. The

reported electrical conductivity values for these composite materisl ranged from 0.01

S cm-1 (PMMA composite, 10 % w/w VGCNF) to 2 S cm-1 (PP composite, 60 %

w/w VGCNF) [273, 275, 278].

In this paper, we describe a carbon nano�bre ink suitable for the direct writing

of conducting networks using a pen-on-paper direct writing approach. The VGCNF

dispersion is optimised in terms of maximum VGCNF loading fraction. It is demon-

strated that written electrodes on appers have suitable electrical properties, i.e. they

can be used to draw simple circuitry for connecting a light emitting diode (LED) to

a battery power source.

3.2 Experimental

3.2.1 Preparation of dispersions

Low acyl gellan gum (GG, Gelzan, lot #1I1443A) was received as a gift from CP

Kelco. Gellan gum solutions (0.5 % w/v) were prepared by dissolving dry powder

(0.5 g) in Milli-Q water (100 mL, ≈ 80 ◦C, resistivity 18.2 MΩ cm), while stirring

at ≈ 800 rpm (IkA RW 20 digital) for 30 minutes. Homogeneous dispersions of
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vapour grown carbon nano�bres (Pyrograf Products, PR24-LHT, Batch info: PS

1345 Box 8, HT170) in GG were prepared using probe sonication. All dispersions

were subjected to sonolysis using a digital sonicator horn (Branson Digital Soni�er)

with a power output of 6 W in pulse mode (0.5 s on/o�) and a tapered microtip

(Consonic, diameter 3.175 mm) placed 1 cm from the bottom of a glass vial (diameter

25 mm).

3.2.2 Preparation of free-standing �lms

Drop-cast �lms were prepared by evaporative casting of composite dispersions onto

the base of a cylindrical plastic petri-dish (diameter ≈ 5.5 cm) and dried under

controlled ambient conditions (21 ◦C, 50 % relative humidity, RH) using a temper-

ature/humidity chamber (Thermoline Scienti�c TRH-150-SD) for 24 h. The �lms

were then peeled o� the substrate to yield uniform free-standing �lms.

3.2.3 Direct writing

Direct writing was carried out using a commercially available fountain (nib) pen

(Parker Jotter, O�ceworks) with a re�llable cartridge. VGCNF-GG inks were pre-

pared as follows; GG solutions (3 mg mL-1) were sonicated for 4 min (power output

of 6 W) prior to addition of VGCNFs (10 mg mL-1), followed by a further 4 min

(power output of 6 W) of sonolysis. High quality photo paper (Spilman, matte, 180 g

m-2) was used as the substrate. Multiple circuits were prepared on paper substrates

using directly written electrodes to connect LEDs (Jaycar Electronics, Australia, 5

mm diameter, green light source, 3.5 V switch on voltage) with a power source (6 V

batter) using copper tape (3M). Connection was ensured through placing the legs

of the LEDs in contact with the directly written tracks, and was held in place with

conducting copper tape (3M). The power source was also connected in a similar

manner, using leads with alligator clips to connect to the conducting copper tape

instead.
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3.2.4 Characterisation techniques

The absorbance behaviour of dispersions (diluted to VGCNF concentration of 6.67

mg mL-1) was obtained using UV-vis-NIR spectroscopy (Cary 500 UV-vis-NIR spec-

trophotometer) with a 1 cm path length cuvette. The wavelength of 1000 nm was

arbitrarily selected for analysis as it is in the wavelength range at which VGCNFs

exhibit absorbance features, but GG does not. Small aliquots (20 µL) of the disper-

sion sample were removed at varying sonication times and analysed for the presence

of aggregated carbon inhomogeneity using a Leica Z16 APO optical microscope (8×

magni�cation).

The �ow properties of composite inks were studied using an Anton Paar Physica

MCR 301 Digital Rheometer with a cone and plate measuring system (49.972 mm

diameter, 0.992 o angle, 97 µm truncation) and a heat controlled sample stage

(Julabo Compact Recirculating Cooler AWC 100). Viscosity was measured between

0.1 and 100 s−1 shear rate at 21 ◦C.

The surface morphology of �lms and written electrodes containing VGCNFs

were assessed using SEM (FESEM JEOL JSM 7500-FA) and optical pro�lometry

(Veeco Wyko NT9000). VGCNF length was calculated through obtaining multiple

SEM images of an evaporatively cast �lm, and measuring the length of all visible

VGCNFs (Leica Application Suite, 4.3). In order to obtain cross-sectional SEMs of

fountain pen lines, the paper substrate was cooled using liquid nitrogen and snapped

across the track. The thickness of drop-cast �lms was determined using a digital

micrometer (Mitutoyo IP 65).

Electrical resistance measurements were carried out as follows. Evaporatively

cast �lms were cut into strips of 3 mm x 25 mm and contacted (top and bottom) with

conducting copper tape (3M) and conducting silver paint (SPI). The electrodes pre-

pared by direct writing were contacted using the conducting copper tape. Current

(I)-voltage (V ) characteristics were obtained by measuring current using a digital

multimeter (Agilent 34410A) under a cycling potential applied by a waveform gen-

erator (Agilent 33220A) under controlled ambient conditions (21 ◦C, 50 % RH).
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I−V plots were evaluated as a function of sample length (L), and used to calculate

total resistance (RT ) values. The conductivity (σ) and contact resistance (RC) were

calculated by straight line �tting of the RT versus L data to:

RT = (1/Acrossσ)L+RC (3.1)

where Across is the cross-sectional area and 1/(Acrossσ) represents the sample

resistance (Rs).

3.2.5 Statistical treatment

The reported results are averages of the values obtained. Reported numerical errors

and graphical error bars are given as ±1 standard deviation (SD). Data and outliers

were rejected either when instrumental error was known to have occured, or if data

failed a !-test with a con�dence interval ≥95 %.

3.3 Results and Discussion

3.3.1 Optimisation of dispersions

Previous research established that there is a strong correlation between UV-visible

absorbance intensity and carbon-based materials [279]. In this work, the ability

of the biopolymer gellan gum (GG) to disperse VGCNFs was assessed using UV-

vis-NIR spectroscopy and light microscopy. It is assumed that the VGCNFs are

completely dispersed when the UV-vis-NIR absorbance reaches a plateau coupled

with the disappearance of visible aggregates.

Figure B.1 (Appendix B, supporting information) shows that a dispersion (vol-

ume 10 mL) containing 1 mg mL-1 VGCNFs and 1 mg mL-1 GG can be assumed to

have reached completion after 4 min of sonication, i.e. the UV-vis-NIR absorbance

plateaus (Figure B.1A and B) and the visible aggregates have disappeared (Fig-

ure B.1C-K). The amount (or expense, E$) of sonic energy (power x sonication)
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required to disperse 10 mg VGCNFs in 10 mL of dispersion is 144 J mg-1.

The VGCNF-GG dispersion system was optimised by establishing the minimum

energy (expense, E$) required to completely disperse a given mass of VGCNFs. The

optimum sonication time (and expense) was found to increase with GG concentration

in the investigated range (0.25-1.5 mg mL-1) at constant VGCNF concentration (1

mg mL-1), see Figure 3.1A and Table B.1 (Appendix B, supporting information).

It is well known that the viscosity of polymer solutions increases with increasing

polymer concentration. As such, it is suggested that the increase in sonication time

is related to the increase in viscosity which is likely to drive down VGCNF mobility,

therefore requiring more sonolysis to completely disperse the VGCNFs.

It is clear that GG is e�cient at dispersing VGCNFs, i.e. only 1 min (E$ =

36 ± 18 J mg-1) of sonication is needed to disperse 10 mg ofVGCNFin 10 mL at a

VGCNF-GG ratio of 10 : 2.5. As expected, the input sonication energy required

to reach the point of complete dispersion increased as theVGCNFconcentration was

increased from 1 mg mL-1 to 20 mg mL-1 (Figure 3.1). It should be noted that it

was not physically possible to incorporate more than 200 mg VGCNFs in 10 mL

of GG solution. As the VGCNFs supplied by Pyrograf are not pelletised, it has a

very low density, and the volume of 200 mg VGCNFs is greater than that of 10 mL.

Even with light compression using a glass plunger, it was found that when the GG

was added to > 200 mg VGCNFs it would form a thick solution that could not be

sonicated. Hence, we were unable to establish the upper concentration limit of the

VGCNF.

The VGCNF expense was found to exhibit a minimum of 14.4 ± 3.4 J mg-1 for a

VGCNF-GG dispersion with VGCNF concentration = 10 mg mL-1 (GG concentra-

tion = 3 mg mL-1), see Figure 3.1C. It is not clear at present what the dependence of

expense and VGCNF concentration should be. However, it is likely that this depen-

dence is in�uenced by rheological percolation e�ects related to either the dispersant

GG and/or the carbon materials [245, 280].
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Figure 3.1: (A) UV-vis-NIR absorbance at 1000 nm as a function of sonication
energy for 10 mg of VGCNFs dispersed in 10 mL GG solution at various VGCNF-
GG ratios. The solid line indicates the expected absorbance for a complete disper-
sion. (B) UV-vis-NIR absorbance at 1000 nm versus input sonication energy for
VGCNF-GG dispersions of increasing loading fraction. Horizontal black line rep-
resents the maximum absorbance for complete dispersion. (C) Expense to achieve
a complete dispersion as a function of VGCNF concentration. All dispersions were
diluted to a VGCNF concentration of 6.67 % mg mL-1.
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3.3.2 Electrical characteristics of free-standing �lms

The electrical conductivity of freestanding VGCNF-GG �lms (mass ratio 10 : 3,

mass fraction 0.77) prepared by evaporative casting was adversely a�ected by son-

ication. For example, the electrical conductivity of �lms prepared from a VGCNF-

GG dispersion ([VGCNF] = 5 mg mL-1) subjected to 4 min of sonication is 35 ± 2 S

cm-1. As described above, increasing the VGCNFs loading requires longer sonication

times, see Figure 3.1B. For example, dispersing 20 mg mL-1 of VGCNFs requires a

sonication time of 20 min. The resulting �lms exhibited a lower conductivity (20 ±

2 S cm-1) compared to �lms prepared using dispersions which were sonicated for 4

min, despite having the same VGCNF volume fraction. The decrease in conductivity

was found to linearly decrease with increasing VGCNF concentration (Figure 3.3A).

We have attributed this to sonication-induced damage of the VGCNF, resulting in

reducing the overall length. Similar e�ects have been previously reported for carbon

nanotubes [281�283].

The reduction in VGCNF length was examined using SEM analysis (Figure 3.2A

and B). Length analysis (Figure 3.2C) clearly indicates that the average length of the

�bres is smaller for the dispersions sonicated for 20 min (average 1.1 µm) compared

to 4 minutes (average 2.1 µm). Figure 3.2C shows that the majority (60 %) of the

VGCNFs which had been sonicated for 20 min were between 0.5 and 1 µm in length.

In contrast, the VGCNF dispersion which underwent 4 min of sonication consisted of

VGCNFs with a wider range of lengths, including some with lengths of >3 mm. It is

well-known that electrical transport through a network of conductors is determined

by the number of junctions and the resistance of these junctions in the network [284].

The reduction in conductivity can then be argued as follows. VGCNF sonication

results in a reduction in the length of the VGCNFs, which increases the number

of junctions in the VGCNF network leading to an increased electrical resistance

(decreased conductivity).

The percolation behaviour of the VGCNF-GG system was investigated by prepar-

ing free-standing �lms with di�erent VGCNF loading fraction (Figure 3.3B). The
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Figure 3.2: (A and B) SEM images of free-standing VGCNF-GG �lms (VGCNF
volume fraction = 0.69) prepared from VGCNF-GG dispersions (VGCNF concen-
tration = 10 mg mL-1, GG concentration = 3 mg mL-1) which were sonicated for 4
minutes and 20 minutes, respectively. (C) and (D) Histograms showing length of
the VGCNFs based on analysis of SEM images (28 µm2 area) for samples sonicated
for 4 and 20 minutes, respectively.
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conductivity as a function of VGCNF mass fraction was �tted to the statistical

percolation model [285]:

σ = σo(ϕ− ϕc)t, (3.2)

where σ, σo, ϕ, ϕc and t are the conductivity, scaling factor, mass fraction, mass

fraction percolation threshold and the critical exponent, respectively. The �t pre-

dicted values for σO, ϕC and t as 0.046 ± 0.004 S cm-1, 0.0147 ± 0.003 and 1.7 ±

0.2, respectively. The t value is close to the theoretical predicted value (t = 2.0) for

a 3D percolative network [285].

3.3.3 Direct writing with a fountain pen

Direct writing was investigated using a commercial fountain (nib) pen. The �ow

curve of a typically used commercial ink (Parker "Quink" blue-black) is shown in

Figure 3.4, and was �tted to the well-known power law model [286]:

η = Kγ̇n−1, (3.3)

where γ̇ is the shear rate, K is the consistency index and n is the power law index.

This analysis revealed that the commercial ink exhibits near-Newtonian behaviour,

i.e. n = 0.9. The viscosity of the commercial ink at shear rates common for pen

writing (1000 s-1) is approximately 0.81 mPa s. We achieved a similar viscosity (at

this shear rate) by sonicating a GG solution (3 mg mL-1) for 4 minutes prior to

adding 100 mg of VGCNFsand sonicating for a further 4 minutes.

Analysis of the �ow curve of our VGCNF pen ink revealed consistency and power

indices consistent with shear thinning behaviour, i.e. K = 26 mPa sn and n = 0.54,

respectively. However, despite the rheological di�erence (near-Newtonian vs. shear

thinning) our VGCNF ink has the required viscosity at the shear rates important

for pen writing, i.e. γ̇ = 1.1 mPa s at shear rate = 1000 s-1.

Lines were drawn (direct written) on a paper substrate using a fountain pen
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Figure 3.3: Electrical conductivity of drop cast �lms as a function of VGCNF
(A) sonication time and (B) mass fraction. The straight line in (B) is a linear �t
to the data. The solid line in (A) is a 3-parameter �t of the conductivity to the
statistical percolation model, Equation 3.2.

Figure 3.4: Viscosity as a function of shear rate for commercial pen ink (Parker
"Quink" blue-black, dotted line) and VGCNFpen ink (solid line). The VGCNF
ink was prepared by sonicating a gellan gum solution (3 mg mL-1) for 4 minutes
prior to adding 100 mg of VGCNFs (10 mg mL-1) and sonicating for an additional
4 minutes.
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�lled with our pen ink (VGCNF concentration = 10 mg mL-1, GG concentration =

3 mg mL-1 Figure 3.5). The morphology of pen tracks on paper was investigated

using optical and electron microscopy (Figure 3.6). The characteristic "W" shape

of nib fountain pen tracks is clearly visible in Figure 3.6A and B.

This shape is a result of the nib of the pen depressing the paper substrate

during writing. SEM images revealed the presence of a VGCNFnetwork in all areas

of the "W" shape, including on the surface of the central ridge (Figure 3.6C and

D). Optical pro�lometry and cross-sectional SEM analysis was used to examine the

e�ect of increasing the number of fountain pen ink layers on a paper substrate

(Figure 3.6F). It was found that increasing the number of pen layers resulted in a

linear increase in the line width (Figure 3.7A).

The number of layers had a signi�cant e�ect on the electrical resistance (Fig-

ure 3.7B). The resistance decreased by almost two orders of magnitude over 10 layers.

The resistance (corrected for contact resistance) of the lines (channel length 5 cm)

was found to have a power-law dependence on the number of pen layers according

to:

RS = RS1L
P , (3.4)

where RS, RS1, L and P are the sample resistance, sample resistance of 1 layer,

number of layers and power-law index, respectively. Our �t revealed values of RS1

= 75 ± 1 kΩ cm-1 and P = -1.218 ± 0.006. The �t underestimates the actual value

for 1 direct written line (97 ± 20 kΩ cm-1), which is a likely to be a result of initial

ink uptake by the paper substrate. The contact resistance RC also decreased with

increasing number of pen layers (data not shown). These results indicate that with

each written layer the amount of VGCNFdeposited increases which leads to a better

contact between sample and electrode, and an improved electrical resistance [105].

The usefulness of our approach for direct writing paper electrodes for practical

purposes was assessed by investigating the variability in the electrical resistance as

a function of time for direct written lines, and the ability of electrodes to power an

LED in a simple device. The variability was tested using two di�erent approaches, (i)
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Figure 3.5: Direct writing of the VGCNF ink with a fountain pen. (A) Image of
the commercial Parker Jotter fountain pen with pump-�lled ink well and VGCNF
ink, (B) image of the direct writing process, (C) Image of an LED powered by a
power source (6 V battery) using direct written electrodes on a paper substrate
(5 ink layers).

lines were direct written immediately after ink preparation, and electrical testing was

carried out as function of resting time (Figure 3.7C), and (ii) there was a resting time

between preparation of the ink and direct writing, followed by immediate electrical

testing (Figure 3.7D). It is clear that once processed, the electrical resistance (3.4

± 0.1 kΩ cm-1) of the direct written pen lines (channel length 5 cm, 10 layers) does

not change over 10 days. In contrast, the electrical resistance remains constant over

the �rst 4 days, but then steadily increases with time between preparation of the

ink and direct writing the electrodes. However, gentle shaking of the ink prior to

direct writing can remove the increase in the electrical resistance (Figure 3.7D). For

example, shaking the ink after 11 days resulted in a reduced resistance, similar to

that of the initial resistance values (within error). This suggests that the ink can be

stored for up to 3 days prior to direct writing, while it will require gentle shaking

for longer time periods to re-disperse the VGCNFs in the ink. VGCNF written

electrodes on paper were used in a simple circuit to connect an LED to a 6 V power

source (Figure 3.5C). Current-voltage measurements were taken across each of the
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Figure 3.6: Morphology of typical direct written lines (electrodes, 5 layers) on
the paper substrate. (A) Optical and (B) SEM images of the line. (C) SEM image
of the edge of a line. (D) Enlarged view of the VGCNF network. (E) SEM of the
cross-section. (F) Optical pro�lometry of direct written lines (5 and 10 layers).
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Figure 3.7: (A) Line width a function of number of ink layers for typical direct
written lines on a paper substrate. Straight line is a linear �t to the data. (B)
Electrical sample resistance of direct written lines as a function of number of ink
layers on a paper substrate. Line is a power-law �t to the data. (C) Electrical
(sample) resistance of typical direct written lines (10 layers) as a function of days
after direct writing. Straight line is a guide to the reader's eye. (D) Electrical
(sample) resistance of typical direct written lines (10 layers) as a function of
resting time between ink preparation and direct writing. Circle indicates electrical
resistance for an ink which was shaken on day 11 after preparation, prior to direct
writing.

written lines (R1 and R2, Figure 3.5C) and across the LEDs. The average resistances

across the 5-layered lines, R1 and R2, were found to be similar, i.e. 8.0 ± 0.3 and

8.0 ± 1.1 kΩ cm-1, respectively. These measurements show that electrodes prepared

by direct writing are stable over time and can be used in simple devices.

3.4 Conclusions

The dispersion optimisation of vapour-grown carbon nano�bres in solutions of the

biopolymer gellan gum has been investigated. It was found that dispersing VGCNF

in GG required only short sonication times and low sonication energy input. For

example, 1 mg mL-1 of VGCNF could be completely dispersed in 1 mg mL-1 GG

with 1 min of sonication at low power (6 W). It was demonstrated that gellan gum

could easily disperse up to 20 mg mL-1 of VGCNF at a VGCNF-GG ratio of 10 : 3,

which required 20 min of sonolysis. The electrical conductivity of free-standing �lms
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decreased with increasing sonication time. For example, increasing the sonication

time from 4 to 20 min decreased from 35 S cm-1 to 20 S cm-1, which was attributed

to the observed sonication-induced damaged in the length of the conducting carbon

�ller. Direct writing of VGCNF dispersions with a commercial fountain pen was

also explored. The sonolysis protocol was changed to achieve VGCNF dispersion

with similar viscosity at shear rates common to pen writing as a commercial pen ink.

The electrical resistance of direct written electrodes on paper exhibited a power law

dependence on the number of pen layers. Microscopy analysis suggested that with

each successive pen stroke the amount of VGCNFincreases leading to the observed

improved electrical characteristics. It was demonstrated that our direct written

electrodes on paper can be used in simple device applications, such as connecting

an LED to a power source. The electrical resistance of the paper electrodes was

found to be stable for up to at least 10 days under ambient conditions. This paper

contributes to the development of paper-based electrode materials.
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Chapter 4

Electrical conductivity, impedance,

and percolation behaviour of carbon

nano�bre and carbon nanotube

containing gellan gum hydrogels

The electrical impedance behaviour of gellan gum (GG), GG-

carbon nanotube, and GG-carbon nano�bre hydrogel compos-

ites is reported. It is demonstrated that the impedance be-

haviour of these gels can be modelled using a Warburg element

in series with a resistor. Sonolysis (required to disperse the

carbon �llers) does not a�ect GG hydrogel electrical conductiv-

ity (1.2 ± 0.1 mS cm-1), but has a detrimental e�ect on the

gel's mechanical characteristics. It was found that the elec-

trical conductivity (evaluated using impedance analysis) in-

creases with increasing volume fraction of the carbon �llers

and decreasing water content. For example, carbon nanotube

containing hydrogels exhibited a six- to sevenfold increase in

electrical conductivity (to 7 ± 2 mS cm-1) at water content of

82 %. It is demonstrated that at water content of 95 ± 2 % the

electrical behaviour of multiwalled nanotube containing hydro-

gels transitions (percolates) from transport dominated by ions

(owing to GG) to transport dominated by electrons (owing to

the carbon nanotube network).
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4.1. INTRODUCTION

4.1 Introduction

Electrically conducting hydrogel materials have been studied for a wide range of ap-

plications ranging from strain sensors for soft robotics [287, 288], stretchable conduc-

tors [289], foldable actuators [145, 290] to neural prosthetic interfaces [291]. As non-

ionic hydrogels are not natively electrically conductive, researchers have used various

approaches to increase the electrical conductivity of hydrogels by adding salt [287,

289], doping with strong acids [292], and incorporating conducting �llers such as con-

ducting polymers such as poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)

(PEDOT:PSS) [293�295].

In addition, it is well known that the swelling ratio (wet mass divided by dry

mass) or water content of hydrogels has an important e�ect on the mechanical and

electrical characteristics of hydrogels [296]. For example, it has been shown that the

electrical conductivity of double network hydrogels incorporated with a conducting

polymer (PEDOT) is inversely proportional to the swelling ratio [296].

The conductivity of ion (ionic liquid containing) gels and hydrogels has been

evaluated using a wide variety of methods. These approaches include alternating and

direct current measurement techniques such as electrical impedance, conductivity

meters, and four-point probe methods [293�295, 297, 298]. Overall, there are a

number of di�erences between these methods. For instance, conductivity meters

evaluate the impedance using an alternating current at a single frequency, whereas

four-point methods use a direct current, which is applied to the surface.

Most of the reported electrical conductivity values for con- ducting �ller compos-

ite hydrogel materials are in the order of 1�2 mS cm-1. For example, PEDOT:PSS

composite hydrogels (water content, 75�90 %) exhibited values in the range of

0.67�2.6 mS cm-1 depending on the conducting polymer content [294, 295]. Similar

electrical conductivity values were obtained for hydrogels consisting of polyacrylate

and a conducting polymer [297, 299]. Higher values (> 4.3 mS cm-1) have been

reported, but this usually requires di�erent synthesis strategies [296], or using hy-

drogels that consist of solely the conducting polymer, that is without a polymer
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matrix [300].

One example of a commonly used polymer matrix is the biopolymer GG. It

is anionic extracellular polysaccharide produced by a fermentation process of the

bacterium Pseudomonas elodea [301] and is commonly used in the food industry as

a thickener [109]. GG forms rigid gels by crosslinking with cations. For example,

it has been shown that divalent cations, such as magnesium and calcium, are more

e�ective cross-linkers than monovalent cations [109, 302].

The application of GG as a material for tissue engineering is rapidly gaining

attention [263, 303]. In addition, several groups (including ours) have shown that

GG is an e�cient dispersant for conducting carbon �llers such as carbon nanotubes

and carbon nano�bers [52, 114, 115, 245].

In this article, we report on the preparation and characterisation of conducting

carbon �ller containing GG hydrogels. Conducting carbon �llers such as SWCNTs,

MWCNTs and VGCNFs are incorporated into hydrogels using sonication, followed

by physical crosslinking with Ca2+ ions. The gels are characterized using oscillatory

rheology and electrical impedance analysis.

4.2 Experimental

4.2.1 Dispersion Preparation

GG solutions were prepared by dissolving dry GG powder (low acyl GG, Gelzan,

lot # 1I1443A), which was generously provided by CP Kelco, in Milli-Q water (100

mL, ≈ 80 ◦C, resistivity, 18.2 MΩ cm), while stirring at ≈ 800 rpm (IKA RW 20

digital). Composite dispersions of SWCNTs (Unidym, lot # P0261), MWCNTs

(Nanocyl S.A., Belgium, lot #090901) and VGCNFs (Pyrograf Products, PR24-

LHT, Batch info: PS 1345 Box 8, HT 170) in GG with carbon materials:GG weight

ratios of 10:4, 10:3, and 10:3, respectively, were prepared using probe sonication

with a digital sonicator horn (Branson Digital Soni�er). A power output of 6 W

was utilized with a 0.5 s on/o� pulsing cadence and a tapered microtip (Consonic,
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diameter, 3.175 mm) placed 1 cm from the bottom of a glass vial (diameter, 25 mm).

4.2.2 Gel Preparation

Hydrogels were prepared such that the �nal concentration of GG was 0.5 % w/v. GG

hydrogels were prepared by crosslinking GG solutions (some of which were subjected

to sonolysis of up to 50 min) by adding 5 mM of CaCl2. In the case of solutions

undergoing sonolysis, GG hydrogel is prepared by sonicating 5 mg mL-1 of GG (0.5

% w/v) for 50 min prior to crosslinking with Ca2+ ions (5 mM CaCl2,80 ◦C). The

solutions were then poured into plastic moulds and allowed to cool under controlled

ambient conditions (21 ◦C; relative humidity, 45 %).

Composite hydrogels were prepared by adding fresh GG powder to SWCNT,

MWCNT, and VGCNF dispersions (with stirring and heating at 80 ◦C until fully

hydrated) to increase the GG concentration to 0.5 % w/v, prior to crosslinking with

Ca2+ ions (5 mM CaCl2,80 ◦C). For instance, a hydrogel containing 10 mg mL-1 of

MWNT is prepared by sonicating MWCNT (10 mg mL-1) for 30 min in 3 mg mL-1

of GG, after which fresh GG powder is added to bring the total GG concentration

to 5 mg mL-1 (0.5 % w/v). The dispersions were poured into plastic moulds and

allowed to cool under con- trolled ambient conditions (21 ◦C, 45 % relative humidity

using a Thermoline Scienti�c temperature/humidity chamber). Regardless of the

amount of carbon �ller, the same pro- portion of GG was subjected to sonication. It

should be noted that the duration of sonication depends on the amount and type of

conducting �ller, as it is easier to disperse equivalent amounts of VGCNFs compared

to MWCNT as described in the Results and Discussion section.

Hydrogels with water content from 0 to 100 % were prepared by selectively re-

moving water under controlled ambient conditions using the temperature/humidity

chamber. Water content was determined using weight measurement.
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4.2.3 Characterization

Rheological analysis was carried out using an Anton Paar Physica MCR 301 Digital

Rheometer (parallel plate tool; diameter, 15 mm) at 21 ◦C, with the aid of a Peltier

temperature-controlled bottom plate system. Gels were poured into a mould with

dimensions of 10 mm height and 16 mm diameter. Strain amplitude sweep experi-

ments were carried out at constant frequency of 10 Hz and oscillating strain varying

between 0.01 and 10 %.

The electrical impedance behaviour of gel samples was obtained for frequencies

between 1 Hz and 100 kHz using a custom-designed instrument and sample com-

partment (Figure 4.1). The sample compartment held the gels which were moulded

into a rectangular shape with a width of 1 cm, height 1 cm, and length up to 2.5 cm.

Reticulated vitreous carbon (RVC, ERG Aerospace, foam structure with 20 pores

per inch, relative density 3 % or void volume 97 %, resistivity 0.323 Ω cm) pieces

were placed in the ends of the sample compartment so that the electrode materials

could be incorporated into the gels to provide gel�electrode contact as shown in

Figure 4.1(C). Impedance analysis was performed by applying a 1-V peak voltage

(alternating current signal) using a waveform generator (Agilent U2761A), across

the circuit consisting of a known resistor (Rk = 10 kΩ) and the gel sample. The

impedance was obtained by measuring the voltage drop across the known resistor

with an oscilloscope (Agilent U2701A).

4.2.4 Statistical Treatment

The reported results are averages of the values obtained. Reported numerical errors

and graphical error bars are given as ±1 standard deviation. Data and outliers were

rejected either when instrumental error was known to have occurred, or if data failed

a Q-test with a con�dence interval of ≥95 %.
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Figure 4.1: (A and B) Photographs of typical hydrogel samples (height, 10 mm;
diameter, 16 mm). (C) Schematic representation of the custom-built electrical
impedance analyser.

4.3 Results and Discussion

4.3.1 Impedance and Electrical Conductivity of GG Hydro-

gels

A custom-build instrument was used to carry out electrical impedance analysis on

the GG hydrogels [Figure 4.1(C)]. Impedance measured in this manner provides

information about the frequency-dependent behaviour of the charge carriers inside

the gels. This method is di�erent from other commonly employed techniques such as

electrochemical impedance spectroscopy (which evaluates the interfacial behaviour

of charge carriers), four-point probes (which applies a direct current usually to the

surface of the material), and conductivity meters (which applies a single alternating

frequency). This impedance setup was designed as a cheap and simple EIS, with the

same principle as commercially available systems. The waveform generator was used

to apply a sinusoidal waveform across both a known resistor (Rk) and the sample

(Rs). By knowing the exact resistance of Rk, the voltage drop across Rk, and the

voltage drop across Rs, various electrical properties of the material can be calculated.

The waveform generator would apply a voltage at increasing frequencies to obtain
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a frequency-dependent pro�le of each sample. This was all performed through in-

house software coded in VBA (through Excel 2010) and also through C#. Through

the use of a sample well with a known cross-sectional area, the conductivity and

Warburg properties can be easily calculated. This also allowed the system to be

used on both liquid and solid samples.

Figure 4.2(A) shows a Bode plot of a typical GG hydrogel crosslinked with 5

mM of Ca2+. The impedance magnitude (|Z|) decreases with increasing frequencies

and become independent of frequency above 1 kHz.

The corresponding Nyquist plot [Figure 4.2(B)] displays a linear relationship

between the real (Z') and imaginary (Z�) components of the impedance. At the

intercept with the x-axis, the impedance is purely real (Z� = 0) and the Z'-value

represents a resistance. The slope in the Nyquist plot is ≈ 1, suggesting a 45◦

constant phase shift between real and imaginary components of the impedance.

This can also be recognized from a log-log version of the Bode plot, that is slope of

-1/2 in the low frequency region (data not shown). This suggests that the hydrogel is

behaving like a Warburg di�usion element (ZW ), in series with a resistor (RI)[304].

Under this model, Z' and Z� are inversely proportional to the square root of the

frequency (ω) [304],

Z ′ = RI +
µ√
ω
, (4.1)

and

Z” =
µ√
ω
, (4.2)

where µ is the Warburg coe�cient. This dependence is unique to the Warburg

impedance and is generally referred to as the Warburg plot [Figure 4.2(C)]. A �t of

this data to Equation Equation 4.1 and Equation Equation 4.2 revealed RI = 554

± 3 Ω and µ = 2410 ± 120 Ω s-1/2. RI and µ can also be determined by equivalent

circuit modelling [Figure 4.2(A)], which yielded RI = 672 ± 3 Ω and µ = 2200 ±

10 Ω s-1/2. The magnitude of RI and µ is in�uenced by the polymer and charge-
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Figure 4.2: Electrical impedance analysis of a typical GG hydrogel (0.5 % w/v,
crosslinked with 5 mM of CaCl2) of dimensions 0.5 cm (l) x 1 cm (w) x 1 cm (h).
(A) Bode plot, (B) Nyquist plot, and (C) Warburg plot. The solid line in (A) is a
two parameter �t of data to an equivalent circuit model consisting of a Warburg
element in series with a resistor, whereas the solid line in (B) is a straight line �t
and in (C) it is a �t to Equation 4.1.
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carrier concentrations. For example, µ was found to be inversely proportional to the

concentration of Ca2+ (data not shown). In the remainder of this article, the values

quoted for RI and µ are determined using equivalent circuit modelling.

The impedance values measured in this manner include a contact resistance, RC ,

owing to the interface between gel and electrodes (porous RVC). It was observed

that the impedance magnitude (at any given frequency) increased with increasing gel

length [Figure 4.3(A)]. Equivalent circuit modelling revealed that RI was linearly

proportional to gel length [Figure 4.3(B)], whereas m was invariant with length

[Figure 4.3(C)]. Hence, the increase of RI is directly related to the amount of gel

material, which increases with length. This provides us with a method to correct the

RI value owing to the presence of electrode-hydrogel contact resistance by realizing

that RI versus l should obey,

RI =
1

σAC
+RC , (4.3)

where AC is the gel's cross-sectional area and σ is the gel's electrical conductivity (at

high frequencies). Fitting Equation Equation 4.3 to the data shown in Figure 4.3(B)

yielded σ = 1.2 ± 0.1 mS cm-1 and a contact resistance value of 176 ± 75 Ω.

4.3.2 E�ect of Sonolysis

One of the aims of this study is to investigate the electrical characteristics (including

conductivity) of conducting carbon �ller containing hydrogels, which requires the use

of sonolysis. Hence, it is important to determine the e�ect of sonication on the gel's

electrical and mechanical characteristics prior to incorporation of the conducting

�llers such as carbon nanotubes and carbon nano�bres.

The e�ect of sonolysis was assessed by preparing GG hydrogels which were sub-

jected to probe sonication of up to 40 min. Impedance analysis was used to evaluate

the electrical conductivity as described in the previous section. Figure 4.3(D) shows

that the gel electrical behaviour is not a�ected by sonication.
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Figure 4.3: (A) Typical impedance magnitude (|Z|) of GG hydrogels of varying
length. (B) Typical resistance (RI) as a function of gel length. (C) Typical War-
burg coe�cient (µ) values as a function of gel length. (D) Electrical conductivity
of GG hydrogels (0.5 % w/v, crosslinked with Ca2+) as a function of sonication
time, calculated from impedance analysis. Straight line in (B) is a linear �t to
Equation Equation 4.3. µ and RI are obtained from equivalent circuit modelling
of data shown in (A).
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In contrast, rheological analysis testing revealed that shear modulus values de-

crease signi�cantly with increasing sonication time. Strain amplitude sweeps showed

that all gels exhibited a clear plateau of storage [Figure 4.4(A)] and loss (data not

shown) moduli. Their ratio in the plateau linear viscoelastic (LVE) region was in-

dicative of a well-crosslinked polymer network. The storage modulus in the LVE

region decreased with increasing sonication time [Figure 4.4(B)].

The decreasing trends observed in Figure 4.4 are a direct result of the shortening

of the polymer chains owing to the process of horn sonolysis [305]. During the

sonication process, cavities are created which leads to polymer chains experiencing

large shear forces [306]. This results in a considerable reduction in the average chain

length [108]. Crosslinked gels formed from sonicated GG solutions are less rigid

and �ow more easily with an applied shear strain, as evident from the reduction in

storage modulus with increasing sonication time (Figure 4.4).

Composite hydrogels were prepared by dispersing 1 mg mL-1 of either SWCNTs,

MWCNTs, or VGCNFs into GG solutions with the aid of low-energy sonolysis. The

GG concentration was adjusted such that the carbon material volume fraction for

all three materials was about 0.09 %. The density values of SWNT (1.50 g cm�3),

MWCNT (2.15 g cm�3), VGCNF (1.95 g cm�3), and GG (1.3 g cm�3) were used to

convert mass fraction into volume fraction [245].

It is well known that SWCNTs are di�cult to disperse, which is evident from

the 120 ± 10 min required to disperse 10 mg in GG solution (10 mL). In contrast,

equivalent amounts of MWCNTs and VGCNFs took a lot less time (energy) to

disperse, 12 ± 4 and 2 ± 0.5 min, respectively. Impedance analysis showed that

the gel electrical conductivity is similar for all the three types of conducting �ller (σ

= 1.2 mS cm-1), despite the large di�erences in the electrical conductivity of these

materials in thin �lm form, that is 110 ± 15 mS cm-1 (SWCNT), 50 ± 5 mS cm-1

(MWCNT), and 35 ± 2 mS cm-1 (VGCNF).

This suggests that (in the hydrogels) the carbon-material volume fraction (0.09

%) is too low to contribute to the conduction mechanism. We aimed to address
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Figure 4.4: (A) Storage modulus as a function of shear strain for GG hydrogels
(0.5 % w/v, crosslinked with 5 mM of Ca2+) subjected to sonication. (B) Storage
modulus in the region as a function of sonication time

this using two approaches (discussed in the next two sections), (i) increasing the

carbon volume fraction (which in turn requires increasing the sonication time) and

(ii) decreasing water content.

However, increasing the SWCNT concentration beyond 1 mg mL-1 was not prac-

tical owing to the already large sonication times required to achieve a complete dis-

persion at that concentration. Therefore, all further experiments involved VGCNFs

and MWCNTs as they required more manageable sonication times.

4.3.3 E�ect of Increasing Carbon Filler Volume Fraction

All hydrogels were prepared with a GG concentration of 5 mg mL-1 and water

content of >98.5 %. Dispersing MWCNT at a concentration of 10 mg mL-1 in

GG required 30 min of sonication. It is shown in Figure 4.4 that this length of

sonolysis results in signi�cant weakening of the gels. Hence, it was not possible to

form MWCNT containing hydrogels by simply crosslinking the dispersion. Instead,

fresh GG powder was added to the dispersions. These dispersions were crosslinked
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using Ca2+ ions and cast in plastic moulds while hot (≈ 80 ◦C), to form rigid gels

upon cooling to room temperature (21 ◦C).

The Bode plots for the MWCNT hydrogels are shown in Figure 4.5(A). It is clear

that increasing the MWCNT volume fraction results in a decrease in the magnitude

at all frequencies. This indicates that the presence of MWCNT is improving the

electrical characteristics of the gels.

VGCNF gels were prepared using a similar approach as the MWCNT gels, that

is GG concentration is always �xed at 5 mg mL-1. As VGCNF required less sonol-

ysis compared to the MWCNT, it was possible to prepare hydrogels with higher

volume fractions compared to the MWCNT. Dispersing 17.5 mg mL-1 of VGCNF

required only 12 min of sonication. This di�erence allowed for the preparation of

gels with volume fraction of up to 0.89 %. Regardless of the volume fraction, the

same proportion of GG was subjected to sonication.

The Bode plots for the VGCNF hydrogels [Figure 4.5(B)] exhibit the same

trends as shown for the MWCNT gels, that is the impedance magnitude decreases

with increasing VGCNF volume fraction.

A comparison between the two di�erent types of carbon material containing gels

(water content, >98.5 %) leads to the following observations: (i) VGCNFs require

less sonolysis to disperse than MWCNTs and (ii) MWCNTs require a lower volume

fraction to in�uence the electrical conductivity. For example, the volume fractions

required reaching an electrical conductivity value of 2.1 ± 0.4 mS cm-1 is about 0.89

% for VGCNFs, but only 0.41 % for MWCNTs. This could be attributed to the

higher intrinsic electrical conductivity of MWCNTs over VGCNFs.

This approach is clearly limited by the amount of water (98.5 %) present in

these gels. It was not possible to increase the carbon �ller volume fraction beyond

0.89 % (and thereby decrease the water content) owing to the dispersibility of the

conducting �llers and the sonication method. Therefore, in the following section

the e�ect of reducing water content on the electrical behaviour of the gels was

investigated.

90



4.3. RESULTS AND DISCUSSION

Figure 4.5: (A and B) Typical impedance magnitude (|Z|) of MWCNT and
VGCNF hydrogels (length, 1 cm) with di�erent carbon material volume fractions,
respectively. (C) Electrical conductivity as a function of carbon �ller volume frac-
tion for GG hydrogels (0.5 % w/v, crosslinked with Ca2+). Squares and diamonds
indicate MWCNT and VGCNF, respectively. Lines are �ts to the data.
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4.3.4 E�ect of Decreasing Water Content

The hydrogels were prepared at the highest possible carbon �ller concentration with

water content of >98.5 %, that is MWCNT and VGCNF volume fractions of 0.41

and 0.89 %, respectively, as outlined in the previous section. These gels (starting

weight, ≈ 4.2 g) were then placed in a temperature-humidity chamber and their

water content was selectively reduced under controlled circumstances at a rate of

0.43 ± 0.01 g h-1. This experiment (which can be seen as deswelling) allows us to

maintain accurate knowledge of the water, polymer, and conducting �ller contents

in our gels.

The Bode plots of MWCNT gels at di�erent water contents are shown in Fig-

ure 4.6. At 98 %, the Bode plot shows a dependence of impedance magnitude on

frequency similar to those shown in Figure 4.3(A) and Figure 4.5(A). It shows a

clear frequency dependent region for frequencies below 1 kHz, and we have shown

that this transport behaviour is indicative of a Warburg element in series with a re-

sistor. However, as the water content decreases, the frequency dependence at lower

frequencies disappears. It is clear that at 94.5 % of water content, the Bode plot is

indicative of a resistor, that is transport dominated by electrons. Equivalent circuit

modelling revealed that the Warburg coe�cient values decreased from 1400 Ω s�1/2

at WC = 98 % to 19 Ω s-1/2 at WC = 94.5 % [Figure 4.7(A)]. These could suggest

that a percolative MWCNT network is formed, which is further explored below.

Our analysis of conducting �ller network formation was based on Warburg coef-

�cient data for the following reason. During the deswelling experiment, gels undergo

a dimensional change as a result of water loss. Figure 4.3(B) shows that the resis-

tance is dependent on gel dimension, whereas Figure 4.3(C) shows that the Warburg

coe�cient is not.

Figure 4.7(A) shows that the dependence of the Warburg coe�cient on water

content for MWCNT containing gels undergoes a sharp transition around WC = 95

%. This transition identi�es the WC point at which the electrical behaviour of the

gels becomes dominated by electrons, that is the formation of a conducting �ller
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Figure 4.6: Typical Bode plots for MWCNT containing hydrogels at water con-
tents of 98.0, 96.0, 95.5, and 94.4 %.

network in the hydrogel. This trend is similar to the well-known scaling behaviour

of electrical conductivity with conducting �ller mass fraction in composite materials.

The composite materials become electrically conducting at the threshold concentra-

tion where a percolative network is formed. This behaviour is traditionally �tted

using the statistical percolation model [285, 307]. Our data could be �tted using a

similar model:

µ = µo(WC −WCp)
t + C, (4.4)

where µo is a scaling factor, WCp is the percolation threshold in terms of water

content, C is a constant, and t is the exponent. A �t of the data for MWCNT gels

[Figure 4.7(A)] resulted in the following values, µo = 420 ± 180 Ω s-1/2, WCp = 95

± 2 %, T = 1.5 ± 0.6, and C = 20 ± Ω s-1/2, respectively.

In contrast to the MWCNT gels, the VGCNF containing gels exhibited a more

gradual reduction in Warburg coe�cient. For example, µ decreased from 1400 Ω

s-1/2 at WC = 98 % to 325 Ω s-1/2 at WC = 85 %, with a further reduction to 3

Ω s-1/2 at WC = 60 %. A �t of this data to Equation Equation 4.4 revealed the

following values, µo = 88 ± 20 Ω s-1/2, WCp 81 ± 2 %, t = 1.0 ± 0.4, and C = 3 ±

1 Ω s-1/2, respectively.

The electrical conductivity of the gels as a function of water content was de-

termined using RI values (as determined by equivalent circuit modelling), the gel's
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Figure 4.7: (A) Typical Warburg coe�cient (m) values as a function of wa-
ter content for MWCNT (diamonds) and VGCNF (squares) containing hydro-
gels. The solid lines are three parameter �ts of the Warburg coe�cient to Equa-
tion Equation 4.4. (B) Electrical conductivity as a function of water content for
MWCNT (diamonds) and VGCNF (squares) containing hydrogels. (C) Electrical
conductivity as a function of carbon �ller volume fraction for MWCNT (diamonds)
and VGCNF (squares) containing hydrogels. The solid lines are three-parameter
�ts to Equation Equation 4.5.
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dimension, and Equation Equation 4.3, Figure 4.7(B) shows that the conductivity

of the MWCNT and VGCNF gels increased with decreasing water content [Fig-

ure 4.7(B)]. For example, at WC = 82 % the MWCNT containing gel yielded an

electrical conductivity value of 7 ± 1 mS cm-1. Similar values were obtained for the

VGCNF containing gels.

The combined electrical conductivity data for the e�ects of increasing carbon

�ller [Figure 4.5(C)] and decreasing water [Figure 4.7(B)] are shown in Figure 4.7(C)

and were �tted using the statistical percolation model:

σ = σO(ϕ− ϕp)t, (4.5)

where σo is a scaling factor, ϕ is the carbon �ller volume fraction, ϕp is the per-

colation threshold in terms of carbon �ller volume fraction, and t is the exponent.

The resulting t-values of the MWCNT (t = 0.8 ± 0.3) and VGCNF (t = 0.7 ±

0.3) containing gels are lower than the predicted scaling values for in two and three

dimensions, that is t = 1.3 and t = 2, respectively [285, 307]. However, it should be

noted that the predicted values are calculated by assuming ideal systems containing

identical particles [307]. It is well known that VGCNF and MWCNT are far from

being considered as containing identical particles.

In addition, the �tting revealed that the percolation thresholds occur at vol-

ume fractions of 0.3 % (water content, 93 %) and 1.4 % (water content, 96 %) for

VGCNF and MWCNT containing hydrogels, respectively. It is interesting to note

that the water content for the MWCNT hydrogels is similar to the water content at

which the transport changes from dominated by ions to dominated by electrons (as

predicted by Equation Equation 4.4). However, this similarity was not observed for

the VGCNF containing hydrogels. We suggest that the low values for the exponent t

are related to the occurrence of di�erent types of conducting pathways, that is those

dominated by ions and electrons and/or both. It is also possible that the percolation

process in hydrogels is more adequate described by a kinetic percolation approach.

Further research is necessary for the complete understanding of this concept.
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4.4 Conclusions

The mechanical and electrical characteristics of GG, carbon nanotube-GG, and

vapor-grown carbon nano�bre hydrogels have been investigated. The electrical char-

acteristics of these hydrogels were assessed using a custom-built impedance analyser.

Our analysis revealed that the impedance behaviour of these gels could be modelled

using a Warburg di�usion element in series with a resistor. These resistor values were

used to calculate the electrical conductivity after correcting for electrode-sample

contact resistance.

Sonolysis had a detrimental e�ect on the mechanical characteristics, as measured

using the shear modulus. For example, subjecting a GG solution to 40 min of horn

sonication prior to gelation resulted in a decrease in shear modulus from 19.2 ±

3.1 to 2.2 ± 0.4 kPa. In contrast, it was observed that sonolysis did not a�ect the

electrical conductivity of the GG hydrogels (1.2 ± 0.1 mS cm-1).

Incorporating MWCNT and VGCNF through addition of more �ller was found

to result in a modest enhancement of the electrical conductivity. Larger increases

in conductivity could be obtained by selectively removing water content.

Impedance analysis was used to show that MWCNT containing hydrogels un-

dergo a sharp transition from transport dominated by ions (owing to GG) to trans-

port dominated by electrons (owing to conducting �llers). For example, percolation

analysis showed that the MWCNT form a percolative network within the hydrogels

at water content of 95 ± 2 %. MWCNT containing gels exhibited an electrical

conductivity of 7 ± 1 mS cm-1 at water content of 82 %.

This article contributes to the development and characterization of electrically

conducting hydrogel materials.
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Chapter 5

Sonication-induced e�ects on carbon

nano�bres in composite materials

The preparation and characterization of carbon nano�bre -

gellan gum composite materials is presented. Electron mi-

croscopy analysis reveals that nano�bres are a�ected by sonol-

ysis, i.e. �bre length reduces, while �lling (with gellan gum)

amount increases. It is demonstrated that sonolysis and the

resulting modi�cation adversely a�ects the electrical (decrease

in conductivity) and mechanical (decrease in the Young's mod-

ulus) characteristics of the composite materials. Spectroscopic

analysis supports the observation that carbon nano�bres are

�lled by the dispersant during the preparation of the disper-

sions.
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5.1. INTRODUCTION

5.1 Introduction

The �lling of carbon nanostructures such as CNTs has been investigated for appli-

cations including metal nanowires [182, 193, 308], hydrogen storage [309], energy

storage [133], catalysts [136] and electrical insulation [310, 311]. The methods used

to �ll CNTs can be broadly categorised as either chemical or physical. Chemical

methods include functionalisation [177] or electrochemical methods [133, 165, 312],

whereas physical methods employ strong capillary suction within the CNTs [140,

180, 182, 313]. CNTs are not readily �lled as they are usually produced as closed

structures resembling cylinders with hemi-spherical caps on either end. Opened

CNT structures can be achieved through either direct growth [314] or by removing

the caps [148�150]. Examples of the latter method include oxidative treatment [315]

and boiling in acids [316].

The improvement of the mechanical [317, 318] and electrical [319, 320] charac-

teristics of materials by incorporation of conducting carbon �llers is an active area

of research. However, it is well-known that carbon �llers can be di�cult to (homoge-

neously) disperse in aqueous solutions due their hydrophobicity and van der Waals

interactions [321]. This disperse-ability issue has been successfully addressed by

using dispersants (e.g. surfactants, polymers) in combination with sonolysis meth-

ods [124, 322, 323]. However, one of the drawbacks of sonolysis is that it can lead

to damage to the carbon �ller [281, 283] and/or the dispersant [324]. In general,

this results in a detrimental e�ect on the properties of the composite material [128,

281, 282, 325, 326]. For example, it has been shown that extensive sonolysis (21

hours) reduced the average CNT length from 3.5 µm to less than 0.5 µm [128]. This

reduction in length was coupled with a signi�cant decrease in the conductivity of

the resulting CNT network. Furthermore, the detrimental e�ect of sonolysis on the

molecular mass of polymers is well-known [108, 125, 126, 214, 327, 328].

Here we investigate the e�ect of sonolysis on the properties of composite ma-

terials prepared by dispersing VGCNFs with the biopolymer GG. GG is a linear,

anionic, water soluble biopolymer which is derived from the bacteria Sphingomonas
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elodea (formerly Pseudomonas elodea or Auromonas elodea) [109]. The repeating

unit of the polymer is a tetrasaccharide, which consists of two residues of D-glucose

and one of each residues of L-rhamnose and D-glucuronic acid. It is well-known for

its applications in food technology ever since it was approved by the European Union

and the United States Food and Drug Administration nearly two decades ago [329].

More recently, it has been demonstrated that gellan gum is an e�cient dispersant

for conducting carbon �llers such as carbon nanotubes, graphene and VGCNFs [58,

100, 114, 115].

VGCNFs are a conducting carbon �ller material which were �rst manufactured

in 1889 as a potential replacement for �laments in glow lamps [330]. Their struc-

ture was �rst elucidated in 1952 using electron microscopy, which showed stacks of

highly graphitised carbon forming a tubular shape [331]. VGCNFs are produced

by a catalytic thermal chemical vapour deposition technique with a �oating cata-

lyst [61]. This method produces two characteristic structures, (i) `stacked cup' (or

`herringbone') structure, which looks similar to a series of graphite cups without

bases stacked on top of each other, and (ii) a `stacked deck' (or `parallel' structure)

which is a series of multiple concentric tubes of graphitised carbon (similar to those

observed for multi-walled CNTs), but at a slight (approx. 4 ◦) angle [63]. These

structures are subsequently heat treated to remove (most of) the amorphous carbon

outer layer and further improve their physical, mechanical, and electrical properties

[43]. It has been shown that conductivity and mechanical strength of the nano�bres

is enhanced through heat treatment at 1500 ◦C [64].

VGCNF composite materials have been produced using poly(caprolactone), pol-

y(urethane), poly(ethylene) and epoxy resins [99, 102, 212, 213, 332�335]. For exam-

ple, recently it was demonstrated that shape memory properties of VGCNF-epoxy

composite materials were enhanced by chemical functionalisation of VGCNFs [332].

Other potential applications include the use of VGCNFs as constituents in elec-

tromagnetic interference shielding materials as discussed in a recent review article

[336].
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In this paper, VGCNF-GG dispersions and composite materials are prepared

using sonolysis, vacuum �ltration and evaporative casting. The e�ect of sonoly-

sis on the VGCNFs was assessed using spectroscopic, microscopic, electrical and

mechanical analysis techniques.

5.2 Experimental

5.2.1 Preparation of dispersions

Gellan gum was obtained from CP Kelco (low acyl form, Gelzan CM, Lot #1I1443A).

A GG solution (3 mg mL-1) was prepared by adding 300 mg of GG to 100 mL of

Milli-Q water (resistivity ≈ 18.2 MΩ cm) and heated to 80 ◦C on a hotplate (Stuart

CB162 heat stirrer) while stirring with an overhead stirrer at ≈ 800 rpm (IKA RW

20 digital) for at least 30 minutes.

Homogeneous dispersions were prepared by adding 100 mg of VGCNFs (Pyrograf

Products, PR24-LHT, Batch info: PS1345 Box 8, HT 170) to 10 mL GG solution

(3 mg mL-1) and applying horn sonolysis using a digital sonicator (Branson Digital

Soni�er, power output 6 W, 0.5 s pulse, 0.5 s break between pulses). The microtip

horn (Consonic, diameter 3.175 mm) was held 1 cm o� the base of a 20 mL glass

sample vial (diameter 25 mm).

5.2.2 Preparation of free-standing �lms

Buckypaper (BP) free-standing �lms were prepared by a vacuum �ltration process.

Brie�y, 3 mL of the VGCNF dispersion (10 mg mL-1 VGCNF in 3 mg mL-1 GG)

was diluted to 90 mL with Milli-Q water, resulting in �nal concentrations of 0.33 mg

mL-1 and 0.1 mg mL-1 for the VGCNF and GG respectively. This was then subjected

to bath sonication (50 Hz, FXP4, Ultrasonics) for 5 minutes. The dispersion was

�ltered through a commercial membrane (5 µm pore size, polytetra�uorethylene,

Millipore) using a vacuum pump (CVC2, Vacuubrand) operating between 30 � 50

mbar. Once �ltration had completed, the membrane was allowed to dry under
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controlled conditions (21 ◦C, 50% relative humidity, RH) in a temperature humidity

chamber (Thermoline Scienti�c, TRH-150-SD) for up to 24 hours. Once dry, the

BP was carefully peeled o� the membrane to produce a free-standing �lm (diameter

40 mm).

Additional free-standing �lms were prepared by evaporative casting. Brie�y, as-

prepared dispersions were poured into a plastic petri-dish (diameter 55 mm) and al-

lowed to dry under controlled conditions (21 oC, 50% RH) in a temperature-humidity

chamber for up to 24 hours. The resulting �lms were then carefully removed from

the substrate to produce free-standing �lms.

5.2.3 Electron Microscopy

Transmission electron microscopy (TEM) analysis of dispersions was performed us-

ing a transmission electron microscope (JEOL 2011) operated at an acceleration

voltage of 200 kV. All images were captured on a TEM digital imaging system

(Gatan Orius). A VGCNF dispersion was prepared by manual shaking of 10 mg

VGCNF into ≈ 20 mL of isopropanol (Sigma Aldrich Australia) for 1 min, hereafter

referred to as 'unsonicated'. Dispersions (unsonicated and sonicated) were then cast

into a copper grid (pore size 5 µm) and left to dry under controlled ambient con-

ditions before TEM imaging. Scanning electron microscopy (SEM) analysis of all

free-standing �lms was carried out using a �eld emission scanning electron micro-

scope (FESEM JEOL JSM 7500-FA) operated at 5 kV and a spot size setting of 8.

Length analysis of VGCNFs was performed using an image analysis package (Leica

Application Suite Version 4.3).

5.2.4 Electrical Characterisation

Samples for electrical characterisation were prepared by cutting the �lms into small

strips (3 mm x 25 mm), and contacted with conducting copper tape (3M) and

conducting silver paint (SPI). A uniform pressure (≈ 105 Pa) was applied to the

electrode-sample contact area using bull clips (O�ceworks, Wollongong). Current
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� voltage (I − V ) pro�les were obtained by measuring the current using a digital

multimeter (Agilent 34410A) coupled with a cycling potential applied by a waveform

generator (Agilent 3320A) in controlled ambient conditions (21 ◦C, 50% RH). The

sample thickness was measured using a digital screw micrometer (Mitutoyo IP 65).

5.2.5 Mechanical Analysis

Tensile stress-strain measurements of the free-standing �lms were conducted using a

universal mechanical testing apparatus (Shimazdu EZ-S). Films were cut into strips

(width 4 mm) and a length assuring a gauge length of 10 mm. The samples were

then stretched at a rate of 1 mm min-1 until failure.

5.2.6 Spectroscopy

Raman analysis was conducted using a Raman spectrometer (JY HR800, Horiba

Jobin Yvon). The laser used was a HeNe laser (632.8 nm wavelength) at a power

of 20 mW. The detector was an optical microscope (Olympus Bx41) with a spatial

resolution of 1 µm. The spectrometer was calibrated using SiO2 at a wavenumber of

520.7 cm-1. All scans were performed between 500 and 3000 cm-1 under controlled

ambient conditions.

X-ray photoelectron spectroscopy (XPS) was carried out in UHV conditions

(base pressure in the 10-9 mbar range) using a spectrometer (VERSAPROBE PHI

5000, Physical Electronics), equipped with a Monochromatic Al Kα X-Ray. The

energy resolution was 0.7 eV. All binding energies were calibrated to the C 1s peak

at 284.6 eV.

5.3 Results and Discussion

5.3.1 Electron microscopy

VGCNFs were stabilised in GG using a sonolysis process for up to 30 mins. TEM

analysis (Figure 5.1a) of the as-received VGCNFs (unsonicated sample) revealed
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that the sample contained the characteristic 'parallel' (indicated with 1) and 'her-

ringbone' (indicated with 2) structures. All of the imaged VGCNFs appear to be

closed structures (see the example in Figure 5.1b), while a number of other types

of carbon structures (e.g. amorphous carbon) are apparent. Although these other

structures either completely cover the VGCNFs (Figure 5.1b) or partially cover the

surface (Figure 5.1c), they are easily removed after only a short period (2 min) of

sonolysis (Figure 5.1d-f).

Apart from removing the other types of carbon, sonolysis also resulted in open-

ing the VGCNFs. For example, four VGCNFs can be identi�ed in Figure 5.1d, of

which the 'herringbone' structure is not damaged, but at least one of the three 'par-

allel' structures is open ended. Furthermore, we made the interesting observation

that two of these VGCNFs appear to be �lled. The enlarged view in Figure 5.1e

clearly shows evidence of a �lled VGCNF. Quantitative image analysis of TEM mi-

crographs revealed that approximately 1/3 of the imaged VGCNFs appeared to be

either completely or partially �lled. However, analysis of dispersions prepared using

longer sonication times (e.g. 30 mins) revealed that most of the imaged �bres were

either �lled and/or opened (sheared). For example, the VGCNFs in Figure 5.1g

have been opened and are �lled, whereas one of the �bres shown in Figure 5.1h

has not been opened (and is therefore not �lled). In addition, other �bres (such as

the one shown in Figure 5.1i) revealed a �bre with the 'parallel' section �lled and

an undamaged (non-�lled) 'herringbone' section. Examination of the TEM images

shows that �bre damage and degree of �lling increased with increasing sonication

time.

Quantitative TEM analysis showed that the fraction of �lled VGCNFs increased

from 33 % (after 2 min of sonolysis) to 85 % after 30 min of sonolysis. This is further

evidence that the �lling e�ect is most likely due to the opening of the VGCNFs, i.e.

whenever a �bre is damaged as a result of sonolysis, it is �lled with the surrounding

dispersant GG). We suggest that this is a result of capillary forces, as has been

previously observed for carbon nanotubes [182, 337].
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Figure 5.1: Typical high-resolution transmission electron microscopy images of
VGCNFs unsonicated (a-c), sonicated for 2 min (d-f) and 30 min (g-i). a) VGCNFs
displaying the characteristic 'parallel' (1) and 'herringbone' (2) structures. b)
A VGCNF (indicated by arrow) completely covered with other types of carbon
structures. c) VGCNFs partially covered with other types of carbon structures.
d) Filled and un-�lled VGCNFs. Rectangle indicates area of enlargement. e)
Enlarged view of the �lled and un-�lled 'parallel' VGCNFs shown in image d). f)
'Herringbone' VGCNFwith one open end. g) Filled 'parallel' VGCNFs. h) Filled
and closed 'parallel' VGCNFs. i) A VGCNF with a �lled 'parallel' section �lled
and an undamaged 'herringbone' end section.

109



CHAPTER 5. SONICATION-INDUCED EFFECTS

The e�ect of the wall thickness was also examined quantitatively. It was found

that after 2 minutes of sonolysis the VGCNFs with thinner walls were more likely

to be sheared and �lled, whereas the VGCNFs with the thicker walls were less likely

to have been sheared. Figure 5.1e shows two �bres with di�erent wall thicknesses;

the top one is thicker and undamaged, whereas the bottom one is thinner and has

been sheared and �lled. This e�ect was personi�ed after 30 min sonication; as

previously mentioned, all VGCNFs that had been sheared were completely �lled.

It was found that all �bres with thin walls had been sheared, whereas �bres with

thicker walls were less likely to be damaged. Figure 5.1h shows a �lled �bre next to

an un�lled �bre, and it can be seen that the right hand �bre was un�lled and not

sheared, but has a signi�cantly thicker wall compared to the �bre on the left, which

has been sheared and �lled. It has been suggested that DW/MW CNTs can be

tougher than SWCNTs with greater resistance to crack propagation due to interwall

sp3 bonding [338]. This toughness is proportional to the density of these interwall

bonding sites. The more layers a CNT/CNF has, the higher the density of the sp3

bonding sites there are, and thus a greater resistance to damage. This agrees with

these observations; the thicker VGCNFs are less likely to be damaged, whereas the

thinner ones are more likely to be sheared and �lled.

SEM analysis of free-standing �lms (Figure 5.2) was used to assess the e�ect of

sonication on the average length of the VGCNFs. After 2 min of sonication, it was

found that the ends of the VGCNFs were reasonably circular in shape (Figure 5.2c),

whereas after 30 min sonication the ends appeared to be more deformed and more

ellipsoidal in shape (Figure 5.2d). At present it is not clear if the deformation is a

direct result of sonolysis or an in-direct e�ect due to fracturing. Further research is

necessary to con�rm this.

The length of the �bres decreased with increasing sonication times. For example,

for free-standing �lms prepared by evaporative casting, the average length decreased

from 3.2 µm (2 min sonication) to 1.5 µm (30 min sonication), see Figure 5.2e.

This data exhibited a power-law (y = mx−b) dependence with b = 0.22 ± 0.01.
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Figure 5.2: Typical scanning electron micrographs of free-standing �lms pre-
pared by evaporative casting of dispersions prepared by sonicating for a) 2 min
and b) 30 min. c) and d) are enlarged views of a and b), respectively. e) Average
�bre length (assessed using image analysis on the micrographs) as a function of
sonication time for �lms prepared by evaporative casting (triangles) and vacuum
�ltration (BPs, circles). The solid lines are �ts to the data.
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Similar results were obtained for �lms prepared by the vacuum �ltration process

(Figure 5.2e, circles, power law exponent b = 0.22 ± 0.01). This shortening through

sonolysis is attributed to acoustic shearing as a result of inertial cavitation. The

e�ect of this length reduction on the is discussed in the next section.

5.3.2 Electrical and mechanical characterisation

The dispersions were used to prepare free-standing �lms by evaporative casting.

The resulting free-standing �lms were used to assess the e�ect of sonolysis on the

electrical and mechanical characteristics of these materials.

Films prepared by evaporative casting were used since they retain all of the

VGCNF and the GG materials present in the dispersion. In contrast, it is well-

known that during the vacuum �ltration process (to produce BPs) some proportion

of both the dispersant and carbon �llers are removed.

The current-voltage (I − V ) characteristics of all free-standing �lms (tested

under controlled ambient conditions) exhibited Ohmic behaviour, i.e. linear I − V

characteristics. The total resistance (RT ) of the �lms was calculated from the I−V

characteristics and plotted against �lm length (L) (Figure 5.3a). The conductivity

was then evaluated by �tting the RT versus L data to [100, 214]:

RT = 1/(σAC)L+RC , (5.1)

where AC , σ, and RC indicate the cross-sectional area, conductivity and contact

resistance, respectively. The slopes of the linear �ts shown in Figure 5.3a for �lms

prepared by 4 min and 30 min sonication correspond to conductivity values of 35

± 2 S cm-1 and 25 ± 1 S cm-1, respectively. Figure 5.3b shows that the conductiv-

ity decreased with increasing sonication time, exhibiting a plateau value for �lms

prepared by dispersion that have been sonicated for at least 20 min. The decrease

in conductivity could be �tted to a power-law (y = mx−b), which yielded b = 0.21

± 0.03. Thus, there is good agreement with the power-law exponent as determined

from the SEM analysis of length reduction (Figure 5.2e). This then could be seen
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as a validation of our SEM analysis.

This behaviour is linked to the sonication-induced reduction in VGCNF length

and can be explained as follows (similar to arguments used for carbon nanotubes as

detailed in [128]); the VGCNFs form a percolative network in which the resistance

is determined by a combination of the resistances along each of the VGCNFs and

the junctions between the VGCNFs. This study also concluded that the junction

resistance along a CNT is the primary source of resistance in a percolative network,

that is, RJCT � RCNT . A reduction in the length of the VGCNFs is coupled with

an increase in the number of junctions. Therefore, if the junction resistance is the

determining factor in the conductivity of the �lm then it has been shown that the

conductivity should follow a power law dependence on the length of the �bres [128].

In other words, conductivity decreases with increasing length of the �bres if junction

resistance is dominant, while conductivity is independent of �bre length if junction

resistance is neglible. Figure 5.3c shows that the conductivity as a function of �bre

length follows a power law with exponent 0.8. Hence, the junctions between the

VGCNFs dominate the electrical behaviour of the �lms.

Tensile testing was performed on free-standing �lms prepared by evaporative

casting to assess the e�ect of sonication on the mechanical characteristics (Fig-

ure 5.4a). The Young's modulus decreased linearly with increasing sonication time

from 1.3 ± 0.3 MPa (4 min sonication) to 0.21 ± 0.07 MPa (20 min sonication),

see Figure 5.4b. This indicated that the �lms became more ductile with increasing

sonication time, i.e. the �lms failed at a higher strain but lower stress. Previous

research [214, 325] has attributed this to a combined e�ect of damage to the polymer

(shortening of the polymer chain length with increasing sonolysis) and the carbon

�ller (reduction in length as discussed above). The combined e�ect of this is a

reduction in the Young's modulus and the tensile strength of the composite.

It is clear that the reduction in the mechanical and electrical properties must

be taken into account when using horn sonolysis. Our results indicate that 4 min of

horn sonolysis results in composite materials which exhibit robust conductivity (35
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Figure 5.3: Electrical characterisation of free-standing composite �lms prepared
by evaporative casting. a) Total resistance (21 ◦C, 50 % RH) as a function of
�lm length for �lms prepared by evaporative casting of dispersions sonicated for
4 (diamonds) and 30 (circles) minutes. b) Electrical conductivity as a function
of sonication time. c) Conductivity as a function of average VGCNF length as
determined by SEM analysis. Straight lines in a), b) and c) are linear �ts to
Equation Equation 5.1 and power law �t with exponent 0.8.
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Figure 5.4: a) Typical tensile stress-strain plots of free-standing �lms prepared
by evaporative casting of dispersions sonicated for 2, 4, 8 and 20 min. b) Young's
modulus as a function of sonication time. The straight line in b) is a linear �t to
the data.

± 2 S cm-1) and are mechanical sound. These values are comparable to conductivity

values achieved for GG composite materials with multi-walled carbon nanotubes (50

± 5 S cm-1), but (as expected) lower then with single-walled carbon nanotubes (110

± 15 S cm-1) [58]. Due to the smaller amount of sonication time composite �lms

with VGCNF have better mechanical properties compared to �lms prepared with

carbon nanotubes. Shorter sonication times result in less mechanical shearing (and

thus shortening) of the CNTs within the dispersion. Huang et al. [129] proposed

a mathematical relationship stating the minimum length a CNT will reach, which

is proportional to its tensile strength and diameter. This length is una�ected by

various sonication parameters, such as pulse length and power level, thus each CNT

exposed to sonication will be sheared eventually to this length. It stands to reason

then that if two solutions are made with the same CNT, but one is exposed to twice

the required amount of sonication energy, that the length of these CNTs will be

shorter and thus the sample will have a lower conductivity. This further emphasizes
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why it is important to fully optimise sonication time.

5.3.3 Spectroscopy

Raman analysis was used to indicate the change in the level of graphitization of the

VGCNFs due to sonolysis (Figure 5.5a). The spectra of the as-received VGCNFs

(powder form), and free-standing �lms prepared by evaporative casting/vacuum �l-

tration of dispersions exhibited two characteristic Raman bands at 1330 ± 2 cm-1

and 1579 ± 5 cm-1, i.e. the D- and G- bands, respectively [337]. It is well-known

that the ratio of the intensity of the D-band over intensity of the G-band, I(D)/I(G),

is indicative of the level of graphitization. An increase in the I(D)/I(G) ratio cor-

responds to a decrease in the graphitization of the VGCNFs. The I(D)/I(G) data

(Figure 5.5b) revealed that there is virtually no change and a small increase in the

ratio with increasing sonication time for �lms prepared by evaporative casting and

vacuum �ltration, respectively. This appears to suggest that although sonication

results in the opening of VGCNFs, it does not result in signi�cant changes to the

level of graphitisation. Inertial sonication brought about by sonication has been

shown to perform similar e�ects with carbon nanotubes [339].

As Raman has a depth of analysis large enough to probe the entire VGCNF and

GG does not exhibit suitable characteristic bands it is unlikely that this spectro-

scopic technique provides information about the e�ect of �lling. To better under-

stand the e�ects of sonication on the interactions between VGCNF and gellan gum

in the dispersions, samples were characterised using XPS analysis. Figure 5.6 shows

the typical XPS survey spectra recorded from unsonicated and sonication-treated

VGCNFs (2 and 30 minutes, shown in �gure Figure 5.5). From the three spectra

we can identify 2 main peaks which change their ratio: one at 284.4 eV, which is

associated with photoelectrons emitted from carbon 1s core level and a second peak

at about 533 eV generated by photoelectron emitted by O1s core level.

More information on the changes due to the sonication treatment can be under-

stood from closer analysis of the C1s and O1s XPS spectra recorded on the di�erent
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Figure 5.5: a) Raman spectra of VGCNF (unsonicated) and free-standing �lms
prepared from dispersions sonicated for 2 min and 30 min. b) Ratio of the inten-
sity of the D-band over the intensity of the G-band, I(D)/I(G) as a function of
sonication time for free-standing �lms prepared by evaporative casting (triangles)
and vacuum �ltration (BPs, circles).
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Figure 5.6: Typical XPS survey spectra recorded on unsonicated VGCNFs (black
line) and BP produced from dispersions prepared using 2 min and 30 min of
sonication (red and blue line, respectively).

samples (Figure 5.7a-b). The pristine C1s spectrum (grey dotted line at the bottom

of Figure 5.7a) centred at 284.4 eV has the typical asymmetric line shape of photo-

electrons emitted from carbon atoms participating in sp2 bonds. This asymmetry

is associated with the many-electron response to the sudden creation of a photohole

[340].

This spectrum also shows a second component at 290.6 eV associated with the

electron energy loss due to π-plasmon excitations. The dispersion of the VGCNFs in

GG clearly results in a growing shoulder at the high binding energy side of the sp2

peak. Figure 5.7c shows an example of the results of the curve �ttings performed

to explain the spectra of the sonicated samples. The modi�cations produced by

the sonication treatment can be identi�ed by a broad structure that peaks at 288

eV. This structure was previously attributed to photoelectrons emitted from carbon

atoms belonging to carbon functional groups singly and/or doubly bound to one or

two oxygen atoms [341].

To reproduce the C1s peak recorded after 8 min of sonication (Figure 5.7c), 6

components were used. Only three components (1, 2 and 6, Figure 5.7c) are required

for �tting the spectrum of pristine (unsonicated) VGCNF: in addition to the asym-

metric sp2 peak at 284.4 eV, two Gaussian functions were used to reproduce the other

features observed in the pristine spectrum. One Gaussian at 285.0 eV is associated
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Figure 5.7: a) Typical C1s XPS survey spectra recorded on unsonicated VGC-
NFs (dotted line) and BPs produced from dispersions prepared using 2-30 min of
sonication (colored lines). The spectra are normalised and o�set for clarity. b)
Typical O1s XPS survey spectra recorded on unsonicated VGCNFs (dotted line,
10 times enhanced) and BPs produced from dispersions prepared using 2-30 min
of sonication (colored lines). c) Typical C1s XPS spectrum of BPs prepared us-
ing a dispersion sonicated for 8 min. Numbers 1-6 indicate the deconvulotion of
the signal using Gaussian components centered at 284.4 eV (sp2 bonded carbon),
285.0 eV (sp3 bonded carbon), 286.1 eV (hydroxilic oxygen), 287.2 eV (carbonylic
oxygen), 288.6 eV (carboxylic oxygen) and 290.6 eV (π-plasmon excitations), re-
spectively. Black dots and red line indicate experimental data and the result of
the �tting procedure, respectively. d) Oxygen content in the sample, obtained by
the area under the O1s peak with respect to the C1s.

119



CHAPTER 5. SONICATION-INDUCED EFFECTS

with photoelectrons emitted from carbon atoms at sp3 bonds in amorphous car-

bon. During VGCNF synthesis, competing pathways can lead to amorphous carbon

formation rather than to crystalline graphitic nano�bres (as discussed in electron

microscopy section, see also Figure 5.1b-c). The other Gaussian, centred at 290.6 eV,

corresponds to the π-plasmon excitations. The three other Gaussian components

(3 to 5, Figure 5.7c) are related to oxygen containing functional groups present in

GG, and centred at 286.1 eV (hydroxilic), 287.2 eV (carbonylic) and 288.6 eV (car-

boxylic). It is clear from Figure 5.7a that the broad structure at 288 eV decreases

with increasing sonication. In addition, the O1s peak (previously observed for mod-

i�ed GG [303]) is also decreasing with increasing sonication time (Figure 5.7b). In

other words, the amount of oxygen containing groups is decreasing near the surface

of the VGCNFs as shown in Figure 5.7d. The relative amount of oxygen in the

unsonicated sample was evaluated to be 2 %.

XPS is predominantly a surface technique (about 8 nm depth of analysis). Com-

bined with the diameter of the VGCNF this would suggest that XPS can only provide

data about the surface of the VGCNF and not the interior. Hence, it is suggested

that the observed decrease in the O1s spectra (Figure 5.7b) and the oxygen contain-

ing groups in the C1s spectra (Figure 5.7d) can be explained by the reduction of

gellan gum on, or near the surface of VGCNF due to �lling of the VGCNF with GG.

Electron microscopy results (Figure 5.1) appear to be in support of this suggestion,

with the �bres becoming �lled to a larger extent with increasing sonication time.

5.4 Conclusions

Incorporation of tubular carbon nanostructures into materials to form hybrid ma-

terials is an attractive area of chemical materials research. Tailoring the properties

using sonication of functionalised materials is potentially very exciting as this allows

for both physical and/or chemical changes.

The e�ect of sonolysis on vapour grown carbon nano�bres in gellan gum com-

posite materials has been investigated. Finding the minimum time for sonication
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is a typical �rst step when producing dispersions containing carbon nanostructures,

however rarely is the e�ect of sonolysis on the properties of the constituents and the

resulting materials studied in detail.

It was found that the average length of the VGCNFs was halved with just 30

minutes of low energy sonication. Electron microscopy analysis revealed that the

VGCNFs were opened, shortened and �lled. Spectroscopy analysis revealed that

sonication treatment resulted in modi�cation of the VGCNFs.

Our investigations revealed that the electrical characteristics reduced (from 35

± 2 S cm-1 to 25 ± 2 S cm-1) due to sonication-induced reduction in length of

the carbon nano�bres. In contrast, it is likely that the reduction in mechanical

characteristics is mostly due to the e�ect of sonolysis on polymer chain length.

This paper demonstrates that despite the sonication-induced opening, �lling and

modi�cation of carbon nano�bers, composite materials that are mechanical robust

and electrically conducting can be easily prepared by limiting the amount of horn

sonolysis (to just 4 min).

Methods for the �lling of carbon nanotubes are well established, there has been

limited research regarding the �lling of carbon nano�bers [1, 336]. One of the re-

maining challenges is to prepare �lled tubular carbon nanostructures with properties

suitable for selective drug delivery (e.g. nanosized needles) and for autonomic heal-

ing of polymeric materials (e.g. load-bearing biomedical materials). It is suggested

that �lled VGCNFs o�er great opportunities for addressing these challenges.
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Chapter 6

3D Printed Carbon-Based Soft

Strain Gauges

Soft robotics is a rapidly emerging �eld, with an increasing

interest in the development of fully compliant machinery. To

sense the motion of such an appendage, the development of a

soft strain gauge is necessary, utilizing 3D printing to match

the dynamic range of substrates. In this study, a hybrid car-

bon black(CB)-vapour grown carbon nano�bre(VGCNF) dis-

persion is produced, and is evaluated for it's ability as a strain

gauge. The e�ects of sonolysis on the carbon materials is stud-

ied, and the detrimental e�ects on the physical and electrical

properties are presented. From this, an optimised dispersion

was 3D printed onto the surface of a hydroxyethyl methacry-

late (HEMA) hydrogel to for a strain gauge, which was found

to have a GF of 1.8 ± 0.2 and 0.76 ± 0.04 for one and two

layers respectively.
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6.1. INTRODUCTION

6.1 Introduction

Soft robotics is currently a large and rapidly growing �eld of research. This is largely

driven by the fact that 'hard' robotics struggle with delicate tasks, such as gripping

soft objects, and have a hard time integrating with (soft) human bodies. To this

aim, softer materials, such as hydrogels, are being studied as arti�cial muscles or

actuators [3, 343, 344]. Hydrogels o�er a soft, adaptable, material that can act as

either a muscle itself, or as a platform for other materials. Hydrogels have been

successfully implemented as a grip assistant [6] and been able to grip soft objects

without damaging them [345].

One of the biggest challenges identi�ed for soft robotics is the development of

suitable sensors that can be integrated with soft actuators. Examples of how this

can be integrated include sensing the capacitance in a piezoelectric actuator [20, 21],

embedding external sensors within the soft actuator [346], or aerogels that increase

in conductivity [347].

A strain gauge works on having a measurable material property that changes

with respect to how far it has been strained or compressed. There are two primary

methods this can be attained; change in capacitance [348] or change in bulk resis-

tance [249]. Resistive strain gauges have high adaptability, as they can be readily

processed using additive manufacturing (e.g. 3D printing) [349].

Previous studies have shown that carbon nanotube (CNT) dispersions act as

an e�ective strain gauge on soft substrates [350, 351], with some being fully 3D

printed [245] and high gauge factors [352]. The ideal material for a strain gauge

has high electrical conductivity (> 1 S cm−1), while maintaining a high degree of

elasticity. Hybrid systems containing both CNTs and graphene in an epoxy resin

have shown that they can produce �exible conductors, with no loss of electrical

properties through multiple cycles [353]. However, when comparing the conductivity

of a CNT dispersion to that of one with graphene, there are mixed results, as

some studies indicate a synergistic e�ect, others indicate a hindrance [354, 355].

Multiple studies, however, verify that the thermal conductivity increases with a
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higher graphene content [356, 357], which supports thermally activated actuators.

Alternatives to CNTs and graphene are vapour-grown carbon nano�bres (VGCNFs)

[52, 358, 359] and carbon black (CB) [360]. The e�ect of adding CB to a multi-walled

CNT dispersion has been studied [361], however combinations of VGCNFs and CB

are yet to be studied. Scores of studies have been performed on VGCNF, CNT,

and graphene based strain gauges, however there are very few papers concerned

with VGCNF-CB combined dispersions. Individually these materials can produce

highly conductive, �exible printed tracks, however any potential synergies between

the materials have not been studied.

Gellan gum (GG) is a linear, anionic, water soluble polysaccharide that is de-

rived from the bacteria Sphingomonas elodea (formerly Pseudomonas elodea or Au-

romonas elodea [109]). It is a shear thinning material with highly adaptable rheo-

logical properties [362, 363], making it an ideal rheological modi�er for 3D extrusion

printing of various materials [364]. GG has been shown to be a highly e�ective dis-

persant of various carbon materials, such as VGCNFs [52] and Carbon Nanotubes

(CNTs) [365], using only 30 % wt of the carbon materials in water to achieve a

full dispersion. The low acyl version of GG has been shown to be a vastly superior

dispersant of carbon materials than the high acyl couterpart [114, 115].

In order to disperse the CB and VGCNFs into the GG to form an aqueous

solution, a method of mechanically mixing is required. The primary method used

to achieve this goal is sonication, through either bath [120] or probe sonolysis [121].

Using bath sonolysis tends to have a higher mixing time with a much lower energy

e�ciency [339], when compared to probe sonication [52]. While probe sonication

o�ers a faster method to deliver the energy, it does come with drawbacks. It can

damage both the dispersant and the �ller, which can have detrimental e�ects on the

mechanical and electrical properties [1, 122]. As such, it is important to monitor this

level of damage, which can be done through techniques such as transmission electron

spectroscpy (TEM), scanning electron microscopy (SEM), and X-ray photoelectron

spectroscopy (XPS).
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Hydrogels have shown excellence in assisting with the development of soft robotics

[2]. This is due to their similarity to skin, and thus can be integrated e�ortlessly

with the human body [366]. One particular hydrogel that has shown promise for

biomimetic soft robotics is hydroxyethyl methacrylate (HEMA) [218, 367]. Their

strong mechanical properties [241] and ease of curing the hydrogel make it an ideal

candidate for hydrogel soft robotics.

In this paper, a method to disperse a combined system of both CB and VGCNFs

in the dispersant GG for 3D printing high gauge factor strain gauges is presented.

The primary aim of this study is to produce and characterise a 3D printable dis-

persion utilizing both VGCNFs and CB. First the dispersions are optimised with

respect to the mass fraction of CB, VGCNFs and the sonication time. The level of

damage due to sonication is also evaluated and presented. This ink is then directly

written using a custom-built 3D printer onto a HEMA-polyurethaine (PU) hydrogel

surface, to form a strain gauge. The ability for the ink to act as a strain gauge is

then characterised.

6.2 Materials and Methods

6.2.1 Preparation of dispersions

Low acyl gellan gum (GG, Gelzan, Lot#1I1443A) was gifted to our research group

from CP Kelco. Gellan gum solutions at the required concentration (up to 1.2 %

w/v) were prepared by dissolving the required amount of dry powder in Milli-Q

water (100 mL, 80 oC, resistivity 18.2 MΩ cm) while vigorously stirring with an

overhead stirrer (800 RPM, IKA RW 20 digital) for 30 minutes, until the solution

was clear.

10 mL of the GG solution was placed in a glass vial (25 mL diameter), and to

that the required amounts of CB (KetjenBlack EC600-JD, AkzoNobel) and VGCNFs

(Pyrograf Products, PR24-LHT, PS 1345 Box 8, HT 170) were added. This was

then subjected to digital probe sonication (Branson Digital Soni�er, 6 W power
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output, 0.5 s pulse on/o�) through a titanium tapered microtip (Consonic, 3.175

mm diameter). The glass vial was placed in an ice bath.

6.2.2 Preparation of free-standing �lms

Free-standing �lms were prepared by evaporatively casting of the VGCNF:CB:GG

dispersions. The as-prepared dispersions were poured into a plastic petri dish (di-

ameter 55 mm) and allowed to evaporate under controlled conditions (21 oC, 50 %

RH) in a temperature-humidity controlled chamber for 24 hours. The �lms were

then carefully freed from the petri dish to produce free-standing �lms.

6.2.3 Preparation of HEMA-PU hydrogels

HEMA-PU hydrogels were prepared as follows. To 10 mL of ethanol we added

5 g of hydroxyethyl methacrylate (HEMA, Sigma Aldrich, Australia), 0.11 g of

the UV initiator, α-ketoglutaric acid (AKG), and 0.12 g of the crosslinker, N,N'-

methylenebisacrylamide (NBAAm, Sigma Aldrich, Australia). This solution was

stirred and heated (IKA C-MAG HS hotplate stirrer, Sigma Aldrich, Australia) at 60

oC until fully dissolved. 5 g of a rheological thickener, polyether-based polyurethane

(PEO-PU, AdvanSource Biomaterials, HydroMed D-4), was then broken up and

slowly added. This �nal solution was then sealed, blocked from light, and stirred

for 2 days at 60 oC until all PEO-PU is dissolved, producing a transparent, viscous

solution.

To cure the HEMA-PU into a hydrogel, the solution was poured into a 25 x 40

x 4 mm 3 cast, and placed between two glass slides held together tightly by bulldog

clips. Care must be taken when applying the glass slide to not introduce any air

bubbles, and these were thoroughly inspected before curing. This was then placed in

a re�ective chamber, and the sample was irradiated with UV light (DyMax BlueWave

75, 9 W cm−2) for up to 10 mins until fully cured. The sample was then left to dry

overnight, before rehydrating in water. A transparent, hydrophobic coating (nail

polish top coat, Priceline Pharmacy Australia, SKU: 598425) was applied to one
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surface of the swollen hydrogel to facilitate 3D printing.

6.2.4 3D printing of strain gauges

A custom-built 3D printer was used to print the strain gauges onto the hydrogel, and

can be seen in Figure 6.1. The printer consists of a commercially available milling

machine (Sherline 8020) and a custom designed and 3D printed holder (Figure 6.1 b).

This held both the material syringe (5 mL or 30 mL) and the linear actuators used

to extrude the material (Zaber T-NA08A50-KT01U, 50 N thrust). These actuators

were controlled by custom-designed software (coded in C#) to control speed and

timing of actuation.

The strain gauge pattern was designed and coded in G-code, as this could be

directly imported into the printer. The whole strain gauge was 20 mm in length,

and 15 mm wide, with track width ≈ 1 mm. The strain gauge was designed with

two connectors (5 x 5 mm) and three tracks in the axis of actuation. Each track was

separated by 5 mm, which provided adequate spacing to ensure they did not short

circuit during printing or afterwards.

Optimum printing conditions were found when the print needle was set to a jog

speed of 60 mm min-1, with the �ow rate of the ink at 24 µL min-1. The dispersion

used to produce the strain gauges consisted of [VGCNF] = 10 mg mL-1, [CB] = 20

mg mL-1, and [GG] = 9 mg mL-1, sonicated for 8 min. The material was extruded

through a 25 gauge (ID 0.26 mm) smooth-�ow tapered tip (Nordson EFD, 7018391).

To ensure solid connection, a 5 cm length of conductive yarn (Type C50T024, SGL

Carbon Fibers LLC, Evanston, WY, USA, cross-sectional area ≈ 0.221 mm2) was

placed onto the connectors during printing when the ink was wet and allowed to dry

in place to reinforce the connection. These tracks were then sealed with the same

hydrophobic coating to prevent swelling.
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Figure 6.1: An image displaying a) the custom-built 3D printer as-used, with b)
an inset showing a close-up of the actuator and syringe holder.

6.2.5 Characterisation Methods

Assessment of the VGCNF:VB disperse-ability was performed through monitoring

the UV-Vis-NIR absorbance at various sonication times, with wavelengths of 1000

nm and 1150 nm using a standard spectrophotometer (Shimadzu UV-3600). The

dispersions were diluted down in water to a total carbon (carbon black and VGCNF)

concentration of 10 µg mL-1 prior to analysis.

Electrical characterisation of the free-standing �lms was performed using a

custom-built impedance setup [58]. This impedance setup utilizes a USB waveform

generator (Agilent U2761A) and oscilloscope (Agilent U2701A) to apply a sinusoidal

waveform across a known resistor and the sample. Initially, a sweeping waveform

was applied (1 V peak voltage, 1 Hz to 100 kHz), and for further analysis a 10 kHz

waveform was used.

Scanning electron microscopy (SEM) analysis of all free-standing �lms was car-

ried out using a �eld emission scanning electron microscope (FESEM JEOL JSM

7500-FA) operated at 5 kV and a spot size setting of 8. Length analysis of VGCNFs

was performed using an image analysis package (Leica Application Suite Version

4.3)

Raman analysis was conducted using a Raman spectrometer (JY HR800, Horiba

134



6.3. RESULTS AND DISCUSSION

Jobin Yvon). The laser used was a HeNe laser (632.8 nm wavelength) at a power

of 20 mW. The detector was an optical microscope (Olympus Bx41) with a spatial

resolution of 1 mm. The spectrometer was calibrated using SiO2 at a wavenumber of

520.7 cm−1. All scans were performed between 500 and 3000 cm−1 under controlled

ambient conditions.

Rheological testing of the ink was performed on an Anton Paar MCR301 Digital

Rheometer with a peltier heated base (Julabo Compact Recirculating Cooler AWC

100, 21 oC. Viscosity pro�les were obtained by performing a rotation test with a

cone and plate measuring system (49.972 mm diameters, 0.992o angle) from γ̇ =

0.01 to 100 s−1 with 3 min of pre-shear.

Mechanical testing of cured HEMA-PU hydrogels was performed on a universal

tensile tester (Shimadzu, EZ-S). 5 x 20 mm2 strips of the cured HEMA-PU hydrogels

without the hydrophobic coating were tested at a rate of 2 mm min-1. The strain

gauges were also tested using this same instrumentation. When testing a strain

gauge, the carbon �bre connectors were placed within the clamps to restrict the

movement. Each strain gauge was tested up to a strain of 15%, at a rate of 6

mm min-1. In order to evaluate the creep, a 15 s pause was added at both the

start and end of each cycle. A USB multimeter (Agilent 34401A) was connected

and was recording the resistance at 50 µs intervals. Each gauge was subject to 25

loading/unloading cycles.

6.3 Results and Discussion

6.3.1 Sonication and Electrical Optimisation

When developing the conductive ink, as the VGCNF or CB are the components

that add conductivity and the GG is merely the dispersant, the [GG] needed to be

minimised. The �rst step taken to this extent was to disperse a low mass (i.e. 1

mg) CB into solutions of decreasing [GG]. Using a high [GG] with a low [CB], the

absorbance of a fully dispersed CB solution can be established. To achieve this,
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initially 1 mg CB was added to 10 mL of 1 % GG, which was sonicated and had the

UV-Vis absorbance monitored, which reached a plateau after 30 s sonication. The

[GG] was then decreased to a point where it no longer reached this same absorbance

i.e. when [GG] is too low to achieve a full dispersion. The minimum [GG] was found

to be 0.3 %, which reached a plateau after 2 min sonication. The [CB] was then

increased, maintaining [GG] at 0.3 %. The maximum [CB] found was 10 mg mL-1

in a 0.3 % GG solution which plateaued out at the same absorbance after 4 min

sonication. This ratio was maintained for all further optimisation studies, i.e. a 10:

3 ratio.

Initially, the sonication dispersion e�ciency as a function of energy input for the

CB in GG needed to be determined, and the results can be seen in Figure 6.2a. It

can be seen that the lowest energy per mg CB was that of [CB] = 20 mg mL-1. These

samples were attempted to turn into dry �lms as per the experimental, however it

was found that CB lacked the structure to be able to create solid �lms, with a

large majority cracking. From the few �lms that were able to be produced, it was

noted that they were quite thick, readily cracked, and low in surface area, so this

formulation was deemed un�t to turn into a strain gauge.

In order to turn this dispersion into a free-standing �lm more consistently with

better properties to suit a strain gauge VGCNFs were added. After the optimal son-

ication parameters for the CB-GG dispersion was determined, both systems were

combined to determine the optimal concentration of both �llers relative to each

other. This was established by maintaining [VGCNF] at 10 mg mL-1 and incre-

menting [CB] from 5 to 30 mg mL-1 (Figure 6.2a). It was found that above 30

mg mL-1 the volume of CB was too high, and the solution, upon brief sonication to

break up the pelletised CB, would be unable to be sonicated any further. Dispersion

e�ciency was not greatly a�ected by the addition of both carbon materials, with

only a minor decrease in e�ciency. From Figure 6.2a, we can see that the optimum

[CB] is 20 mg mL-1, as this has the lowest energy requirement per mg of CB. This

was also veri�ed by maintaining the [CB] at 20 mg mL-1 and varying [VGCNF],
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Figure 6.2: Sonication optimisation of both the CB and CB-VGCNF dispersions
as dry �lms, as well as their cross sectional area. In all samples shown, the
[VGCNF] was 10 mg mL-1, as it is the optimum concentration, with [GG] chosen
to give a ratio of 10: 3 carbon �ller to GG. a) shows the dispersion e�ciency of
both the CB and CB-VGCNF against [CB]. b) shows how the resistance of the
samples is a�ected through the addition of CB. c) shows how the cross-sectional
area is increased with increasing [CB].
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which also showed that this dispersion was the most energy e�cient. This solution

was chosen as the dispersion for the rest of this study, i.e. [VGCNF] = 10 mg mL-1,

[CB] = 20 mg mL-1, [GG] = 9 mg mL-1, with a sonication time of 8 min.

For the development of a resistance-based strain gauge, it is the unit resistance

that is the important property, rather than the conductivity, and this was measured

and is shown in Figure 6.2b. It was noted that after the addition of a small amount

of CB the resistance drops from 950 ± 50 Ω cm-1 down to 520 ± Ω cm-1 at [CB] =

10 mg mL-1. At higher concentrations the resistance remains relatively unchanged

(within errors).

While increasing the [CB] the resistance remains unchanged, it is worth noting

that the cross-sectional area increases (Figure 6.2c). As the size of the petri dish

was kept constant for all samples produced, as more material was added, it would

produce a thicker �lm. Both the increase in thickness and [CB] are attributed to

the reduction in resistance.

6.3.2 Damage due to sonication

In order to quantify the damage on the carbonous �llers due to sonication, a variety

of techniques were employed. The �rst of which was length analysis of SEM mi-

crographs, as seen in Figure 6.3. The length analysis was performed by examining

multiple SEM micrographs at increasing sonication times, with typical micrographs

of the 4 and 24 min sonicated �lms shown in Figure 6.3b-c. Through measuring

the length of each visible �bre, a distribution of the �bre length was produced (Fig-

ure 6.3a). It can be seen here that, as the sonication time increases, the distribution

tends towards smaller �bres, with a majority of �bres greater than 3 µm in length

for a 4 min sonicated �lm. When compared to a 24 min sonicated �lm, where the

majority lie between 0.5 and 1.5 µm in length, this shows that with increasing son-

ication time the �bre length is dramatically reduced. When this e�ect is compared

to a VGCNF: GG dispersion [52], the e�ect is ampli�ed for lower sonication times,

but decreased for higher sonication times. That is, at 4 min sonication time, longer
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�bres were present in a VGCNF: GG �lm, however at 24 min sonication, longer

�bres were present in a VGCNF: CB: GG �lm. This indicates that during initial

sonication the VGCNFs absorb most of the sonication energy, however as sonication

time is increased, the force is distributed across both the VGCNFs and CB.

This reduction in length also contributes to the reduction in the conductivity at

increased sonication times (data not shown). It has been previously shown that the

resistance of a CNT network is almost solely determined by the number of junctions,

as RJCT � RCNT [128].

Raman analysis was also performed on all three dispersions (VGCNF: GG, CB:

GG, and VGCNF: CB: GG) at the optimal time, and can be seen in Figure 6.4a.

From examining the ratio of the D and G peaks, which are typically around 1324

cm−1 and 1597 cm−1 respectively, we can evaluate the damage to the π stacking in

the VGCNFs. It can be seen from Figure 6.4b that at increasing sonication times

the D: G ratio of the liquid dispersion increases while the dry �lms decrease. In dry

�lms, there is initially a decrease in the D: G ratio when compared to pristine CB

powder (1.37 ± 0.08), but an increase when compared to pristine VGCNF powder

(1.03 ± 0.02). This increase can be attributed to various physical changes in both

carbon materials. In the case of carbon structures, these are evident in the amount of

amorphous carbon present. It is known that the average size of the microcrystalline

structure, La, can be calculated from this ratio by:

La = 44[I(D)/I(G)]−1, (6.1)

where I(D) and I(G) are the D and G bands, respectively [368, 369]. This

then states that, as the D: G ratio increases, La decreases, which, in the instance of

carbon materials, is the amount of crystalline carbon. As the D: G ratio is higher

for a VGCNF: CB: GG dispersion than that of one without CB, it can be noted that

CB consists of more amorphous carbon than VGCNFs. As sonication time increases,

the crystalline structure in both the VGCNFs and CB is disrupted, converting it to

amorphous carbon.
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Figure 6.3: a) represents a bar graph with the number of VGCNFs within a
certain length bracket, as a percentage as all viewed �bres.b,c) show two exam-
ple SEM micrographs for a 4 and 24 min sonicated sample at 2,500x magni�ca-
tion.These micrographs were used for the length analaysis.
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Figure 6.4: a) shows typical Raman spectra of VGCNF: GG, CB: GG, and
VGCNF: CB: GG dispersions as a free-standing �lm. b) shows the D: G ratio of
the VGCNF: CB: GG dry �lm as a function of sonication time.
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Examining the length of visible �bres within the �lm also indicates that there is a

signi�cant reduction in �bre length as sonication time is increased (Figure 6.3b). A 4

min sonicated sample has a broad spread of �bre lengths, with the highest percentage

above 2 µm, whereas a 24 min sonicated sample has the greatest percentage below

1.5 µm.

6.3.3 3D Printed Strain Gauges

Before attempting to print the tracks on a hydrogel, the rheological properties were

examined to determine suitability, and are displayed in Figure 6.5. Figure 6.5a shows

a typical viscosity sweep from γ̇ = 1 to 100 s−1. Since the plot is linear when plotted

as a lin-log plot, this represents a shear thinning material, and can be quanti�ed by

the following equation:

η = Kγ̇n−1, (6.2)

where η is the viscosity (Pa s), K is the �ow consistency index (Pa sn), γ̇ is the

shear rate (s−1), and n is the �ow behaviour index (1 for Newtonian �uids, less than

1 for shear thinning materials). It was found that, for the optimum ink, K = 0.87

± 0.02 Pa sn and n = 0.86 ± 0.02. This shows that the material is shear thinning,

with a high initial viscosity, and thins rapidly at higher shear rates, thus is ideal for

3D extrusion printing.

The e�ects of increasing [CB] on the rheological properties was also examined

(Figure 6.5b-c). Upon examining η at γ̇ = 100 s−1, it was shown to steadily increase

until [CB] = 20 mg mL-1, where it jumped signi�cantly (from 16 ± 1 to 49 ± 4 mPa

s-1). The K value experienced a similar trend, however it started to increase after

[CB] = 15 mg mL-1. This shows that at low concentrations the CB does not a�ect

the rheological properties, however at higher concentrations it can be used to make

a far more viscous and shear thinning ink. This examination also showed that the

ink was suitable for 3D extrusion printing.

The strain gauge was printed onto a hydrated HEMA-PU hydrogel (thickness
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Figure 6.5: a) shows a typical viscosity sweep for an optimal CB-VGCNF ink
from a shear rate of 1 to 100 s−1. b,c) shows how the viscosity (at γ̇ = 100 s−1)
and K value are a�ected by increasing loading fractions of CB. Solid line in a) is
a �t to Equation 6.2.
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≈ 1.75 mm), however a hydrophobic layer was required on the printed surface to

encapsulate the carbon tracks. Since the main mechanism for conduction in the

VGCNF: CB: GG dry �lms is through electronic rather than ionic, this is hindered

by water. Thus, the coating ensured that the hydrogel would stay hydrated, but the

strain gauge would not. This limited the maximum resolution of the tracks, restrict-

ing the minimum size of the strain gauge, which can be seen in Figure 6.6a. Each

tested strain gauge has three tracks in the direction of strain to increase sensitivity

to smaller strains. To explain this, let

∆R ∝ δl

l0
, (6.3)

where ∆R is the measured change in resistance, δl is the change in length during

strain, and l0 is the original length. Thus, to maximise ∆R, and therefore a higher

gauge factor, a longer track is more desirable, however to keep the size of the strain

gauges down to an applicable size the tracks were curled. This e�ect has been

previously reported [245]. These samples consisted of one layer of tracks, as a single

layer was faster and simpler to produce, with the end results of the two roughly

comparable.

The mechanical properties of both one and two layered strain gauges are sum-

marised in Figure 6.7. The HEMA-PU hydrogel was mechanically tested to failure

to �nd the elastic region, which was found to be up to 20 % strain (data not shown).

For this reason, each strain gauge was cyclically tested up to 15 %, to ensure that

it was within the elastic region of the HEMA-PU hydrogel.

Both single layer and dual layer strain gauges were printed and mechanically

tested during strain gauge evaluation, and can be seen in Figure 6.7b. From this

plot, two other important properties were extracted; the Young's Modulus, and

the energy dissipated on each cycle (Figure 6.7b and c). For a single layer strain

gauge, the Young's Modulus is observed to initially increase, then begin to decline,

giving an average of 160 ± 2 kPa, however the opposite was noted for a dual layer

gauge, averaging at 235 ± 9 kPa. This is attributed to initially pre-stressing the
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Figure 6.6: a) Photograph of an as-printed strain gauge with the conductive
�bre connectors. b) A schematic representation of the strain gauge composition.

gel, allowing the bonds to rearrange within the hydrogel, and minor cracks in the

conductive tracks forming. Upon addition of a second layer of conductive track,

the Young's Modulus is found to increase, and this is attributed to the hydrophobic

coating. When applied and dried, it forms a sti�, brittle layer, which was found to

alter the mechanical properties. The energy dissipated on each hysteresis loop was

also examined, and presented as a percentage of the loading energy (Figure 6.7c).

For a single layer, this was found to remain constant between the 2nd and 23rd cycle,

averaging at 14.7 ± 0.4 %. However, the two layer strain gauge was seen to steadily

increase after the 4th cycle, increasing at a rate of 0.718 ± 0.006 % each cycle. This

increase in energy dissipated for a dual layered strain gauge was attributed to the

tracks breaking through multiple cycles.

The initial samples printed had a single layer of the CB-VGCNF ink, as this

was found to be enough to produce a strain gauge. The gauge factor (GF) was

calculated using:

GF =
∆R/Ro

ε
, (6.4)

where ∆R is the change in resistance across the total strian, Ro is the unstrained

resistance of the strain gauge (which was 240 ± 80 kΩ), and ε is the strain placed on

the sample. Using Equation 6.4, the GF was calculated for each cycle throughout
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Figure 6.7: Three graphs summarising the mechanical properties of both the
HEMA-PU hydrogel by itself, and with a 1 layer printed strain gauge. a) A
typical stress-strain graph for a strain gauge up to a strain of 15%, at the �rst,
10th, and 24th cycle, displaying the hysteresis loop. b) The Young's Modulus and
c) the energy dissipated as a percentage of the loading energy, for both 1 and 2
layered strain gauges.
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the cyclic tests, and the GF for a single layer track was found to be 1.8 ± 0.2. The

creep was also evaluated through placing a pause at the top and bottom of each

cycle, and the resistance was found to creep 0.12 ± 0.05 %.

These same samples were also printed using two layers of the CB-VGCNF ink,

to determine the e�ect of increasing the number of layers. This result can be found

in Figure 6.8b. These samples were found to have a very sharp response, however

the GF was considerably lower (Figure 6.8c), i.e. 0.76 ± 0.04. It is clear from

Figure 6.8 that the two layer device is a more reusable device, as the strain gauge

maintains an equivalent GF value over 45 cycles.

6.4 Conclusion

A co-dispersion containing both CB and VGCNFs was able to be produced e�-

ciently using the dispersant GG, to produce a homogeneous dispersion. The overall

sonication time was short, requiring only 8 min to disperse the most e�cient amount

of material (on a low power output, 6 W). The addition of CB to a VGCNF: GG

dispersion was shown to drop the resistance values as low as 510 ± 20 Ω cm-1 when

processed into a dry �lm. This dispersion, as a dry �lm, was able to maintain its'

�exibility, which is key in a strain gauge for soft substrates. The damaging e�ects

of sonication was evaluated, and analysis of SEM micrographs found a decrease in

the length of VGCNFs when increasing sonication time. Raman analysis also indi-

cated that the D: G ratio of the dry �lms decreased at increasing sonication times,

indicating both surface and inter-layer damage to the VGCNFs.

The rheological properties of the ink were evaluated, to determine suitability for

3D extrusion printing. The optimum solution had an n value of 0.86 ± 0.02, which

shows that it is shear thinning. This is due to the dispersant, GG, and the addition

of CB. With a K value of 0.86 ± 0.02 Pa sn, the ink was found to be rheologically

suitable for printing.

When evaluated for strain gauging, the ink was found to be suitable, producing

a strain gauge with a GF of 1.8 ± 0.2 up to a strain of 15% across 25 cycles. When
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Figure 6.8: Two graphs showing the resistance change for an as-printed strain
gauge with a) one layer, and b) two layers. c) shows the gauge factor for both the
up and down of both strain gauges across multiple cycles.

two layers were printed, it was found to decrease the GF to 0.76 ± 0.04, however the

GF was found to be more consistent over 45 cycles compared to the performance of

the 1 layered soft strain gauge.

This paper contributes to the use of 3D printing in the fabrication of soft strain

gauges through the production and application of a 3D fabricated strain gauge on

a soft substrate. Through a multi-faceted approach (ink, instrument, and substrate

design), a strain gauge was able to be developed that can be printed onto any soft

substrate with minimal surface preparation or modelling.
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Chapter 7

Conclusions and Future Direction

A brief conclusion summarising all work presented, and any

future research to be taken from this point.





7.1. GENERAL CONCLUSIONS

7.1 General Conclusions

Throughout this project, multiple steps were required to ensure that the material

used to produce the �nal strain gauge met all requirements, and that all speci�c

aims were achieved. Each of these aims shall be reiterated, and how it was achieved.

Chapter 3 details the speci�c aims of designing, optimising, and characterising

an ink based on VGCNF and GG, as well as evaluating the e�ects of sonication

damage on this dispersion. Initially, a VGCNF-GG dispersion was produced and

homogeneously dispersed through horn sonication. To achieve the highest conduc-

tivity, a study was �rst performed to determine the minimum ratio of VGCNF:

GG, which was found to be 10: 3. The sonication time was also optimised, as it

is know that horn sonication can have detrimental e�ects on carbon dispersants.

It was found that a solution containing 10 mg mL-1 VGCNF and 3 mg mL-1 GG

was the most energy e�cient solution, requiring only 14 ± 3 J of sonic energy per

mg VGCNF. The electrical conductivity of this dispersion, when dried into a free-

standing �lm, was found to be 35 ± 2 S cm-1. The sonication damage e�ects on both

the tube length, and thus the conductivity, was also examined, and it was found to

severely reduce both of these properties, with the conductivity lowering to 20 ± 2

S cm-1 after 5x sonication (Figures 3.2 and 3.3). This ink was rheologically tested,

and found to match that of fountain pen ink at high shear rates (≈ 1000 s−1, that

of normal writing). Due to this, the ink was �lled into a commercially available

fountain pen and was able to power an LED (Figure 3.5).

Chapter 4 presents the development of an in-house EIS (Figure 4.1), which was

used as the primary method of electrical characterisation throughout this project.

This set-up was developed to measure the electrical behaviour of both dry and wet

samples, i.e. hydrogels or dry �lms. A USB waveform generator would apply a set

potential at a known frequency across a known resistor and the sample, and the

voltage drop was measured by a USB oscilloscope. The frequency of the waveform

was then stepped up to produce a full electrical impedance spectrum. The system

was benchmarked through measuring the spectra of a variety of GG hydrogels con-
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taining SWCNTs, MWCNTs and VGCNFs. It was found that for a wet system (i.e.

95 % water content) the addition of carbon �llers had a modest increase to the elec-

trical conductivity, but this a�ect could be further ampli�ed through the reduction

in water (Figure 3.3).

Chapter 5 shows a highly detailed analysis of the sonication damaging e�ects

of sonolysis on a VGCNF: GG dispersion, including some �lling e�ects that were

noted. In all previous experimentation presented, it was apparent that horn sonica-

tion reduced the electrical and rheological properties of the resulting sample. This

was due to damaging both the carbon �llers (SWCNT, MWCNT and VGCNF)

and the dispersant (GG). This e�ect was studied in great detail through various

spectroscopic techniques (Raman, XPS, EIS), microscopic techniques (TEM, SEM),

and mechanical characterisation. Qualitative analysis of TEM micrographs showed

that after a brief (2 min) sonication time, the surrounding GG was drawn into the

internal cavity of the VGCNFs due to strong capillary forces at the point of shear

(Figure 5.1). This was further backed up through XPS, that showed that the con-

centration of both oxygen and carboxyl groups decreased at increasing sonication

times. As XPS is a surface technique, any GG within the VGCNFs is not detected.

It was also found that there was also a reduction in conductivity and Young's Mod-

uli at higher sonication times (Figures 5.3 and 6.7). These were explained through

investigation of SEM micrographs of the dry �lms, as it was found that the average

VGCNF length was reduced from 3.2 µm at 2 min sonication, down to 1.5 µm at 30

min sonication (Figure 5.2) This showed that the sonication times must be heavily

monitored and minimised where possible.

Chapter 6 shows the production of a KB: VGCNF: GG dispersion, the e�ects

of sonolysis on the materials in the dispersion, production of a custom 3D printer

that was then used to print a strain gauge on a p-HEMA hydrogel, along with

the full characterisation. The VGCNF: GG dispersion o�ered promising properties,

however in order to further reduce the resistance of the dry tracks, KB was added

as a co-dispersant. It was found that a KB dispersion could not form a dry �lm,
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so VGCNFs were added to mechanically strengthen the �lms, and improve their

electrical performance. After optimised for sonication time, it was found that the

most e�cient dispersion had 20 mg mL-1 KB, 10 mg mL-1 VGCNF (as found before),

and 6 mg mL-1 GG, i.e. a 20: 6 ratio for total carbon content. This resulted in a

slight decrease in e�ciency when compared to pure VGCNFs (14.4 ± 0.6 J mg-1),

however the resistance per unit length was reduced (from 1000 ± 100 Ω cm-1 down

to 863 ± 1 Ω cm-1, Figure 6.2). This is a more desirable property for strain gauges,

so this ink was deemed more suitable. The rheological properties were also ideal for

3D extrusion printing, as they could be tailored using a di�erent concentration of

GG.

In order to deposit this material onto a soft substrate, a 3D extrusion printer

was developed (Figure 6.1). This printer was designed by replacing the head of

a commercially available milling machine with a custom designed and 3D printed

holder that housed two linear screw actuators, which forced the material out through

a standard syringe with replaceable needles. Software was also written in order to

tie the extrusion rate in with the movement of the printer head.

This research culminated in the production of a conductive strain gauge that

was 3D printed onto a �exible, soft substrate. The ink was printed onto a p-HEMA

hydrogel base with a hydrophobic layer encapsulating the tracks, as to allow them

to stay dry while immersed in water. The strain gauges were tested for repeatability

(up to 25 loading/unloading cycles) and was found to remain constant throughout

this time. The gauge factor of the strain gauge was found to be 1.8 ± 0.2 and 0.76

± 0.04 for one and two layers respectively, with a higher degree of repeatability with

the two layer device (up to 45 cycles, Figure 6.8).

7.2 Other and Future Directions

The research within this thesis has already initiated a number of other research

directions, e.g. the printer developed as part of this project was used for develop-

ing 4D printed hydrogel actuators [370, 371], with an identical copy assembled at
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Harvard University, USA, resulting in a collaborative paper developing soft ionic

strain gauges [372] (see Appendix A for details on these papers). The printer was

developed with a broad scope in mind, allowing most materials to be printed with

ease.

The �nal product, the 3D printed strain gauge, also o�ers various other research

directions. The next major direction for soft robotics is towards 4D printed soft

actuators, and the presented strain gauge has the capability to sense such a strain

gauge. It is well known that carbon materials exhibit Joule heating (as do many

materials with a resistance!). As most common 4D soft actuators are thermally

actuated, the strain gauge could be used as a controlled method for these types of

actuators. As the strain gauge would be able to not only cause the actuator to bend,

but could then sense how far, it would o�er �ne control over a soft hinge.

While this project has added to the amount of research on KB as a conductive

dispersant, there are very few articles released on this material. As KB is a readily

available material, there are still a lot of properties of KB in a dispersion that should

be evaluated, i.e. using it as a stable co-dispersant to achieve a higher conductivity

through altering the KB: VGCNF ratio. KB o�ers a viable alternative to other

harder to process materials, such as graphene, and should be evaluated as such.
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Appendix A

Additional Papers

The following papers are all papers that I have helped to au-

thor, and display a variety of di�erent applications of instru-

mentation developed throughout the course of this project, in

speci�c the custom-built 3D printer. The design of the 3D

printer was brie�y discussed in the body of this document,

however not all applications were explored. These papers show

various uses of this same instrument, and how it can be ap-

plied to a variety of problems.





4D Printing of Reversible Shape

Morphing Hydrogel Structures

A series of hydrogel-based inks are developed to print 3D struc-

tures capable of reversible shape deformation in response to hy-

dration and temperature. The inks are made of large polymer

chains and UV curable monomers which form interpenetrating

polymer networks after polymerization. By taking advantage

of the long polymer chains in the ink formulations, it is pos-

sible to adjust the rheological properties of the inks to enable

3D printing. Hydrogels produced from the inks exhibit robust

mechanical performance with their mechanical properties con-

trolled by the nature of the long polymer chains within their

networks. In this paper, hydrogel hinges are made from vari-

ous ink formulations and a simple model is developed to pre-

dict their bending characteristics, including the bending cur-

vature and bending angle. This model can be used as a guide

to determine optimal parameters for a wide range of materi-

als combination to create all-hydrogel structures that undergo

desired shape transitions





A.1. INTRODUCTION

The following is a stylistically edited version of the published paper:

S. Na�cy, R. Gately, R. Gorkin, H. Xin, and G. M. Spinks, �4D printing of

reversible shape morphing hydrogel structures,� Macromol. Mater. Eng., 2016

A.1 Introduction

Structures capable of changing their 3D shape in response to their environment

are found commonly in nature and include reversible processes, such as �ower he-

liotropism, and irreversible actions, like seed pod opening [2�5]. The concept of

shape morphing is also well re�ected in origami art, where a �at sheet of paper

turns into a complex 3D shape following a series of well-designed folds. Inspired by

the principles of origami and shape morphing, various engineering devices have been

designed and fabricated. Examples of such devices include foldable robots [6], com-

pact deployable structures [7, 8], foldable electronics [9, 10], and biomedical devices

[11, 12]. While impressively complex morphing motions have been demonstrated

[13], the fabrication and control of such devices remains complicated. Here we con-

jointly develop 3D printing techniques and mechanical models to provide a facile

method for the digital design, fabrication, and accurate control of reversible shape

changing devices. The underlying mechanism of shape morphing is principally by

one or more bending deformations that result from a change in mechanical proper-

ties (e.g., sti�ness) or physical characteristics (e.g., volume) of an active component

in a multimaterial device [14�16]. In some cases the structural deformation is ir-

reversible [17], with one or more intermediary states, such as the shape transitions

originated from stress relaxation of shape memory polymers [18, 19]. Completely

reversible shape transitions are also possible with the structure returning back to its

original shape when stimulation is ceased [20]. These shape transitions can occur

when the active material changes in volume. Stimuli responsive gels and hydro-

gels and electroactive polymers belong to this category [21�27]. Fabrication by 3D

printing is providing an exciting opportunity for preparing complex shape morphing
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devices. Traditionally, in situ polymerization, casting, and �lm making methods

have been widely utilized with shape memory polymers [28, 29], but as the level of

complexity in shape transformation increases so does the number of manufacturing

steps needed to complete the device. 3D printing o�ers precise placement of di�er-

ent materials and has been used to construct complex hybrid structures, including

morphing systems made with shape memory materials [30�32] and volume change

materials [33]. Gels and hydrogels are particularly interesting as the active material

in morphing structures because they undergo large deformations due to their high

degree of swelling. Although there are reports of 3D printed hydrogels, little has

been explored to evaluate the use of 3D printing in creating hydrogel-based shape

morphing structures with robust mechanical performance [34, 35].

Here, we introduce a series of interpenetrating networks with controllable water

swellability, tunable rheology, and robust mechanical properties for the preparation

of 3D printed shape morphing structures. Inks were developed for extrusion printing

in which a linear hydrophilic polyurethane was combined with ultraviolet (UV) cur-

able monomers in a blended solvent. The polyurethane provides suitable rheological

properties needed for extrusion printing along with mechanical robustness required

for the printed objects. The UV curable monomers form a second hydrophilic poly-

mer network to rapidly solidify the structure after printing and tune the elastic

modulus and water swellability. Previously, we demonstrated the positive impact of

hydrophilic polyurethanes on the mechanical performance of pH-sensitive hydrogel

�lms produced via casting and UV curing [36]. In this paper, we use p-nIPAAm as a

temperature sensitive polymer network, along with a nonactive polymer, p-HEMA,

to provide structural integrity (Figure A.1a). The p-nIPAAm shows a reversible

thermal transition with a large reduction in water swelling when heated above 32

◦C. Bilayers constructed from the p-nIPAAm and p-HEMA are able to morph from

a �at state when dry to a controllable 3D structure when fully swollen below 32

◦C and back to the �at state at temperatures above 32 ◦C (Figure A.1c). A model

has been developed to establish a correlation between bending characteristics of

208



A.2. RESULTS AND DISCUSSION

the bilayer hybrid hydrogels and the material properties and fabrication parameters

(Figure A.1b). The model is utilized as a guide to extrusion print objects capable

of reversible and controllable shape transformation.

A.2 Results and Discussion

A.2.1 Ink Preparation and Hydrogels Characterisation

For the ink preparation, di�erent types of PEO-PU with varying molecular weight

were used along with AKG as UV initiator, MBAAm as crosslinking agent and

HEMA and n-isopropylacrylamide (nIPAAm) as monomers. All the PEO-PU used

here were soluble in polar organic solvents and their mixture with water (e.g.,

ethanol:water), but insoluble in water alone. The number of ether units in the

polyether segment of PEO-PU molecules was 70, 12, 10, or 5. To distinguish between

di�erent PEO-PUs used in this study, the number of ether units in the PEO-PU

structure is herein referred to as an index, e.g., PEO770-PU refers to a polyether-

based polyurethane with 70 ether units. The concentration of UV initiator and

crosslinking agent were optimized to reach the gelation point after 1 min of UV irra-

diation of the inks with a 300�450 nm UV lamp (BlueWave 75, Dymax). To prevent

phase separation of p-nIPAAm during UV polymerization and printing, ethanol was

chosen as the solvent. p-nIPAAm is a temperature sensitive polymer with a lower

critical solution temperature (LCST) of 32 ◦C in aqueous solutions. The occurrence

of phase separation during nIPAAm polymerization results in poor mechanical prop-

erties and unpredictable network structure. In previous reports [35], sub-ambient

temperatures were required during printing and UV curing of nIPAAm to prevent

this phenomenon. However, p-nIPAAm phase behaviour is completely di�erent in

ethanol and ethanol: water mixtures and in pure ethanol, the LCST phase separa-

tion is totally suppressed [37, 38]. Hence, by using ethanol as solvent, there was no

need for further controlling of temperature during the processing of nIPAAm-based

inks and no phase separation was observed during or after UV polymerization of
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Figure A.1: Extrusion printable inks were prepared with the components
shown in (a): polyether-based linear polyurethane (1), poly(NIPAM) (2), and
poly(HEMA) (3). b) Hydrogel bilayer hinges are made from these inks, and their
shape deformation is characterized. A model is developed to correlate R and θ to
the physical and mechanical properties of the hydrogel components. c) From this
model, print patterns are developed to print hydrogel objects that are capable of
undergoing desired shape transitions at di�erent environmental conditions. The
broken lines are to highlight the edge of the hydrogels.

inks. For swelling tests and mechanical properties evaluation, hybrid hydrogels were

prepared by UV irradiation of various ink formulations for 4 h, and then kept in

water to reach equilibrium. The swelling ratios were not strongly a�ected by the

mass ratio of PEO-PU to HEMA or nIPAAm monomer, over the range investigated.

Based on this observation, the �nal mass ratio of PEO-PU to HEMA or nIPAAm

monomer was �xed at 1: 1.

The swelling of the hybrid hydrogels was mainly controlled by the type of PEO-

PU (Figure A.2). Longer polyether segment length resulted in higher water uptake.

For the hydrogel �lms made of PEO70-PU, PEO12-PU, PEO10-PU, and PEO5-PU,

the swelling ratio was 10.0 ± 0.2, 2.5 ± 0.1, 2.0 ± 0.1, and 1.4 ± 0.1, respectively.

p-nIPAAm hydrogel, made under identical conditions except with no PEO-PU com-

ponent in the formulation, had a swelling ratio of 9.6 ± 0.2 at 20 ◦C. The swelling

ratio of resulting p-nIPAAm-based hydrogels equilibrated at 20 ◦C was between

that of their constituent components and ranged from 9.1 ± 0.1 to 2.5 ± 0.2. The
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swelling ratio of p-HEMA-based PEO5-PU hydrogels was 1.9 ± 0.2, which was sim-

ilar to that of pure p-HEMA hydrogel (1.9 ± 0.1) and the PEO10-PU hydrogel (2.0

± 0.1). As expected, p-nIPAAm-based hydrogels were temperature sensitive while

p-HEMA-based hydrogels did not exhibit any response to a change in temperature

between 20 and 60 ◦C (Figure A.2). By increasing the tem- perature to 60 ◦C,

or well above the LCST, the swelling ratio of poly(NIPAM)-based hydrogels sig-

ni�cantly decreased by up to 380 % relative to the swelling ratio at 20 ◦C. The

observation demonstrates that the p-nIPAAm chains retain their phase transition

behavior in the presence of PEO-PU chains. The di�erential scanning calorimetry

(DSC) data con�rmed the occurrence of a transition point for all p-nIPAAm-based

hydrogels (Figure B.3, Supporting Information). This transition point was 31.9 ◦C

for hybrid hydrogels containing PEO70-PU and a gradual increase in the LCST was

noticed as the length of polyether segment in the PEO-PU component decreased.

For p-nIPAAm-based PEO5-PU, the transition point was 35.8 ◦C. These changes in

the swelling ratio of p-nIPAAm-based hydrogels were reversible and corresponded

to 24-55 % linear dimensional change.

The mechanical properties of the hybrid hydrogels were characterized in com-

pression and tension to evaluate their performance in possible load-bearing appli-

cations (for full details see the Supporting Information). All tests were carried out

at temperatures well below and well above the transition point of p-nIPAAm-based

hydrogels (i.e., at 20 and 60 ◦C). No signi�cant di�erence was noticed in the me-

chanical properties of poly(HEMA)-based hydrogels when tested at 20 and 60 ◦C.

The mechanical performance of all hybrid hydrogels was completely dependent on

the nature of PEO-PU and their sti�ness increased as swelling ratio decreased (Fig-

ure A.3).

In general, the mechanical properties of the hybrid hydrogels were found to be

similar to those of other tough gels (Figures B.3 and B.4, Supporting Information)

[39]. The hybrid hydrogels could be repeatedly loaded and unloaded to a maximum

compressive strain of ≈ 60 % with little noticeable network damage and resembled
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Figure A.2: Equilibrium swelling ratios of various poly(HEMA)- and
poly(NIPAM)-based hybrid hydrogels at 20 and 60 ◦C.

Figure A.3: Modulus of various poly(HEMA)- and poly(NIPAM)based hybrid
hydrogels at 20 and 60 ◦C
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the behaviour of thermoplastic polyurethanes [40]. Some hysteresis was evident

in a single load/unload cycle, but the subsequent loading curve was very close to

that of the previous cycle indicating immediate and near complete network recovery

upon unloading (Figure B.5, Supporting Information). In contrast, double network

hydrogels show permanent network damage during a loading/unloading cycle such

that the subsequent loading curve follows the previous unloading curve. Hybrid

gels made from interpenetrating covalently and ionically crosslinked networks show

almost complete damage recovery, but require a lengthy recovery period at zero

load. The absence of permanent network damage in repeated loading and unloading

cycles demonstrated here for the p-HEMA- or p-nIPAAm-based PEO-PU hydrogels

is very useful for applications where multiple loading patterns may be applied.

A.2.2 Model Evaluation

An analytical model is presented where the principal mode of shape morphing from

� at to a complex 3D structure is assumed to be bending. Therefore, by knowing

the radius of curvature (R) and bending angle (Θ) for each bending hinge, it is

possible to predict the �nal shape after stimulation. From a practical point of

view, both R and Θ are known values and are determined from the desired �nal

3D structure. What is needed, however, is to determine which materials should be

selected and what parameters should be assigned to the fabrication process to create

a hinge capable of bending to the desired position. To establish a correlation between

materials properties, fabrication parameters, and radius of curvature and bending

angle, we started with an approach similar to that used for bending of metal bilayers

with di�erent expansion ratios [41]. A similar method was successfully employed to

study the bending curvature of electrospun p-nIPAAm �lms on a solid substrate

[42]. The bending curvature (κ) of a bilayer is determined as a function of its overall

thickness (h), and the sti�ness and thickness ratios of the two components (m and

n, respectively)
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κ =
1

R
=

6∆λ(1 +m)2

h

[
3(1 +m2) + (1 +mn)(m2 +

1

mn
)

] (A.1)

where m = h1/h2 and n = E1/E2. E1 and E2 are the moduli of layers 1 and

2, while h1 and h2 are the thicknesses of the layers 1 and 2. The contribution from

the anisotropic longitudinal expansion to the bending of the bilayer is through ∆λ

in Equation A.1, where ∆λ = λ1−λ2, and λ1 and λ2 are the linear expansion ratios

of each layer when separated. Equation A.1 is only valid for elastic deformations

and is sensitive to expansion inhomogeneity and the overall thickness of the bilayers.

We applied Equation A.1 to hydrogel bilayers made of two hybrid hydrogels with

di�erent swelling ratios. The hydrogels in each layer had identical dry polymer con-

centration and dry thickness since all ink formulations used to prepare the bilayers

had the same solid content. Thus, m can be expressed as the ratio of hydrogels'

linear swelling expansion ratios with respect to their dry dimensions

m =
λ1
λ2

(A.2)

Assuming the hydrogel swell isotropically, λ1 and λ2 are the cubic root of their

swelling ratios. In addition, from linear elasticity theory, the modulus of a swollen

network (E) is determined by the linear expansion ratio of that hydrogel after

swelling (λ), and the modulus of its dry network (E0) : E ≈ E0λ
−1 [43]. For

two hydrogels in equilibrium, the parameter n from Equation A.1 is

n ≈ E0,1

E0,2

λ2
λ1

(A.3)

In addition, the equilibrium swelling ratio of a polymer network can be related

to the network structure, which in turn determines the modulus of the dry network.

From thermodynamics of swollen networks, this correlation is E0 ≈ λ−ν , where ν

is 5.25 for highly swollen networks and 8 for less swollen networks [44]. Hence,

E ≈ λ−α regardless of E0 and Equation A.3 can be rewritten as
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n ≈
(
λ2
λ1

)α
(A.4)

where α = ν+1 and is assumed to be constant for all hydrogels used in this study.

Experimentally, an approximate correlation was found to exist between the Young's

moduli of the swollen hybrid hydrogels (E) and their respective linear expansion

ratios (λ), as shown in Figure B.7 (Supporting Information) with α of 6.9. Inserting

Equations A.2 and A.4 in Equation A.1, the bending curvature of a hydrogel hinge

can be de�ned by knowledge only of the hydrogel components' linear expansion

ratios (material parameters: α, λ1 and λ2,m = λ1
λ2
) and the thickness of the hinge

(fabrication parameter: h)

κ =
6(λ1 − λ2)(1 +m)2

h
[
3(1 +m2) + (1 +m1−α)(m2 +mα−1)

] (A.5)

Equation A.5 is then used to estimate the bending angle (Θ) from the facing

intercepted arc. The central angle of a circle is related to the bending curvature (κ)

and the intercepted arc length (L) by

Θ = κL (A.6)

where L is a fabrication parameter representing the length of the top layer and

κ is calculated from Equation A.5. Equations A.5 and A.6 suggest that by selecting

a pair of hydrogels with given swelling ratios (λ31 and λ32) and assigning the right

fabrication parameters (h and L), the resulting hinge will bend with the desired

curvature and bending angle.

To evaluate Equations A.5 and A.6, we made a range of hydrogel hinges from

p-HEMA-based PEO10-PU as the base layer and p-nIPAAm-based hydrogels with

di�erent types of PEO-PU forming the temperature sensitive top layer. A multi-

step casting and polymerization process was used to make the hinges (Figure B.8,

Supporting Information). The length of the p-nIPAAm-based hydrogels and the

overall thickness of the hinge were also considered as fabrication parameters (Fig-
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ure A.4a). The hinges remained �at in their dry state, as both materials had the

same swelling ratios: λ1 = λ2 = 1 (Figure A.4b). By placing the dry hinges in

water at 20 ◦C, however, each component began to swell di�erently. This dispropor-

tional swelling of the two hydrogel layers generated bending of the hinges as shown

in Figure A.3c. Furthermore, by raising the temperature up to 60 ◦C, the swelling

ratio of the p-nIPAAm-based hydrogels decreased until a new equilibrium shape was

reached (Figure A.4d).

The radius of curvature and bending angle were optically measured for di�erent

pairs of hydrogels made with varying length and thickness. In Figure A.5a, the

bending curvature is plotted against the ratio of linear expansion of top layer to

bottom layer: λ1/λ2 (highlighted as layer 1 and layer 2 in Figure A.5a). As expected,

no bending was noticed when the bilayers were made of p-HEMA-based PEO10-PU

hydrogels as both the top and bottom layers (�lled diamond in Figure A.5a). For

all the other bilayers with p-nIPAAm-based hydrogels as the top layer, bending

was observed as shown by open symbols in Figure A.5a. The circles represent

the bilayers at 20 ◦C and the squares represent the same bilayers at 60 ◦C. The

model in Equation A.5 was able to predict the bending curvatures extremely well

with only three input parameters: the linear extension ratios for the two hydrogel

materials, which are material parameters, and the thickness of the bilayers, which

is a fabrication parameter. The model also successfully predicts the direction of

bending, with negative curvatures occurring when the ratio of linear extensions

was less than one. In Figure A.5b, the bending angles predicted by Equation A.6

are plotted against measured bending angles for hydrogel bilayers. Two material

parameters (linear extension ratios) and two fabrication parameters (thickness of

bilayer and length of top layer) were needed in Equation A.6 to predict the bending

angles. Again, very good agreement was observed between predicted and measured

values.
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Figure A.4: Hydrogel bilayers: a) Schematic representation of a hydrogel
hinge, made of the temperature-sensitive poly(NIPAM)based top layer (1) and
the poly(HEMA)-based PEO10-PU bottom layer (2). The fabrication parameters
are h and L, as shown. Photograph of a hydrogel hinge shown in the dry state
and b) the same hydrogel hinge when fully swollen c) at 20 ◦C and d) 60 ◦C. The
broken line is to highlight the edge of the hydrogel.
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Figure A.5: Bending characteristics of hydrogel bilayers estimating only from
the hydrogels' swelling ratios (λ3) and fabrication parameters (thickness of bilayer
and length of top layer): a) bending curvature as a function of ratio of linear
expansion of top layer to bottom layer: λ1/λ2, and b) predicted bending angles
against measured values. Photographs of samples are shown as numbered.
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A.2.3 Hydrogels 3D printing

The shape predictions of Equations A.5 and A.6 were next used as a guide for print-

ing hybrid hydrogel structures capable of transforming from one state to another

upon hydration and temperature change. A custom-built extrusion printer capable

of printing two di�erent types of materials at di�erent extrusion rates was used to

prepare the designed structures. The ink deposition was made by two independently

controlled miniature linear actuators mounted on the top of a small computer nu-

merical control (CNC) milling stage. A spot UV lamp was used adjacent to the

printer to illuminate the printed objects with a 300-450 nm UV light.

Prior to printing, the rheological properties of the inks were characterized using

a rheometer with a cone-plate con�guration. The ink rheological properties were

mainly dictated by the long-chain PEO-PU content. The storage and loss moduli

(G′ and G′′, respectively) both increased with increasing PEO-PU concentration.

Also, G′ and G′′ had a power-law relationship with angular velocity (ω) in which

G′ ≈ ω1.7−1.9 and G′′ ≈ ω0.9−1.1, resembling the expected viscoelastic behaviour

of semi-dilute to concentrated polymer solutions. Zero shear viscosity (η0) was

also found to increase with PEO-PU concentration (c) following a power-law trend:

η0 ≈ c2.2−3.2, as expected for concentrated polymer solutions [45]. In general, inks

with higher storage modulus were easier to print as they maintained their printed

structure prior to and during the UV curing. However, higher pressures were needed

to extrude these more viscous inks while retaining the same printing rate, which

limited the maximum concentration of PEO-PU in the ink formulation that could

be successfully extruded with our system. The Hagen-Poiseuille equation for laminar

�ow of a viscous ink with a viscosity of η passing through a cylindrical nozzle with

a radius of r and length of l states [46]

u =
r2∆P

8ηl
(A.7)

where u is the linear �ow rate and ∆P is the pressure drop. For a stable

printing process, the print speed is the same as the �ow rate at which the ink exits
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the nozzle. Thus, to maintain the print speed at a required rate, the applied pressure

increases linearly with ink viscosity. The maximum pressure applied by the linear

actuators in our set up was 94 kPa for a 5 mL syringe. Therefore, the concentration

of PEO-PU in the ink formulation was adjusted to keep the ink viscosity below

the maximum printable viscosity for a printing speed of 44.6 mm3 min-1. Using a

CNC control program, all-hydrogel structures were printed from the HEMA-based

PEO10-PU ink as the nonactive material and the nIPAAm-based PEO10-PU as the

temperature sensitive material. The controllable printing parameters were the print

thickness and the length of the printed active material. Equations A.5 and A.6 were

used to de�ne these printing parameters to achieve desired bending characteristics.

The only material speci�cation needed here was the linear expansion of crosslinked

hybrid hydrogels after free swelling at 20 and 60 ◦C (Figure A.2).

Figure A.6 shows examples of a printed cubic box. The nIPAAm-based ink

was printed �rst, and then partially UV cured for 10 min after which the HEMA-

based ink was printed (Figure A.6a). After printing, samples were UV irradiated

for another 40 min. The �nal printed objects had a total thickness of 1.75 mm and

were completely �at (Figure A.6b). However, when brought in contact with water

(20 ◦C), the p-nIPAAm-based PEO10-PU hydrogel swelled more than the structural

p-HEMA-based PEO10-PU component. Consequently, the printed objects began

to fold to their new hydrated states as de�ned by the model. Furthermore, the

objects responded to the temperature raise as swelling ratio of p-nIPAAm-based

PEO10-PU collapsed at elevated temperatures, forcing the closed box to open up

and transform back into a �at structure. This process was reversible and no de-

lamination was observed at the interface of p-HEMA-based and p-nIPAAm-based

hydrogels. As a comparison, a cubic box was also created from the same inks using

a multistep molding and polymerization process (Figure B.9, Supporting Informa-

tion). An equivalent shape transformation was demonstrated. We observed that, in

general, Equations A.5 and A.6 were applicable to both fabrication methods. The

main di�erence between moulding and 3D printing was the ease of manufacturing.
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The 3D printing allowed us to fabricate the objects in one printing session, while

the moulding/polymerization was essentially a multistep processing technique. Also,

any change in the dimension or shape of object required a new mould design, whereas

in 3D printing these modi�cations could be addressed by altering the G-code that

controlled the moving stage. Moreover, human involvement could be minimized in

3D printing, which was in contrast to the multistep casting/polymerization, where

the user had to oversee the process.

The incorporation of linear polymer chains capable of physical crosslinking (i.e.,

PEO-PU) into the inks along with UV-curable monomers (i.e., HEMA or nIPAAm)

allowed the decoupling of inks' rheological behaviour from the gels' �nal mechanical

and physical properties. The HEMA and nIPAAm monomers are both commonly

used in biomedical applications; however, they could easily be replaced with any

other hydrophilic monomer. Hence, this concept can be adapted to fabricate a vari-

ety of inks in which a variety of functional monomers can be used. Shape-morphing

structures made by 3D printing of such functional hydrogels could potentially be

used in biomedical applications where spatial constraints limit the initial shape of

objects to �at surfaces only. After placed in their �nal position, these �at structures

can later transform to their �nal 3D shape upon stimulation.

A.3 Conclusions

This study has shown that versatile 3D printable inks can be attained by incorporat-

ing linear PEO-PU polymers into UV curable monomer solution. A novel aspect of

the inks proposed here is that the rheological properties of the ink prior to gelation

are decoupled from the gelation process by using linear polymer chains capable of

physical crosslinking. The rheological properties of the inks can be tailored by ad-

justing the amount of PEO-PU in the inks to ful�l the 3D printing requirements of

the available extrusion-based printer. The resulting hybrid hydrogels were tempera-

ture sensitive with excellent mechanical proper- ties with almost full and immediate

recovery after loading. It was also demonstrated that 3D shape transformation can
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Figure A.6: The printing pattern used and the resulting print at various tem-
peratures for a cubic box. Panels in (a) show the patterns for the print head
movement to construct: a1) the base, a2) the actuating parts, a3) and their sur-
rounding matrix. A series of images of the printed box are presented, picturing:
b1) box as printed, b2) the same printed box at swollen state at room temperature
and b3) its thermal response at 60 ◦C. The scale bar is 1 cm. The broken lines
are to highlight the edge of the hydrogels.

be triggered by both hydration and temperature variation. The shape change is

controlled by the material properties and fabrication parameters. A simple model

was used to establish a correlation between material and fabrication parameters

and the 3D structure of the hybrid hydrogels. This model was used as a guide to

fabricate all-hydrogel hybrid structures capable of controlled and reversible shape

transformation in response to hydration and heat.

A.4 Experimental Section

A.4.1 Ink Formulation

The ink formulations contained long polymer chains of PEO-PU, AKG as UV ini-

tiator, MBAAm as crosslinking agent, and HEMA or nIPAAm as monomers, all

dissolved in ethanol. PEO-PU was purchased from AdvanSource Biomaterials. All

other chemicals were purchased from Sigma-Aldrich and used as received. The ratio
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of PEO-PU to monomer in the ink formulation was 1: 1, with the overall concen-

tration of PEO-PU and monomer was 50 w/w %. The amount of UV initiator and

crosslinking agent was adjusted based on monomer content at 2 mol% to reach the

gelation point after 1 min of UV irradiation. The mixtures were stirred at 60 ◦C for

2 d to dissolve all components and achieve clear inks.

A.4.2 Ink Characterisation

Rheological properties of the inks were characterized using a TA AR-G2 rheometer

with a cone-plate head con�guration (1 , 40 mm with 30 µm gap). All measurements

were performed under control temperature of 20 ◦C with solvent trap installed to

prevent the loss of ethanol. Viscosity was measured under steady state condition

with shear rate ranging from 0.01 to 100 s−1. Viscoelastic properties of the inks

were also characterized with frequency sweep from 0.01 to 100 Hz under constant

strain of 0.1%. The e�ect of PEO-PU concentration on the rheological properties of

the inks was explored by preparing inks with constant monomer content but varying

PEO-PU concentration.

A.4.3 Hydrogel Preparation

To prepare hydrogel �lms for tensile and swelling testing, inks were injected between

two glass slides separated with a 1 mm silicon gasket. Cylindrical hydrogels were

also prepared for compression testing, by injecting the inks in a cylindrical mould.

UV polymerization and crosslinking was performed by UV irradiation (300 nm)

for 4 h using a photochemical reactor (Rayonet RPR-200). After polymerization,

gels were removed from the molds and placed under constant �ow of air to remove

ethanol (20 ◦C, for 2 d). Dry hydrogels were immersed in Milli-Q water for 3 d

to reach equilibrium. Fully swollen hydrogels equilibrated in water were used for

further swelling ratio measurement and mechanical testing.
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A.4.4 Hydrogel Characterisation

Di�erential scanning calorimetry (DSC) was employed to evaluate the phase transi-

tion behavior of water swollen p-nIPAAm-based PEO-PU hydrogels. Experiments

were carried out on patted dry samples placed in aluminium pans, using a TA Q-

100 DSC machine operating under constant �ow of nitrogen gas. The scanning rate

was �xed at 5 ◦C min-1 for heat�cool�heat cycles between 5 and 60 ◦C. Mechani-

cal measurements were performed with a Shimadzu EZ-L universal tester equipped

with a 500 N load cell. Hydrogel �lms were used for tensile testing and were cut

into ribbons (5 mm width x 20 mm length, 10 mm gauge length), while hydrogel

cylinders were used for compression testing (10 mm diameter x 10 mm height). The

crosshead speed in compression and tensile testing was 2 mm min-1. Compression

cycling tests were performed on cylindrical hybrid hydrogels at a constant crosshead

speed of 2 mm min-1. After each load�unload cycle the maximum stress reachable

at the end of next loading cycle was increased. The stress relaxation experiments

were also conducted on cylindrical hybrid hydrogels in compression mode. Samples

were loaded under constant crosshead speed of 2 mm min-1 until a 1 MPa stress

was achieved. After this point the strain remained constant and stress decay was

monitored against time. For all mechanical testing that was performed in com-

pression mode, the cylindrical samples were fully immersed in water equilibrated at

the desired temperature. For samples undergoing tensile testing, water at desired

temperature was constantly applied on the surface of samples with a glass pipette.

Swelling ratio of hydrogel �lms was calculated as the volume ratio of fully swollen

hydrogels to fully dried samples, by measuring their dimensions at each state.

A.4.5 Multi-Step Hydrogel Structures Fabrication

Hydrogel hinges were made by a multistep molding process (Figure B.6, Supporting

Information). HEMA-based PEO10-PU ink was used as the nonactive component,

and nIPAAm-based PEO-PU inks were used as the temperature sensitive compo-

nent. First, HEMA-based ink was injected between two glass slides separated with a
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0.8 mm silicon spacer, and then UV irradiated for 30 min. This process was repeated

for the second layer of HEMA-based ink, with a second spacer added to further sep-

arate the glass slides. At this stage, additional spacers were also positioned on top

of the hydrogel base that was made in the previous step. After the second round of

UV irradiation, these spacers were removed and the empty space was �lled with the

nIPAAm-based inks, followed by the third round of UV irradiation. More complex

objects such as an unfolded box were created following a similar method (Figure B.9,

Supporting Information).

A.4.6 Hydrogel 3D Printing

The extrusion printer used for 3D printing of hydrogel inks consisted of two linear

actuators (Zaber T-NA08A50-S-KT03U) mounted on a Sherline 8020 CNC milling

stage (Figure B.10, Supporting Information). The linear actuators were placed

parallel to each other, under which was a plastic holding to house two 5 mL syringes.

Inks were loaded in these two syringes, and their plungers were attached to the linear

actuators. By controlling the speed of actuators linear movement it was possible to

adjust the extrusion rate from each syringe independently. A customized program

was developed to control the actuators (C#, Visual Studio 12.0), while the CNC

stage was controlled in the x, y, and z directions with Linux CNC EMC2 software.

A Dymax BlueWave spot light emitting UV light in the range of 300�450 nm was

stationed next to the printer to UV cure the printed objects. To ensure uniform

curing, samples were cured in an aluminium lined UV opaque box, and the spot

light was shone onto a curved surface to di�use the light evenly. The total UV

irradiation time was adjusted to expose the printed structures to the same amount

of irradiation energy as the samples prepared for mechanical testing in the Rayonet

photochemical reactor.
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3D/4D Printing Hydrogel

Composites: A Pathway to

Functional Devices

The past few years have seen the introduction of a number of

3D and 4D printing techniques used to process tough hydrogel

materials. The use of 'colour' 3D printing technology where

multiple inks are used in the one print allows for the produc-

tion of composite materials and structures that can further

enhance the mechanical performance of the printed hydrogel.

This article reviews a number of 3D and 4D printing tech-

niques for fabricating functional hydrogel based devices





A.6. INTRODUCTION

The following is a stylistically edited version of the published paper:

S. E. Bakarich, R. Gorkin, S. Na�cy, R. Gately, M. in het Panhuis, and

G. M. Spinks, �3D/4D printing hydrogel composites: A pathway to functional

devices,� MRS Advances, vol. 1, no. 08, pp. 521�526, 08 Dec. 2015

A.6 Introduction

3D printing is an additive manufacturing technology that has been used to process

hydrogel materials for tissue engineering applications. A major limitation in the use

of hydrogels has been their poor mechanical performance but the last two decades

has seen the development of a range of 'tough' hydrogels [48]. These developments

have been followed by the introduction of new printing techniques that can form

tough hydrogels into complex structures [49, 50]. The mechanical properties of these

printed tough hydrogels tend to be inferior to those prepared using casting under

optimal lab conditions. Table A.1 compares the mechanical parameters of alginate

(Alg)/p-AAm ionic covalent entanglement (ICE) gels when cast and printed.

Table A.1: Summary of the mechanical properties of cast Alg/p-AAm ICE gels
(data reproduced from [51]) and printed Alg/p-AAm ICE gels (data reproduced
from [49])a

E [kPa] σT [kPa] εf [%] U [MJ m-3] Q
Cast 29 156 2300 ≈ 2.5 7.1
Printed 66 ± 5 170 ± 30 300 ± 20 0.26 ± 0.01 6.7

The formation of composite materials is an established means of enhancing

the mechanical properties of constituent materials. 'Colour' or multi-material 3D

printers can print stronger reinforcing materials alongside tough hydrogel inks to

form composites. In this article we demonstrate how 3D printing techniques can be

adapted to fabricate functional hydrogel based devices.

aE is the elastic modulus, σT is the tensile strength, εf is the failure strain, U is the work of

extension and Q is the swelling ratio
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A.7 Experimental

A.7.1 Materials

All materials were used as-received and all solutions were prepared using Milli-Q

water (resistivity = 18.2 MΩ cm). AKG photo-initiator was purchased from Fluka

(Australia). AAm solution (40 %, for electrophoresis, sterile-�ltered), alganic acid

sodium salt (from brown algae with Brook�eld viscosity 2 % in H2O at 25 ◦C of 250

mPa s), calcium chloride (minimum 93.0 % granular anhydrous), ethylene glycol

(rheology modi�er), nIPAAm and MBAAm crosslinker were purchased from Sigma

Aldrich (Australia). A commercial epoxy based UV-curable adhesive Emax 904

Gel-SC (Emax) was purchased from Ellsworth Adhesives (Australia).

A.7.2 Hydrogel Ink Formulations

An alginate ink for printing dissolvable support structures was prepared by mixing

3.75 mL of ethylene glycol in 11.25 mL of a 0.1 M calcium chloride stock solution.

A spatula was then used to dissolve 450 mg of alganic sodium salt into the printing

solution.

An Alg/p-AAm ICE gel ink was prepared by dissolving 4.50 mL of AAm, 38.7

mg of MBAAm, 36.9 mg of AKG and 3.75 mL of ethylene glycol in 6.75 mL of a 0.01

M calcium chloride stock solution. The ethylene glycol was used as a non-volatile

co-solvent with the volume ratio of ethylene glycol to water �xed at 1:2.5. A spatula

was then used to dissolve 450 mg of alganic sodium salt into the printing solution.

An Alg/nIPAAm ICE gel ink was prepared by dissolving 3 g of nIPAAm, 15

mg of MBAAm and 90 mg of AKG in 15 mL of a 0.01 M calcium chloride stock

solution. A spatula was then used to dissolve 450 mg of alganic sodium salt into the

printing solution.
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A.7.3 3D Printing

Fibre reinforced hydrogels, adhesion test samples and a smart valve were all fabri-

cated with an EnvisionTEC 3D-Bioplotter system that was coupled with a commer-

cial UV-curing system. The patterned inks were cured with a Dymax BlueWave 75

Rev 2.0 UV Light Curing Spot Lamp System using a 19+ W cm-2 UV source with

a 1 meter light guide. Digital models of tensile specimens and the multi-component

valve were prepared with computer-aided design (CAD) software (Solidworks). The

composite materials were designed by creating an assembly of separate parts. Envi-

sionTEC software was used to slice the digital models into a stack of two dimensional

layers (250 µm thick) to determine the print path. Material �les and internal struc-

tures were then added to each part within the assembly.

The extrusion inks were loaded into the 3D-Bioplotter in separate pressurized

syringe barrels which were positioned into the temperature controlled print heads.

Each barrel was �tted with a 23 gauge syringe tip (diameter 0.337 mm) and main-

tained at stable temperature of (25 ◦C for the Alg/p-AAm ICE gel and Emax inks

and 10 ◦C for Alg/nIPAAm ICE gel ink) during printing. A pressure between 0.5

and 1 bar was used to extrude the inks and a head speed between 5 and 20 mm s-1

was used to pattern them. The inks were printed with a 0.5 mm resolution onto a

poly(pyropylene) sheet when printing with the Alg/p-AAm ICE gel ink or a glass

sheet cooled to 10 ◦C when printing the Alg/NIp-AAm ICE gel ink. The UV light

was passed over each layer of patterned ink for 50 s and 200 s for the �nal layer.

A spatula was used to remove any of the alginate based ink for printing sacri�cial

support structures once the print was �nished. Finally the printed ICE hydrogels

were immersed in 0.1M calcium chloride (72 hr) to fully crosslink the alginate.

Particulate reinforced hydrogels and gradient structures were fabricated with

a custom built 3D printer. The 3D printer was built around a Sherline 8020 CNC

milling stage and a novel syringe controlled deposition system made up of two Zaber

T-LA60A-KT03 Miniature Linear Actuators mounted to the CNC gantry. Plastic

tubing and a Y-adaptor was used to direct the �ow from two syringes into a single
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stream. A disposable static chaotic mixer with 12 mixing elements (Nordson EFD)

was added below the Y-adaptor to insure blending of the two streams. A custom 3D-

printed nozzle was designed to extrude a �at ribbon of material having a rectangular

shaped outlet with dimensions 1.5 mm by 15 mm. An Opsytec Dr. Gröble 365 nm

UV-LED smart light source was attached near the deposition system so that its

illuminated area followed the print head to cure dispensed ink.

The extrusion inks were loaded into the 3D printer in separate syringe barrels.

The Emax volume fraction was controlled using custom software (developed in C#,

using Visual Studio 12.0) that allowed the two inks to be dispensed in di�erent ratios

by adjusting the speed of the two linear actuators. The net �ow rate of combined

material out of the nozzle had to remain constant to maintain consistency; thus the

individual �ow rates of the two materials from each barrel were adjusted relative

to each other throughout the print. For gradient printing the �ow rate of the two

materials had to be linearly ramped; the speed of depression in one barrel was

decreased from 100 % to 0 % while simultaneously the other barrel experienced a

speed increase from 0 % to 100 %. The combined total rate of extension of the

two linear actuators was set at a constant 180 µm s-1 when the milling stage was

moved with a speed of 80 mm min-1. The UV light using 100 % intensity followed

the extrusion nozzle to set the blended composite structure by partially curing the

two inks.

A processing scheme was applied to the composite ribbons after printing to

improve their mechanical properties. The Dymax BlueWave 75 Rev 2.0 UV Light

Curing Spot Lamp System using a 19+ W cm-2 UV source with a 1 metre light

guide was used to complete the curing process. Each 30 mm length of ribbon was

exposed to the spot of UV irradiation for 30 s. The composites were then immersed

in 0.1 M aqueous calcium chloride solution for 72 hr to fully crosslink the alginate

polymer network.
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A.7.4 Adhesion Testing

An adhesion test was performed on a Shimadzu EZ-L Universal Mechanical Tester.

An adhesion test sample was printed with Emax ends and a band of the Alg/p-

AAm ICE gel. The adhesion sample was extended at a rate of 10 mm min-1 in

the direction perpendicular to the Alg/p-AAm ICE gel band until failure and the

position of failure was noticed. Four repeat tests were performed on each material

with errors estimated from one standard deviation.

A.8 Discussion

Emax 904 Gel-SC is a commercially available epoxy based UV-curable adhesive that

has been identi�ed as a suitable ink for printing composite structures with the Alg/p-

AAm ICE gel ink. These two inks can be incorporated into the one printing process

because they have similar rheological properties, are both cured by UV initiated free

radical polymerization reaction and display strong adhesion. [5] Adhesion between

materials is important when forming composites for transferring stresses from the

matrix onto the reinforcing phase. Adhesion is also important when fabricating

multi-component devices as interfaces can act as a point of weakness in the devices

structure. Figure A.7a. shows a 3D printed Alg/p-AAm ICE gel and Emax adhesion

test sample clamped to a universal mechanical tester. Figure A.7b. shows that the

strained sample fails through the hydrogel band and not at the interface of the two

materials. This demonstrates a strong adhesion between the Alg/p-AAm ICE gel

and Emax when the two inks are cured simultaneously side by side.

Fibre reinforced hydrogels have been made with a method that uses digital

modelling and a 'colour' 3D printer to pattern two inks within the one structure.

The models are made up of an assembly of two parts, one for the matrix and one

for the �bre reinforcement. Fibres are designed as long thin volumes of material.

When printing the models a di�erent ink is assigned to each part of the assembly.

Figure A.7c. is an example CAD model of a �bre reinforced tensile specimen and
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Figure A.7: Photographs of Alg/p-AAm ICE gel and Emax adhesion test sam-
ple (a.) before and (b.) after mechanical failure. (c.) CAD model and (d.)
photograph of 3D printed �bre reinforced Alg/p-AAm ICE gel composite tensile
specimen. Labels indicate components to be printed with (i.) Alg/p-AAm ICE
hydrogel ink and (ii.) Emax. (e.) CAD model and (f.) photograph of 3D printed
�bre reinforced Alg/p-AAm ICE gel composite arti�cial meniscus. Images were
adapted with permission from [52]. Copyright (2014) American Chemical Society

Figure A.7d. is a photograph of the tensile specimen printed with the Alg/p-AAm

ICE gel and Emax inks. The volume fractions of the printed materials can be altered

by changing the number of �bers included in the CAD model. Tensile testing of the

printed materials has shown that composites with higher volume fractions of Emax

�bers display greater tensile strength and modulus [52]. The versatility of digital

modeling enables these composites to be fabricated directly into complex shapes

and useful structures. Figure A.7e. is a CAD model of an arti�cial meniscus and

Figure A.7f. is a photograph of the arti�cial meniscus printed with the Alg/p-AAm

ICE gel and Emax inks.

A novel extrusion based deposition system was used to print particulate rein-

forced hydrogels. The deposition system was designed with two digitally controlled

syringe pumps that pushed the ink from two syringe barrels though a Y-adaptor into

a single stream which �owed through a static mixer. The mixer ensured blending

of the two inks before they were pushed out the extrusion nozzle. The Alg/p-AAm

ICE gel and Emax inks are immiscible and phase separate when mixed together

and so UV light was attached to the 3D printer so that the blended inks could be

cured as soon as they were extruded to limit the phase separation. Figure A.8a. is
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a macrosope image that shows the two phase structure of one these printed materi-

als. Changing the extrusion rates of the two syringe pumps allowed for composites

to be printed with various volume fractions of Emax. Mechanical characterisation

showed that composites with low volume fractions of Emax (<50 %) behave like

particulate reinforced composites. Custom software allowed for the extrusion rates

of the two pumps to be ramped during the printing process to create gradients of

material composition across the extruded ribbon. Figure A.8b. is a photograph of

an arti�cial tendon containing two composition gradients that form a transition of

modulus from one end to the other [35]. Figure A.8c. is a picture of the arti�cial

tendon attached to a skeleton.

More functional hydrogel based devices can be fabricated with a 4D printing

process that combines the digital modelling process used to print �bre reinforced

hydrogels with a stimuli responsive hydrogel ink. 4D printing is an emerging tech-

nology for creating structures that change their shape on-demand over time. A

stimuli responsive tough hydrogel ink was made by replacing the p-AAm compo-

nent of the Alg/p-AAm ICE gel ink with PNIp-AAm. PNIp-AAm is a thermally

sensitive hydrogel that exhibits reversible volume transition at a critical temperature

(32-35 ◦C). Digital modelling allows for the design of structures that can harness this

volume change in the same way that the skeleton harnesses the volume change of

muscles to create movement. A smart valve that can open and close as a response to

the temperature of the water �owing through the valve was printed to demonstrate

the utility of this technique [53]. Figure A.9a. is a CAD model of the smart valve.

Figure A.9b. is a photograph of the open smart valve after it had been exposed to

a �ow of 20 ◦C water and Figure A.9c. is a photograph of the closed smart valve

after it had been exposed to a �ow of 60 ◦C water.

A.9 Conclusions

We have introduced a number of 3D extrusion printing techniques used to make

Alg/p-AAm ICE gel and Emax composite materials. The customization of 3D
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Figure A.8: (a.) Macroscope image of a 3D printed particulate reinforced Alg/p-
AAm ICE gel composite ribbon with an Emax volume fraction of 40 %. (b.)
Photograph of an arti�cial tendon printed with Alg/p-AAm ICE gel and Emax
gradient structures. (c.) Photograph of a 3D printed arti�cial tendon attached to
a skeleton.

Figure A.9: (a.) CAD model of hydrogel valve. Labels indicate components to
be printed with (i.) Alg/PNIp-AAm ICE hydrogel ink, (ii.) Emax, (iii.) Alg/p-
AAm ICE hydrogel ink and (iv.) the alginate based ink for printing sacri�cial
support structures. Photographs of the 4D printed valve open (a.) when swollen
in water at 20 ◦C and (c.) closed when swollen in water at 60 ◦C.
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printers and writing of new software were important steps in the development of the

new printing techniques. The di�erent techniques allow for the formation of com-

posites with multiple reinforcement morphologies. The development of these 'color'

3D and 4D printing techniques has provided a pathway to fabricate functional hy-

drogel based devices demonstrated by production of an arti�cial meniscus, arti�cial

tendon and a smart valve.
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3D Printing of Transparent and

Conductive Heterogeneous

Hydrogel-Elastomer Systems

A hydrogel-dielectric elastomer system, Poly-acrylamide and

Polydimethylsiloxane, is adapted for extrusion printing for in-

tegrated device fabrication. A LiCl containing hydrogel print-

ing ink is developed and printed onto treated PDMS with no

visible signs of delamination and geometrically scaling resis-

tance under moderate uniaxial tension and fatigue. We demon-

strate a variety of designs including resistive strain gauge and

ionic cable.





A.10. INTRODUCTION

The following is a stylistically edited version of the published paper:

K. Tian, J. Bae, S. Bakarich, C. Yang, R. Gately, G. M. Spinks, M. in het Panhuis,

Z. Suo, and J. Vlassak, �3d printing of transparent and conductive heterogeneous

hydrogel-elastomer systems,� Adv. Mater., (Currently under review)

A.10 Introduction

Interest in stretchable electronics has grown signi�cantly in recent years, driving

a need for soft and stretchable materials that can sustain high strains and still

ful�ll their function in applications such as human wearable sensors for biomechan-

ics studies and health monitoring [55�58], or feedback sensors in soft robotics [59�

62]. Although many stretchable conductors exist, including liquid metals [63, 64],

nanowires [65, 66], nanoribbons [67], and micro-cracked metals [68, 69], these mate-

rials have generally been unable to achieve high levels of optical transparency while

maintaining high conductivities and stretchability; a feature that would enable their

use in optogenetics [70] or allow optical imaging of the underlying substrate. Con-

ventional strategies of incorporating metallic components with elastomers to attain

stretchability also yield non-trivial failure modes such as liquid metal leakage[8] and

hard-soft material interfacial failure [71]. The use of gels as conductors, where ions

are the charge carriers instead of electrons, represents an entirely di�erent approach

that has gained popularity recently. Their high stretchability and transparency,

when combined with recent improvements in toughness and sti�ness [51, 72], have

already enabled their use as stretchable electrical conductors [73, 74], capacitive

strain sensors [75�77], and chemical/pH sensors [78]. Gel-based ionic circuits thus

represent a unique class of devices within stretchable electronics. Conductive gels

can be generally divided into those where the ions are provided by solvated salts

[77, 79] (hydrogels) or by ionic liquids [76, 80, 81] (ionogels). Although immune to

dehydration, ionogels have comparatively lower conductivities. Ionic liquids also in-

terfere with the gel polymerization reaction, limiting the range of polymers that can
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be used to synthesize ionogels [82]. By contrast, hydrogels are easier to synthesize,

but they are susceptible to dehydration. Solvated hygroscopic salts may serve the

dual purpose of increasing both their ionic conductivity and water-retention proper-

ties[26], though a balance must be struck between maximizing water-retention and

ionic conductivity due to non-idealities of the electrolyte solution that reduce molar

conductivity at high salt concentrations [83].

Fabrication of stretchable electronics using hydrogels requires integrating hy-

drogels with stretchable dielectrics such as dielectric elastomers; a process thus far

primarily achieved via manual assembly of cast segments. If the �eld is to progress,

advanced manufacturing techniques that integrate dielectric elastomers and hydro-

gels need to be developed [61]. Fabrication techniques speci�c to hydrogels have

already been developed, including extrusion 3D printing [49, 76, 84, 85], digital

projection based techniques [86], and screen printing [87, 88]. Extrusion printing

techniques in particular are most easily capable of multi-material printing at high

resolution and low costs [49, 52]. Recently, Robinson et al. fabricated a soft sensor

with an ionic-liquid based gel and a silicone elastomer by combining soft lithography

with extrusion printing [76]. Although recent studies have successfully fabricated

stretchable electronics consisting entirely of soft materials, conductive hydrogels and

dielectric elastomers, thus far these fabrications have relied on casting [73�75, 77]

or a combination of extrusion printing with other methods [76].

Here, we describe a simple approach to 3D extrusion printing of soft, stretch-

able electrical devices integrating a conductive hydrogel and a dielectric elastomer

with sub-millimeter resolution. We show that both types of materials can be inte-

grated into a single device using a single fabrication process. We characterize the

mechanical and electrical performance of the printed hydrogel and demonstrate the

technique by printing a soft strain sensor. The device was fabricated using poly-

acrylamide (PAAm) hydrogel and poly-dimethyl-siloxane (PDMS) because of their

widespread use, as well as their favorable electrical and optical properties. The hy-

drogel precursor consisted of a concentrated aqueous solution of a hygroscopic salt,
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a compatible rheological modi�er, and UV-initiated polymerization/cross-linking

compounds. Lithium chloride was selected as the hygroscopic salt in a compromise

between vapor pressure and ionic conductivity, and its concentration (7 mol L-1) was

set above peak conductivity, but below saturation in an aqueous solution [89]. The

PDMS was a UV curing formulation to allow for rapid setting during the printing

process (KER-4690, courtesy of Shin-Etsu Silicones).

A.11 Results and Discussion

Printing was performed using an extrusion 3D printer comprised of a precision po-

sitioning system, an ink extrusion system, and a hardware/software interface to

control location and rate of material extrusion relative to the sample stage (Fig-

ure A.10a) [49]. The entire system was housed inside a nitrogen environment. The

RH of the environment was �xed at 43 % by bubbling nitrogen through a saturated

solution of potassium carbonate [90]. Signi�cant variations in RH during the fabri-

cation process can lead to elastic instabilities in the hydrogel surface as a result of

hydrogel swelling [80], which can happen very quickly because of the high surface

area to volume ratio of sub-millimeter features. Oxygen displacement was needed

to prevent inhibition of the free-radical polymerization in the hydrogel precursor.

In situ UV curing was used to partially set the extruded ink and prevent extensive

spreading. This point is elaborated on later in this article during the discussion

of rheological characteristics of the hydrogel precursor. Figure A.10b demonstrates

our printing capabilities of complex hydrogel-elastomer designs by comparing the

�nal printing shape to its printing trace and Figure A.10c highlights the optical

transparency of the printed devices.

Selecting materials for extrusion printing requires the consideration of their rhe-

ological properties, since these properties dictate extrusion pressure, post-extrusion

shape retention, and printing resolution. A shear-thinning characteristic is partic-

ularly desirable for extrusion, since this allows for lowered viscosity under the high

shear rates involved in extrusion and a high viscosity post-extrusion. This is usually
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Figure A.10: a) Overall schematic of the 3D printing extrusion system used
in this study. b) A side-by-side comparison of a patterned design and the �nal
printed hydrogel-on-PDMS sample. c) The same printed sample placed over an
image to demonstrate its complete optical transparency.

achieved through the addition of a rheological modi�er, of which many are commer-

cially available [91]. For this particular application, where the elastomer serves as

a bulk dielectric as opposed to �ner features, the resolution requirements for the

extrusion printing of the PDMS are not as high as for the hydrogel. This allows

the utilization of the UV-curing PDMS formulation without modi�cation, despite

its almost Newtonian behavior with viscosities at 4.8 Pa s at 0.1 s−1 and 4.5 Pa s

at 102 s−1. For applications where a higher resolution is required, many techniques

and products are available to adjust the rheological behavior of the PDMS precursor

[59, 76, 92�95].

A hydrogel precursor for extrusion printing must balance conductivity, stability,

and rheology. A signi�cant proportion of rheological modi�ers used in extrusion

printing are sensitive to the ionic strength of the precursor [34, 49, 52, 96], and may

lead to precipitation [97�99] or �occulation [100] of the rheological modi�ers at the

high salt concentrations necessary for good electrical conductivity and water reten-

tion. This requirement excludes many of the modi�ers that are routinely used for

hydrogel printing. High-molecular weight polymers, however, are insensitive to the

ionic strength of the precursor and have been used successfully in hydrogel extru-

sion printing [76, 85]. In this study, we use high-molecular weight polyacrylamide

as a rheological modi�er, because of its transparency and compatibility with the

precursor formulation.

The rheology of the polyacrylamide/lithium chloride solution used to modify
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the �ow characteristics of the precursor was characterized by measuring its viscos-

ity (η), yield stress (σy), and viscoelastic moduli (G′,G′′). The precursor rheology

is dominated by the polyacrylamide; all other components in solution do not af-

fect the viscosity signi�cantly at their respective concentrations. We performed

both viscometry and oscillatory rheology (Figure A.11). The storage modulus (G′)

plateaus at a modulus of approximately 555 Pa and exceeds the loss modulus (G′′)

at shear stresses below 570 Pa, indicating solid-like behavior up to this stress level

(Figure A.11a); at stresses greater than 570 Pa, G′′ exceeds G′ and the precursor

behaves more like a liquid. Thus, the precursor has an apparent yield stress of 570

Pa. Figure A.11b depicts the stress and viscosity as a function of shear rate obtained

from viscometry measurements. The viscosity shows clear shear-thinning behavior

with η ≈ 15,000 Pa s at low shear rates (10−2 s−1) and η 5 Pa s at high shear

rate (102 s−1). Extrapolating the linear portion of the stress-shear rate curve back

to zero shear rates provides a Bingham yield stress of ≈ 550 Pa, which agrees well

with the cross-over between G′ and G′′.

We estimate the shear-rate during extrusion using the generalized form of the

Rabinowitsch-Mooney equation for a power-law �uid �owing through a cylindrical

tube [101] of radius r,

γ̇ = (
3n+ 1

4n
)

4Q

πr3
, (A.8)

where Q is the volumetric �ow rate and n is the exponent of the power-law

Figure A.11: Rheological analyses of the rheological modi�er for the hydrogel
precursor. a) Oscillatory rheology results showing shear storage (G′) and shear
loss (G′′) moduli evolution of inks used over increasing shear stress. b) Viscometry
results showing stress and viscosity against shear rate. Tests were begun at low
shear rates and swept up, then back down to demonstrate a mild thixotropic e�ect.
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describing the shear stress as a function of shear-rate, τ = Kγ̇n. By performing a

power-law �t of the data in Figure A.11b, we obtain a value of 0.148 for the shear

thinning exponent n in the high-strain rate region (γ̇ > 1s−1). For a volumetric

extrusion rate of 1 mm3 s-1 and a 0.337 mm syringe tip diameter, the shear rate

γ̇ of the hydrogel precursor is ≈ 81 s−1, with a corresponding viscosity of ≈ 7 Pa

s. Immediately after extrusion, the viscosity increases to approximately 1,300 Pa

s, assuming a shear rate of 0.1 s−1. Other studies have achieved extrusion printing

with viscosities of 10 Pa s at 102 s−1 and 102�103 Pa s at 0.1 s−1 strain rates [34,

49, 76]. Typical values for oscillatory rheological parameters in hydrogel extrusion

printed inks place G′ ≈ 350�3000 Pa and σy ≈ 500-3000 Pa [76, 85]. This makes

our precursor comparable in terms of rheological performance. These viscosity/G′

values are insu�cient, however, to ensure that the precursor retain its shape after

printing over long periods of time. Since the hydrogel is UV curable, the simplest

solution is to implement in-situ UV curing during the extrusion printing process to

partially cure the inks as they are extruded from the syringe tip (Figure A.10a).

Various hydrogel line geometries were generated by printing line stacks in both the

lateral and vertical directions, speci�ed as the x and z-directions respectively, at

constant extrusion rate, stage velocity, and lateral/vertical center-to-center spacing

(6.0 mm3 s-1, 7.5 mm s-1, Sx = 0.3 mm and Sz = 0.15 mm respectively). To precisely

design 3D structures of hydrogel printed directly on PDMS, we characterized the

geometry of the printed hydrogel structures in terms of the number of lines (Nx

and Nz) in the x and z-directions, respectively (Figure A.12 b-c). We note that

the degree of spreading in the x-direction increases with Nz, but that the spreading

saturates once three layers have been printed, indicating that building up stable

3D structures is possible. The spreading of the hydrogel precursor post-extrusion is

governed by a balance between capillary, viscous, and inertial forces acting on the

extruded geometries. We may determine the dominant force using the Ohnesorge

number [102],
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Oh = η/(
√
ργL) (A.9)

where, γ is the surface energy, ρ is the mass density, and L the characteristic

length scale. Using conservative values, η 103 Pa s, γ 0.1 J m-2, ρ 104 kg m-3,

and L ≈ 10−3 m, we observe that, indicating dominance of the viscous forces, as

expected by the rheological design of the hydrogel precursor. The minimum level

of lateral spreading was 0.8 mm, which can be observed by extrapolating Figure

3c to the y-intercept. This value can be decreased further by tuning the precursor

rheology, increasing the in situ curing intensity, lowering the extrusion rates (Fig-

ure B.11), increasing the stage speed, or by utilizing a smaller size of syringe tip.

Optical micrographs of multi-layer gel patterns showed smoothly merged surfaces

(Figure A.12 d-f) and the formation of what are believed to be residual wetting

layers on the gel edges. Optical pro�lometry was used to obtain cross-sectional pro-

�les of the printed hydrogel lines (Figure A.12 g-h), which demonstrate that these

pro�les are nearly identical, indicating the reproducibility necessary for us to design

and build 3D hydrogel structures.

Electrical testing of bulk cast hydrogel samples was conducted using a four-point

probe con�guration to establish the baseline electrical conductivity of the hydrogel.

As shown in Figure A.13a, we observed ohmic conduction with a bulk conductivity

of 10.39 ± 0.31 S m-1, which is comparable to the conductivity of the corresponding

aqueous salt solution[38]. By contrast, the conductivity of the printed lines, mea-

sured under conditions of controlled humidity at RH 43 %, was found to be 2.90 ±

0.40 S m-1. This value is markedly lower than the bulk conductivity, but is most

likely due to water loss post-extrusion. Although hydrogel water loss in open air will

not be entirely avoided without the use of a sealant, such as by coating the hydrogel

in an elastomer, the lithium chloride will allow the hydrogel to remain stable at a

RH determined by the salt species and concentration. An aqueous lithium chloride

solution increasing in mass percentage from 20 % to 30 % su�ers a conductivity loss

of 14 % [89] and the volumetric change from water loss alone would cause a 62 %
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Figure A.12: a) Schematic illustration of the extrusion trace and the resulting
geometry of multiple lines separated both laterally, by Sx in the x direction, and
vertically, by Sz in the z direction. The number of lines in x and z is (Nx, Nz)
= (3, 3), respectively. b) Height of gel lines as a function of Nz. c) Width of gel
lines as a function of Nx. Optical micrographs of stacked layers of gel lines with
d) (Nx , Nz) = (1, 1), e) (3, 1) and f) (3,3). Optical pro�lometry images and the
cross-sectional pro�les of gel lines with multiple hydrogel layers of g) (1, 1) and
h) (3,1).

decrease in cross-sectional area, which together approximates conductivity loss to

be at least 48 %. We characterized the resistance change of printed hydrogel lines

printed on PDMS upon application of uniaxial tensile strain. The ideal case can be

reasoned as follows: we let R and L, respectively be the resistance and length of a

hydrogel line, and indicate their initial values with a subscript zero. We assume that

the hydrogel is incompressible and the resistivity is independent of stretch. These

assumptions predict that the ratio of current resistance over initial resistance is given

by R/Ro = (L/Lo)
2. As the printed hydrogel lines are stretched, their resistances

obey this relationship up to rupture of the samples at 50 % strain (Figure A.13b).

This result suggests that the hydrogel lines are intact up to this strain, since dam-

age in the hydrogel would cause a deviation from this expression. Tensile tests on

freestanding hydrogel samples show that the printed gel is capable of stretching up

to 150 % strain before rupture, further supporting the notion that the PDMS is the

mechanically limiting component in this case. We also performed a fatigue test on a

PDMS-Hydrogel sample at a strain of 20 % for one thousand cycles, and measured

the resistance of the hydrogel at logarithmic intervals. Remarkably, there were no

observable changes to the resistance of the device, nor were there visible signs of de-
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lamination (Figure A.13c). To demonstrate transmission of AC electrical signals, we

fabricated a simple analog to the ionic cable [74]: two parallel ionically conductive

hydrogel wires were extruded onto a printed PDMS substrate, with the two terminals

at either end serving as either an electrical input or output. The transfer function

of the device was measured and �tted to a simple RC circuit model. Yang et al [74]

demonstrated that the transmission of signals through an ionic conductor can be

described using a special case of a transmission line model. According to the theory

of ionic cables, the condition for negligible decay of the signal is ωρεl2/(bd) � 1,

where ω is the signal frequency, l is the cable length, b and ρ are the thickness and

resistivity of the ionic conductor, and d and ε are the thickness and permittivity of

the dielectric. Using representative values, ε = 2.10−11, ρ ≈ 10−2Ωm, l = 10mm,

b = 50µm, d = 50µm and let ω = 105s−1 ≈ 15kHz, we evaluate the expression to

be 0.08, indicating negligible signal decay. Using a printed ionic cable with similar

dimensions, we have successfully demonstrated signal transmission of AC signals up

to 15 kHz in frequency (Figure A.13d).

To demonstrate the capabilities of the printing process, we have extrusion printed

a single-loop resistive strain gauge of hydrogel embedded within PDMS (Figure A.14a).

The sensor has a gauge factor of 0.84, and remains linear up to 40 % strain (Fig-

ure B.12). The strain sensor was attached to the index �nger of a nitrile glove using

a thin layer of VHB adhesive tape (3M) and connected to a multi-meter to measure

the resistance of the sensor as it underwent varying degrees of strain as a result of

the bending/�exing of the digits of the glove (Figure B.13). This sensing capability

was extended to all �ve digits of a human hand (Figure A.14). It can be observed

that the strain gauge is sensitive enough to detect inadvertent �nger motions of the

ring �nger in position two (Figure A.14c), as well as intermediate positions between

being fully bent and fully straightened (Figure B.13b). We observed changes up to

30 % in the strain gauge resistance at maximum �nger bending, corresponding to

a strain of 36 %. No delamination or fracture was observed during the experiment,

verifying our previous results on the durability and stretchability of the printed
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Figure A.13: Electrical characterizations of the hydrogel in either bulk or printed
state. a) I-V curves obtained from 4-point probe measurements performed on
bulk hydrogel samples. Sample dimensions were on average 30 cm long, 4.2 mm
wide, and 3.5 mm in height, with an average measured resistance of 67 Ω; this
corresponds to a conductivity of 10.39 ± 0.31 S m-1. b) The normalized resistance
of printed hydrogels on a PDMS substrate is measured as a function of stretch,
plotted against the ideal geometric behavior. Photos illustrate the sample at initial
(strain = 0 %) and fully stretched (strain = 50 %) states. c) The normalized
resistance of printed hydrogels on a PDMS substrate as a function of fatigue cycle
number. Uniaxial tensile strain cycles of 20 % strain were performed for up to
1000 cycles. No signi�cant change to the resistance vs. strain behaviour was
observed during our tests. Comparing images both before and after fatigue tests
illustrate the lack of visible damage or delamination d) The transfer function of
an ionic cable design is plotted against frequency. We perform a theoretical �tting
of our results using a simple RC circuit model for the ionic cable and can observe
a reasonable level of agreement between experimental results and theory.
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laminates.

In conclusion, we have described a method for the 3D extrusion printing of an

ionically conductive polyacrylamide hydrogel and a polydimethylsiloxane dielectric

elastomer to fabricate soft ionic devices. By tuning the rheological behavior of the

hydrogel precursor and performing oxygen plasma treatments of PDMS surfaces, it

is possible to print and integrate hydrogels directly with PDMS at sub-millimeter

resolution. This capability was demonstrated by the fabrication and functional

veri�cation of an ionic cable and resistance-based strain sensor. More complex

geometries are readily designed and printed. The �exibility of the process allows

one to replicate the design in an array or to print stacked devices for multi-axial

strains. The strategies employed here to obtain the desirable printing resolution are

applicable for any hydrogel-PDMS material system. This study provides a simple

pathway to the fabrication of hydrogels and dielectric elastomers in an integrated

fashion for stretchable electrical devices and soft robotics applications.

A.12 Experimental Section

A.12.1 Preparation of polydimethylsiloxane (PDMS)

A UV curable formulation of polydimethylsiloxane elastomer (Shin-Etsu Silicones,

KER-4690 A/B) was provided by the manufacturer as a two-part precursor and was

used in the recommended 1:1 ratio. After a 2 minute mixing cycle in a planetary

centrifugal mixer (Thinky, ThinkyMixer ARE-300) at 2000 RPM, the precursor was

used without further preparation and was cured via 365 nm UV light at a dose of 10

mW cm-2 for a period of 30 minutes, followed by an overnight bake at 65 ◦C. Prior

to further printing, the PDMS was treated with an oxygen plasma (SPI Supplies,

Plasma Prep II) at an O2 pressure of 18 psi, vacuum pressure of 275 mTorr, and RF

power of 80 W for 60 sec.
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Figure A.14: An example of a printed hydrogel-elastomeric type device, where
fairly arbitrary shapes and designs can be easily integrated into the system by
virtue of the printing process. In this case a) a simple resistance-based strain gauge
is replicated using the hydrogel as the conductor and PDMS as the encapsulating
substrate. b) By attaching the sensor to a �exible glove and �exing the digit we are
able to observe a change in resistance up to 30 % of its initial value at maximum
�nger bending and c) illustrate this process for a variety of hand gestures for each
digits strain sensor resistance change over time.

A.12.2 Preparation of the hydrogel precursor

The precursor used in the printing process consisted of two components - the

rheological modi�er and the hydrogel component. The rheological modi�er con-

sisted of an un-crosslinked polyacrylamide solution made by UV exposing an acry-

lamide (AAm, Sigma-Aldrich, A8887) solution containing α-ketoglutaric acid ( α-

keto, Sigma-Aldrich) and N,N,N',N'-tetramethylethylenediamine (TEMED, Sigma-

Aldrich, T7024) at 25 ◦C with the following ratios (w/w): 92.17 % Water, 0.073 %

AAm, 0.00044 % α-keto, 0.00021 % TEMED. The hydrogel component consisted of

AAm, α-keto, TEMED, lithium chloride (LiCl, Sigma-Aldrich, 746460), and N,N'-

methylenebis(acrylamide) (MBAA, Sigma-Aldrich, 146072). This component was

added to the un-crosslinked polyacrylamide solution and mixed using a planetary

centrifugal mixer (Thinky, ThinkyMixer ARE-300) at 2000 RPM. Final precursor

composition ratios (w/w) were: 63.15 % Water, 3.86 % PAAm, 9.05 % AAm, 18.43

% LiCl, 0.072 % MBAA, 4.95 % α-keto, 0.479 % TEMED.
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A.12.3 Rheological Characterization

All rheological measurements were made using a TA Instruments Discovery HR-3

Hybrid Rheometer with a cone and plate geometry at a reference temperature of

25 ◦C. Oscillatory rheometry was performed on the polyacrylamide/lithium chloride

portion of the hydrogel precursor using a frequency of 1 Hz and sweeping shear

stresses from 1�500 Pa. Viscometry was also performed with shear rates ranging

from 0.01 � 100 s−1.

A.12.4 Device Fabrication

PDMS-Hydrogel precursors were directly printed onto a UV-resistant acrylic sub-

strate (6.35 mm thickness, McMaster-Carr) rinsed with DI water followed by iso-

propanol and blown dry with nitrogen. A CNC milling machine (Sherline Products,

5400) was used as a positioning stage, upon which independent linear actuators

(Zaber Technologies, T-LA60A) were mounted onto the z-axis of the stage as sy-

ringe pumps. Syringes (5 mL, Hapool Medical Technology Co) contained the pre-

cursors and were extruded through a 23 gauge blunted syringe tip (0.337mm ID,

SAI Infusion Technologies). A displacement rate was prescribed to the actuators

and the requisite extrusion force was applied to the syringe end. A steady �ow of

dry nitrogen piped through a saturated potassium carbonate (Sigma Aldrich) solu-

tion was used to purge the printing area of oxygen during the printing process and

simultaneously �x the relative humidity. A 6 W UV LED (Instun, SK66) was used

to initiate curing of the ink as it is extruded from the syringe at a dose rate of ≈

3 mW cm-2. Printed samples were then �ood exposed to UV using an 8 W 365nm

UV Lamp (UVP, UVLS-28 EL) in a nitrogen environment at an e�ective dose rate

of ≈ 6 mW cm-2.

Devices began with a printed PDMS layer that was fully cured and baked, as

previously described. Prior to additional printing, the PDMS was treated with O2

plasma and stored in DI water until immediately prior to the printing. While this

plasma treatment process is incompatible with hydrogels already present on the
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PDMS due to vacuum requirements, a UV-Ozone treatment may be substituted to

achieve the same e�ect at a slower rate while maintaining hydrogel integrity [103].

After subsequent hydrogel and PDMS layers were printed, the device was exposed

to the �ood UV lamp. Since the curing of PDMS is inhibited by contact with

water [104], the printed device was baked at 65 ◦C for 6 hours to drive the PDMS

curing process to completion, followed by a DI water soak of 1 hour to rehydrate

the hydrogel from the oven bake.

A.12.5 Sample Characterization

Cross-sectional images and measurements were made using a Coherence Correlation

Interferometry (CCI) optical pro�ler (Taylor Hobson, CCI HD) with 5x and 20x

objective lenses. DC electrical measurements were made using multimeters (Fluke,

models 8846A and 175). A DC power supply (Dr.Meter, PS-305DM) was used to

generate the current used in the four-point probe measurement. For the AC char-

acterization, a waveform generator (Keysight, 33500B) and oscilloscope (Keysight,

DSO-1004A) with passive probes (Keysight, N2862B) were used. Uniaxial tensile

testing, for both stress-strain and fatigue experiments, was performed on a uniaxial

tensile tester (Instron, 3342 Single Column UTS) using a strain rate of 50 mm min-1.

For the fatigue experiments, a maximum strain of 20 % was used.
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Table B.1: Summary of expense (E$) values obtained from the UV-vis ab-
sorbance data shown in Figure B.1 and Figure 3.1. Naming convention for the
dispersions is as follwos, (ration VGCNF:GG)-VGCNF concentration, e.g., "10:3-
5" indicates a dispersion with VGCNF:GG ratio of 10:3 and VGCNF (CV GCNF )
and GG (CGG) concentrations of 5 mg mL

-1 and 15 mg mL-1, respectively.

Dispersion CV GCNF (mg mL-1) CGG mg mL-1 E$ (J mg-1)
10:2.5-1 1 0.25 36 ± 18
10:5-1 1 0.50 72 ± 18
10:7.5-1 1 0.75 108 ± 36
10:10-1 1 1.0 144 ± 36
10:12.5-1 1 1.25 216 ± 72
10:15-1 1 1.5 288 ± 72
10:3-1 1 0.3 36 ± 18
10:3-2.5 2.5 0.75 29 ± 14
10:3-5 5 1.5 21.6 ± 7.2
10:3-7.5 7.5 2.25 16.8 ± 4.8
10:3-10 10 3.0 14.4 ± 3.6
10:3-12.5 12.5 3.75 17.3 ± 4.3
10:3-15 15 4.5 19.2 ± 4.8
10:3-17.5 17.5 5.25 24.7 ± 4.1
10:3-20 20 6.0 36 ± 2
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Figure B.1: (A) UV-vis-NIR absorbance versus wavelength of GG-VGCNF dis-
persions with equal GG and VGCNF concentrations of 1 mg mL-1. Arrow indicates
increase in sonication time. (B) UV-vis-NIR absorbance at 1000 nm as a function
of sonication time at 6 W. (C-J) Optical microscopy images at di�erent sonica-
tion times. (K) Photograph of the GG solution (left) and a completely dispersed
GG-VGCNF dispersion (right).
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B.1. DYNAMIC SCANNING CALORIMETRY (DSC)

B.1 Dynamic Scanning Calorimetry (DSC)

DSC was performed on p-nIPAAm-based hybrid hydrogels. Hydrogel samples were

patted dry �rst, then placed in standard DSC aluminium pans. The scanning rate

was �xed at 5 ◦C min-1 for heat-cool-heat cycles spanning between 5 to 60 ◦C. The

DSC curves are shown in Figure B.2 for all p-nIPAAm-based PEO-PU with the

exception of p-nIPAAm-based PEO12-PU, due to its overlap with p-nIPAAm-based

PEO10-PU. Note that the heat �ow in Figure B.2 is not normalized to the mass of

samples, and the curves can only be used to locate the transition temperatures.

Figure B.2: Di�erential scanning calorimetry results for p-nIPAAm-based PEO-
PU hydrogel with di�erent PEO-PU component as indicated.

B.2 Mechanical Properties Comparison

The mechanical properties of the hybrid hydrogels were characterized in compression

and tension to evaluate their performance in possible load-bearing applications.

Compression tests were performed on hydrogel disks (10 mm diameter x 10 mm

height), immersed in water at the desired temperature. Figure B.3a represents

examples of compression stress-strain curves for p-HEMA- and p-nIPAAm-based

PEO5-PU hydrogels. The maximum compression strength sustained by p-HEMA-

and p-nIPAAm-based PEO10-PU hydrogels equilibrated at 20 ◦C was, respectively,

4770 ± 40 and 2930 ± 60 kPa. However, at 60 ◦C, p-nIPAAm-based PEO10-PU
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hydrogels did not demonstrate compressive failure within the maximum force limit of

the available load cell. The maximum compression stress recorded for this hydrogel

at 60 ◦C was 5500 kPa which was reached at 74 % of compression strain. For tensile

testing, hydrogel strips (5 mm width x 20 mm length, variable thickness according

to the degree of swelling) were used under tension. Examples of tensile stress-

strain curves for p-HEMA- and p-nIPAAm-based PEO10-PU hydrogels are shown in

Figure B.3b. Maximum tensile strength achieved by the p-HEMA-based hydrogels

was 642 ± 27 kPa with elongation at break of 119 ± 18 %. The p-nIPAAm-based

hydrogels had a tensile strength and elongation at break of, respectively, 397 ± 9

kPa and 68 ± 7 % at 20 ◦C, and 1150 ± 15 kPa and 275 ± 14 % at 60 ◦C.

In Figure B.4, tensile mechanical properties of p-HEMA- and p-nIPAAm-based

PEO10-PU hydrogels are compared with conventional hydrogels, double networks,

homogeneous hydrogels, slip-link hydrogels and nanocomposite hydrogels, in terms

of tensile strength vs. elongation at break [1]. At 60 ◦C, the p-nIPAAm-based PEO-

PU hydrogel had strength and elongation at break comparable to other tough hydro-

gel systems. However, both p-HEMA-based PEO10-PU hydrogel and p-nIPAAm-

based PEO10-PU at 20 ◦C performed similar to less swollen conventional hydrogels.

Overall, the tensile properties of p-HEMA- and p-nIPAAm-based PEO-PU hy-

drogels are close to tough double network gels. Unlike the double networks, the

main source of mechanical enhancement observed in the hybrid hydrogels developed

here originates solely from the PEO-PU network. In double network hydrogels, the

topological combination of both networks results in an enhanced mechanical perfor-

Figure B.3: Representative stress-strain curves of fully swollen p-HEMA-based
and p-nIPAAm-based PEO10-PU hydrogels tested in compression (a) and in ten-
sion (b). No temperature sensitivity was observed for p-HEMA-based hydrogels,
hence mechanical data for 20 ◦C is shown only for this material.
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Figure B.4: Mechanical comparison between hydrogels produced here (large
stars) with other hydrogel systems. Modi�ed from Na�cy et al. (2011) with
permission from CSIRO Publishing [1]

mance, while each single networks component is inherently weak [2]. In contrast,

the tensile strengths and elongations at break of the hybrid hydrogels investigated

here were between those of the stronger pure PEO-PU hydrogels and the covalently

crosslinked single network hydrogels of p-HEMA or p-nIPAAm. The reduced per-

formance of these hybrid hydrogels compared to the pure PEO-PU component can

be explained by the diluting e�ect of water and p-HEMA or p-nIPAAm network.

A network that is diluted beyond its free swelling is always subject to the internal

stresses, even when there is no external force applied. At 20 ◦C, the concentration of

the load bearing PEO5-PU network was ≈ 27 % in p-HEMA-based PEO5-PU and ≈

10 % in p-nIPAAm-based PEO10-PU hydrogels, while the pure PEO10-PU hydrogel

fully swollen in water had a solid concentration of 50 %. The higher strand density

of PEO-PU in the latter pure network enhances its capacity to sustain the external

stress. The negative e�ect of dilution on the mechanical performance of these hy-

drogels was further highlighted when mechanical properties of the p-nIPAAm-based

PEO10-PU hydrogel improved by raising temperature to 60 ◦C, where the concen-

tration of PEO10-PU network increased to 32.9 % upon deswelling of p-nIPAAm

network.

The p-HEMA- and p-nIPAAm-based PEO10-PU hydrogels also exhibited a great

degree of hysteresis recovery after consecutive loading/unloading cycles in compres-
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sion tests with incremental increase of maximum stress applied in each of cycles

(Figure B.5). The �nal stress in the last cycle was kept well below the ultimate com-

pression strength of the hydrogels. Both p-HEMA- and p-nIPAAm-based PEO10-PU

hydrogels had small hysteresis at 20 ◦C, suggesting small amount of energy dissi-

pation in each cycle. The p-nIPAAm-based PEO10-PU hydrogels at 60 ◦C, on the

other hand, showed considerable hysteresis and energy dissipation in each cycle. The

overall behaviour of hybrid hydrogels resembled that of thermoplastic polyurethanes

with a softening feature after each loading-unloading cycle [3]. After each loading-

unloading cycle, the hybrid hydrogel was slightly more compliant, however, unlike

covalently crosslinked networks, the reloading curve in the subsequent cycle is always

above the unloading curve in the previous cycle.

The stress relaxation of hybrid hydrogels under constant strain was also found

to be very similar to that of PEO-PU component, which again is an indicative of

the mechanical dominance of PEO-PU network in the hybrid hydrogels Figure B.6.

Stress relaxation tests were performed on hybrid hydrogels under compression. Hy-

drogel samples were cut into 10 mm x 10 mm cylinders, place in the mechanical

tester, and then compressed at 2 mm min-1 until a stress of 1000 kPa was reached.

Samples remained under compression while stress was recorded against time for 120

sec, after which stress was released by raising the crosshead. This process was re-

peated three consecutive times with no considerable di�erence was observed between

cycles. Figure B.6 shows examples of stress relaxation curves for p-HEMA-based and

p-nIPAAm-based PEO10-PU hydrogels (a,b). Figure B.6 also presents a comparison

between hybrid hydrogels and their constituting PEO-PU component (c).

B.3 Modulus vs. Linear Expansion Ratios

Moduli of fully swollen hybrid hydrogels were measured in tensile and compression

tests at 20 ◦C and 60 ◦C. Figure B.5 shows the Young's moduli of all hybrid hydrogels

against the inverse of linear expansion ratio of hydrogels. The expansion ratio (λ)

of hydrogels was calculated as the cubic root of swelling ratio of hydrogels assuming
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Figure B.5: Compression loading-unloading cycles for (a) p-HEMA-based
PEO10-PU, (b) p-nIPAAm-based PEO10-PU at 20 ◦C and (c) p-nIPAAm-based
PEO10-PU at 60 ◦C. The ultimate loads applied in each cycle on p-nIPAAm-based
PEO10-PU at 20 ◦C was half the other two systems to avoid reaching mechanical
failure before the end of the �fth cycle.

Figure B.6: Stress relaxation of p-HEMA-based PEO10-PU (a), p-nIPAAm-
based PEO5-PU (b) and PEO10-PU (c). All samples are fully swollen at room
temperature
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all hydrogels swell/deswell isotropically: λ = 3
√
Q. According to rubber elasticity

theory, there is a linear relationship between the modulus of a swollen network and

the inverse of its linear expansion ratio: E ≈ E0λ
−1, where E0 is the modulus

of the dry network. Moreover, both swelling ratio and dry network modulus are

dictated by the network structure. In the cases where the main controlling network

parameter is the degree of crosslinking can be related to the equilibrium swelling

ratio by: E0 ≈ Q−ϑ where ϑ is determined based on the nature of interaction

between polymer chains and solvent molecules. For θ-solvents ϑ = 8/3, for athermal

solvents ϑ = 1.75, and for good solvents ϑ = 1.75 or 8/3 depending on the extend

of swelling. Considering that Q = λ3 this results in υ = 3ϑ, where E ≈ λ−ε (see

main text). The resulting relationship between modulus of a swollen network and

its linear extension ratio due to equilibrium swelling is: E ≈ λ−α with α = υ + 1.

The measured modulus for all hydrogels made in this study is plotted against λ in

Figure B.7. The solid line in Figure B.5 represents α = 6.9 which is close to the

expected value for networks swollen in good solvents (α = 6.25).

B.4 Hybrid Hydrogel Structures Preparation

Hydrogel hinges were prepared in a multi step process as shown in Figure B.8 with

details presented in the Experimental Section. Brie�y, the �rst layer (hinge base)

Figure B.7: Young's modulus as a function of linear expansion ratio (λ)
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was polymerized by placing ink 'A' between two glass slides separated with a silicon

spacer (0.8 mm). After UV irradiation for 30 min, glass slides were opened and a

second silicon spacer was placed on the top of the �rst spacer. Another spacer with

the same thickness was also placed on the already UV cured hydrogel 'A'. For the

second time, ink 'A' was injected to �ll up the remaining space left between glass

slide at the top and hydrogel 'A' at the bottom (step (2)). In step (3), the third

spacer was removed and the gap was �lled with ink 'B', followed by UV irradiation.

The width of the third spacer determined the length of the active part formed on

top of the hinge.

A similar method was used to create more complex structures, such as an un-

folded box, where the printed object was capable of transforming from its �at state

to a closed box upon hydration and then open up again in response to temperature

(Figure B.9). For this example, the outer silicon spacer was cut into the outline of

the unfolded box, and the same sequence of polymerization steps as described for a

single hinge were repeated here.

B.5 3D Printer

A picture of 3D printer and the UV curing system is shown in Figure B.10. Video

S1 (found in supporting information online) shows the printer in action.
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Figure B.8: Multi-step preparation process for hydrogel hinges: steps (1) and
(2) are to form the base and the body of the hinge, while in step (3) the active
material is formed on the top layer. The dotted line highlights where the boundary
of hydrogel 'A' formed in step (1).

Figure B.9: An example of a hybrid hydrogel box, made by a multi-step process
similar to the one presented in Figure B.8. An unfolded box was molded in three
steps (a). The �at object was responsive to hydration and began folding into a
closed box (b). By elevating the temperature from 20 ◦C to 60 ◦C, the temperature
sensitive p-nIPAAm-based hydrogel deswelled forcing the box to fully open up (c).
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Figure B.10: Photographs of the extrusion printer (a), the UV curing system
(b) and the syringes loaded with inks (c). Panel (a) shows the CNC stage (i), the
linear actuators (ii) and the syringe holder (iii). Panel (c) shows syringes loaded
with a non-active ink (HEMA-based) (iv) and an active ink (NIPAM-based) (v)
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Figure B.11: Variations in hydrogel geometry by only nominal extrusion rate
variation, keeping stage velocity (450 mm min-1), extrusion height (300 µm) and
extrusion tip diameter (337 µm) constant. We illustrate gel geometry with optical
micrographs of the printed hydrogel on top of PDMS substrate at (a) 1, (b) 3,
and (c) 5 mm min-1 extrusion rates. (d) shows a plot of the relationship between
extrusion rate and �nal line width, with what appears to be a linear correlation.
(e) A similar plot for �nal gel height versus extrusion rate.

Figure B.12: Resistance change of a stretched strain gauge sample, demon-
strating a linearity of the resistance change response for this design up to 40 %
strain.
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Figure B.13: A single strain gauge is mounted onto the index �nger and held in
various positions while the resistance is recorded. (a) Illustrates the mounting of
the strain gauge using VHB tape and leads connecting the gauge. (b) Illustrates
the various positions alongside the time-trace of the gauge's resistance. The mildly
bent position (green diamond) is gradually straightened to the default position,
whereas others were more rapidly transitioned from straight to bent positions.
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