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Soft matter encapsulates a large array of materials ranging from electronics, plastics, and
cosmetics to the biofluids making up all organisms. One of the most important properties of these
materials that dictate their functionality is their rheology, which is the flow and deformation
behavior in response to stress. The focus of this dissertation is on two vastly different types of
materials: first is the bacterial biofilm and second is the metal paste. Biofilms function as a
protective macro-environment for the bacteria within it, whereas the metal paste functions as the
conductive wiring for stretchable electronics. Both of these materials experience similar
transformations from low viscosity fluid comparable to water, to developing complex structure
with gel-like properties and yield stress over some processing or incubation time.
Rheological techniques can characterize the strength and behavior of clinically relevant
biological fluids such as mucus, plasma, and bacterial biofilm. More importantly, we can also use
rheological measurements to drive the treatment of the biofluids toward a positive clinical
outcome. In a similar manner, rheological characterization is not only an essential method of
determining the printability of additive manufacturing materials such as metals and elastomers, it
can guide the modification of existing unsuitable materials to construct new materials optimized
for 3D printing.
This dissertation presents three manuscripts. The first manuscript describes the
development of a non-destructive method of measuring the rheology of Pseudomonas aeruginosa
biofilm. The second manuscript further develops this technique to measure the impact of substrate
modification on the strength of the biofilm and the ferning geometries that form as a result.
Finally, the third manuscript develops an original metal paste material, demonstrating how its
rheological modification optimizes the 3D printability of the material.

Using the information about its rheology, we can alter the material with the goal of either
weakening the structure to be more susceptible to treatment in the case of bacterial biofilms, or
enhancing the structure to be more printable in the case of liquid metals. This dissertation
presents work that establishes a non-destructive and reproducible method of measuring the
rheology of a fragile hydrogel like biofilm to those in the biomedical community. The dissertation
also introduces a novel material to the researchers in the additive manufacturing field with
specific interest in stretchable electronics.
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INTRODUCTION
The study of flow and deformation of matter (rheology) enables characterization of its

structure and mechanical properties. Rheology is an especially valuable tool for understanding a
vast range of “soft matter” that falls between liquid and solid phases (Figure 1.1a - b).[1]
Rheological techniques can characterize the strength and behavior of clinically relevant biological
fluids such as mucus, blood plasma, and bacterial biofilm. More importantly, we can also use
rheological measurements to drive the treatment of the biofluids toward a favorable clinical
outcome. Similarly, rheological characterization is not only an essential method of determining
the printability of additive manufacturing materials such as metals and elastomers; it can guide
the modification of existing unsuitable materials to construct new materials optimized for 3D
printing.
With bacterial biofilms, the rheological probing reveals a weak hydrogel whose structure is
sensitive to its environmental conditions and handling. The biofilm structure can be modified by
manipulating the environmental condition to promote the production of extracellular polymeric
substance whose entanglement and interaction produces its weak structure. On the other hand, the
metal pastes are stable structures that can withstand various handling and processing conditions
without deformation or damage. The liquid metal becomes a highly structured paste because of a
high energy mechanical processing that creates strongly associated interacting solid phases within
the amorphous bulk. Even as the two systems occupy the opposite ends of the functional utility,
both systems express some similar rheological behaviors as both starting out as purely viscous
fluids and morphing as a result of active or passive modification to interacting gel-like materials
whose strength reflect each of their function.
A complex fluid is another common name for soft matter. However, the name complex
fluid is needlessly off-putting, non-descriptive, and many of the materials included in that
category are not fluid.[2] Therefore, I favor the term soft matter in this dissertation. Soft matter
possesses the structure and flow characteristics of both liquid and solid (Figure 1.1a); hence they
are viscoelastic. Rheology of soft matter is typically measured through shear deformation where
complex modulus (G*) corresponds to the rigidity of the material or its resistance against shear
deformation. Figure 1.2b lists complex modulus of some common elements. There is much more
information at the low modulus scale using shear rheology (Figure 1.2b) than tensile tests (Figure
1.2a) because shear rheology measurement is sensitive enough for probing fragile materials like
soft matter.
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The viscosity measurement (a material’s resistance to flow) correlates with the deformation
behavior of ideal liquids, while Young’s modulus (a measure of the stiffness or tensile strength of
the material) correlates with the deformation behavior of solids. Ideal fluids experience
irreversible deformation that is a purely viscous behavior, while ideal solids experience reversible
deformation, which is a strictly elastic behavior. The Young’s moduli (E) of some common solids
are listed on a scale in Figure 1.2a, and the viscosities (η) of some common liquids are listed on a
scale in Figure 1.2c. Ideal liquids have Young’s modulus of zero while ideal solids have infinite
viscosity. While the order of magnitude of Young’s modulus and shear complex modulus are
comparable, they are generally not directly convertible as the conversion depends on the
Poisson’s ratio (ratio of the lateral deformation to the axial deformation) which in itself varies
significantly by material and by temperature.

1.1

Soft matter
Soft matter can be divided into four classes: 1) polymers; 2) colloids; 3) amphiphiles; and

4) liquid crystals (Figure 1.1b).[1,3]
•

Polymers are a long repeating chain of monomers. The most commonly identifiable
polymers are plastics. While most cured plastics are highly elastic, plastics are molten
and processed in a viscoelastic state. All biological organisms produce biopolymers such
as protein, DNA, and cellulose.

•

Colloid is an umbrella term that covers a large category of materials that describe a
suspension of one material into another medium. Colloids include aerosols, foams,
emulsions, suspensions, and pastes.[3] Table 1.2 contains a list of the types of colloids as
well as the dispersed and dispersing phases.

•

Amphiphiles are molecules with dual characteristics. In an aqueous solution, one end of
the molecule likes the solvent (hydrophilic) while the other end does not (hydrophobic).
Surfactants, or surface-active agents, are amphiphiles at the air-water interface.

•

Liquid crystals are rod or disk shaped molecules that self-assemble to form orientation
order but not positional order, resulting in an anisotropic fluid.[1]

This dissertation covers all four of these classes and Figure 1.1b lists the specific chapter or
appendix where works relating to these topics are located.
Foods, biofluids, personal care products, electronics, and polymers are the major fields
where soft matter is abundant and the mechanical properties of the materials play an important
role.[1]
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•

The rheological properties of the plastic melts determine the processing conditions of the
melt and later the quality of its cured end product.[1]

•

The mouthfeel of an edible product has a big impact on its popularity and the rheology of
the food strongly influences its mouthfeel.

•

The skin feel and application of the cosmetics and toiletries are heavily dependent on its
rheological properties.

•

Biological fluids are essential for transport and lubrication in the body so their
rheological properties determine their functionality.

•

The liquid crystals form flat panel displays where its optical properties are orientation
dependent (birefringence) and manipulating the orientation through its flow properties act
as an optical switch. Some low melting temperature metals can be printed into electrical
circuits and interconnects. The rheological properties of these metals determine their
printability.

While soft matter encompasses a broad spectrum of topics, this dissertation will discuss
works focusing on biofluids and electronics categories. For the biofluids examined in this
dissertation, probing the structure revealed the impact of chemical, nutritional, and environmental
stresses on the strength (G′, τy) of disparate systems like biofilm and plasma. The rheological
analysis of liquid metal and metal paste in the electronics category guided the process of
constructing a material suited for 3D printing which required extrudability (shear thinning) and
structural integrity (G′, τy).
1.2

Rheological techniques
A rheometer testing can quantify the viscous and elastic properties of a material. There are

two main modes of testing on the rheometer: 1) steady shear testing mode (Figure 1.3a) where the
material is sheared between a stationary bottom plate and rotating top plate at a given stress or
strain; and 2) the oscillation mode (Figure 1.3e) where the top plate oscillates back and forth at a
set frequency and amplitude. Purely viscous fluids are characterized with just shear testing as
they do not have any elastic component but everything else would benefit from both shear and
oscillation testing.
From the shear flow sweep test, the stress (τ) versus shear rate (𝛾𝛾̇ ) curve gives important
information on the flow properties of the material (Figure 1.3b). Table 1.1 lists the range of shear
rates associated with common storage and processing conditions. The flow behavior can be
modeled by Power-law function for non-yield stress fluids (Equation 1.1: c [Pa s] - flow
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coefficient or consistency index; p - power-law index) and Herschel-Bulkley function for yield
stress fluids (Equation 1.2: τy – yield stress; c [Pa s]– flow coefficient or consistency index; p –
power law index). The types of flow include (Figure 1.3b-d):
𝜏𝜏 = 𝑐𝑐 ∗ 𝛾𝛾̇ 𝑝𝑝

𝜏𝜏 = 𝜏𝜏𝑦𝑦 + 𝑐𝑐 ∗ 𝛾𝛾̇ 𝑝𝑝

Equation 1.1.
Equation 1.2.

1) Ideally viscous Newtonian flow can be modeled by Equation 1.1 (c - η; p = 1). In
Equation 1.1, the stress increases linearly with shear rate and the viscosity (η) is the
slope. The viscosity of Newtonian fluids is constant at all shear rates (Figure 1.3d).
Examples of Newtonian fluids include water and oils.
2) Shear thinning flow describes materials that become less viscous at higher shear rates
(Equation 1.1; p < 1). When shear thinning material has no yield stress the viscosity
reading will reach a Newtonian region at extremely low shear rates, called zero-shear
viscosity (η0) which does not exist for yield stress materials as it is “infinitely” viscous
before yielding (Figure 1.3d). Examples of shear thinning materials include polymer
melts and most cosmetics and toiletries.
3) Shear thickening materials increase in viscosity at higher shear rates (Figure 1.3d) which
can be modeled by Equation 1.1 (p > 1). Examples of shear thickening materials include
ceramic suspensions, starch suspension, natural rubber, and filled elastomers.
4) Yield stress materials have a minimum stress that must be surpassed before it starts
flowing (Equation 1.2). An ideal yield stress fluid or Bingham plastic displays Newtonian
flow behavior after the yield stress (Equation 1.2: p = 1). The tangent crossover method
(crossover of the red lines) can be used to calculate the yield of a material on a stressstrain plot (Figure 1.3c). In contrast, non-yield stress materials have no crossover point.
Examples of yield stress materials are mayonnaise, ketchup, yogurt, lipstick, and
toothpaste.
There are two main types of oscillation testing (Figure 1.3e-g). Amplitude sweep test
oscillates the upper plate back and forth at a set frequency (ω0) at increasing strains (Figure 1.3e).
On the modulus (G′ – elastic; G″ – viscous) over strain plot (Figure 1.3f), the plateau is the linear
viscoelastic region (LVR) and the strain limit of the region is γL. Amplitude sweep is carried out
on an unknown material to determine the LVR region so that the subsequent dynamic tests can be
carried out within this non-destructive region. Past the LVR, the structure of the material starts to
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change and break up, resulting in a decrease in G′ and G″ at different rates so that eventually G″ >
G′. The G′ = G″ crossover point is called the flow point (γf) and in some cases it can be used to
determine the relative yield stress of a material since the flow point indicates when the material
transitions from solid-like state to liquid-like state. Frequency sweep test oscillates at a set
amplitude (γ0), which has been determined previously from the amplitude sweep test to be within
the LVR, at increasing frequency (Figure 1.3e). The frequency sweep describes how the material
acts when the material is stressed for different periods. For example, when Silly Putty is stressed
quickly by throwing it on the floor, it bounces back, acting like a rigid solid. However, when the
Silly Putty sits at rest and experience low stress over a long period of time, it spreads out, acting
like a viscous fluid. The frequency sweep (Figure 1.3g) reveals if the material is solid-like (G′ >
G″) or liquid-like (G″ > G′), and if the behavior is frequency dependent (G′(ω), G″(ω)) or
independent. Stable gels and suspensions are typically solid-like and frequency independent, so
these types of materials are called “gel-like”.
While the diagrams in Figure 1.3 shows two plate geometries for rheological tests, there are
actually diverse option of geometries, each optimized for different types of materials and different
kinds of analysis. The rheological properties such as modulus and yield stress can be difficult to
measure on some complex fluids. The choice of geometry plays an important role in the accuracy
of the rheometer measurement. Figure 1.4 is a cut-out view diagram of four types of geometries
used during this work along with some details about their properties:[4]
a) Plate and plate (PP) or parallel plate geometry is used for bulk material analysis and it is
popularly used for gel-like materials (Figure 1.4a). For the biofilm (Chapter 2, 3) and
metal paste (Chapter 4), parallel plates are used to ensure that the samples are not
compressed in the case of biofilm or jammed in the case of metal paste. In this setup, the
bottom plate is stationary while the top plate rotates. The sample is sandwiched between
the two plates where the gap can be set according to the thickness of the material, with
1000 µm being a standard gap length and about 300 µm being a minimum. Depending on
the length of the tests, the sample, especially a biological sample, can start to
significantly evaporate or dry. Therefore, a solvent trap along with water or oil as a gap
seal is typically used. This geometry was used during experiments in Chapter 2, 3, and 4
as well as Appendix C, D, and F with a solvent trap for biological samples and water as
the gap seal.
b) Cone and plate (CP) geometry is used for low viscosity samples when sample volume is
limited since it requires less than 1 mL of sample (Figure 1.4b). This setup is composed
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of a rotating upper cone geometry and a stationary lower plate geometry with the sample
sandwiched in between. This geometry provides the same shear rate across the entire gap,
unlike the PP geometry that produces variable shear rates across the plate radius and the
reading is an average of the plate. The cone (< 5°) is truncated so that a 56 µm gap exists
between the tip of the upper geometry and the lower geometry. Due to the small gap,
dense samples like gels and pastes cannot be measured using this geometry. Just like with
the parallel plate setup, the upper trough of the cone geometries can be filled with water
or low-viscosity oil to seal the gap between the upper geometry and the solvent trap for
better evaporation reduction. However, due to the fast evaporation of small amount of
low viscosity sample, this system is not a good fit for any rheological tests that take a
long period of time, which would be any sweeps that span large ranges. A large diameter
cone is best for shear-flow measurements but there is a drawback of larger inertial effects
for oscillatory tests. To combat this issue, smaller cones made of lighter materials such as
titanium or aluminum can be used for oscillatory tests. Additionally, at high shear rates,
some low viscosity samples could flow out of the gap. Cone and plate set up was used for
experiments in Appendix A.
c) Cup and bob (CB) geometry is a bulk measurement system commonly used for lowviscosity fluids (Figure 1.4c). In this setup, the bob is fully immersed in the sample
within the cup, with the excess sample mitigating the effect of evaporation along with a
solvent trap. This method is good for long time tests on low viscosity materials as the
reading is much less likely to be affected by evaporation, also even at high shear rates the
sample would not flow out of the gap like it would with CP. One of the main limitations
with the CB setup is the large sample volume (20 mL) required to fill the cup. This
geometry was used for tests in Appendix A and B.
d) Double wall ring (DWR) setup is used to measure the interfacial rheology of a sample
when it has a surface structure distinct from the bulk (Figure 1.4d). The interface is a
distinct film layer between two immiscible systems, typically liquid and gas phase.
Interfacial rheology measures the response of the thin interfacial layer to applied
deformation such as expansion, compression, and shear deformation. This method only
applies to samples with highly structured thin film interface located between significantly
less structures immiscible phases. The DWR setup is composed of a du Noüy ring with a
diamond configuration that pins the interface and a Delrin double wall couette that
houses the sample. This geometry was used for tests in Appendix A and D.
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1.3

Biofluids
Biological fluids transport nutrients, wastes, and gases in the case of blood and plasma, act

as a lubricant and trap contaminants in case of mucus, and enable the survival of bacterial
cultures in hostile environments, and attach to surfaces in the case of biofilms. Chapter 2, 3, and
Appendix F focuses on the properties of bacterial biofilm while Appendix A examined the
surface properties of the bacterial culture medium used in Chapter 2 and 3, which is lysogeny
broth. Algal sludge rheology is briefly discussed in Appendix B. The effect of various factors on
fibrin formation in pooled human plasma samples is explored in Appendix C. The following
sections contain information that gives additional details to some of the manuscripts that follow.

1.3.1

Additional details on Chapter 2
Chapter 2 establishes the method for culturing and measuring the rheology of

Pseudomonas aeruginosa biofilm. Due to the natural variability of bacterial biofilm structure and
thickness even under the exact same conditions, it is hard to get reproducible rheological reading.
The following section discusses some of the current methods of measuring bacterial biofilm
rheology, demonstrating the variability across the different rheological techniques and across the
different types of bacterial cultures.

1.3.1.1

Pseudomonas aeruginosa
Pseudomonas aeruginosa is a rod-shaped flagellated bacterium, about 3 micron long and

1 micron wide [6]. It is a common gram-negative bacteria found in the soil and water that is also
incredibly versatile physiologically and metabolically.[5,6] P. aeruginosa can infect a variety of
different animal to plant hosts, and it is a well-known opportunistic human pathogen.[6,7] This
motile bacteria is able to transform into the non-motile, alginate-encased organism that is resistant
to many classes of antibiotics and capable of acquiring new resistances through mutations.[7–9]
Therefore, P. aeruginosa is a common cause of nosocomial or hospital-acquired infections; it is
the cause of persistent infection in cystic fibrosis (CF) patients, and can easily infect burn wounds
and cause eye infections through contact lenses.[6,10–16]
The pathogenic characteristics of P. aeruginosa include motility [18, 19],[16,17] its ability
to form a biofilm,[18–21] and its production of redox-active species like pyocyanin in addition to
many other virulence factors controlled by quorum sensing.[12,13,22] P. aeruginosa has pili, hairlike protein structures on its surface that enable swarming or twitching motility, and it has flagella
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that is used for general swimming motility.[17,23,24] The pili was additionally found to aide in the
surface attachment, and since surface attachment is the first stage of biofilm formation, genes
encoding for pili as well as alginate production were found to affect biofilm formation, while
flagellum had no effect.[25] Pyocyanin is a phenazine pigment that is a P. aeruginosa secondary
metabolite, which means it is produced during the stationary phase of bacterial growth.[26] This
pigment is the focus of many recent studies because of its ability to permeate into cellular
membranes and its recovery from P. aeruginosa infected CF patients’ sputum.[13] Pyocyanin
attacks host cells to weaken the immune response while also attacking other bacterial species to
eradicate competition.[14,22] In a hypoxic condition, P. aeruginosa biofilm can thrive because it is
able to use pyocyanin as an alternate electron acceptor to oxygen.[27]

1.3.1.2

Biofilm Rheology
P. aeruginosa culture is often found in a biofilm form. These biofilms are often antibiotic

resistant and can cause recurrent infections. By unleashing its virulence against other pathogens,
P. aeruginosa typically becomes the dominant strain found in CF patients experiencing
respiratory distress.[28] In fact, P. aeruginosa was able to eliminate competition from coinoculated opportunistic bacteria Staphylococcus aureus within several days, showcasing its
bactericidal abilities and the reason that they are such successful pathogens.[29] The biofilm
structure allows P. aeruginosa to persist through a variety of chemical and mechanical treatments
inside the host, providing homeostasis in a harsh environment.[30] In addition to providing
stability in the face of external forces, biofilms are sufficiently soft and yielding to allow nutrient
diffusion and bacterial proliferation.[31]
Characterizing the structure of biofilms will help to determine ways to remove
environmental,[32,33] medical,[25,34,35] and industrial biofilm contaminants,[36–39] while also helping
keep beneficial biofilms like the ones involved in bioremediation and biodiesel production
strong.[40–43] Biofilm rheology has previously been studied on several different systems: on
pellicle biofilms at the air-liquid interface;[44–48] on liquid culture biofilms grown directly on the
rheometer geometry;[49–51] and on biofilms scraped off of the solid nutrient culture.[31,52,53]
Summary of the findings from these previous biofilm studies are listed in Table 2.1.

1.3.2

Additional details on Chapter 3
Chapter 3 explores the impact of chemical modification (glycerol, glucose, sucrose,

NaCl, and AgNO3) of the LB medium on the rheology, crystallization, and birefringence of
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Pseudomonas aeruginosa biofilm. The following sections give detailed background on: 1) the
structure and compositions of various bacterial biofilm cultures treated with glycerol, glucose,
sucrose, NaCl, and AgNO3; 2) crystallization of biological materials; and 3) birefringence in
biological materials.

1.3.2.1

Nutritional Condition

Nutrient-rich Miller lysogeny broth (LB) medium was used for all the experiments in
Chapter 2 and 3. The biofilm, as well as the cell-to-cell communication mechanism of the
bacteria, known as quorum sensing (QS), are affected by its environment, especially by the
nutritional conditions.[54] Pseudomonas strain biofilm grown on glycerol added medium produced
high molecular weight EPS, which had comparable rheological properties to Guar gum.[55]
Similarly, B. subtilis developed a more robust biofilm when the LB medium was modified with
1 % glycerol and 0.1 mM manganese.[56] Certain histidine kinases responsible for EPS production
is thought to be sensitive to glycerol and operons responsible for EPS production and amyloid
fiber assembly were upregulated due to glycerol.[56] Carbon source influences the motility,
specifically the QS associated swarming motility of P. aeruginosa.[54] QS controls additional
properties that influence bacterial biofilm structure like extracellular DNA, protein, mucus, and
lipid production. When amino acids and citrates are the main bacterial carbon source, it produces
flat uniform biofilms with low surface roughness due to QS promotion of swarming
motility.[54,57,58] While with glucose as the carbon source the motility is limited, so scattered
mushroom-like micro-colonies with higher surface roughness forms.[54,57,58] These mushrooming
biofilms have channels running between them that transport nutrients, waste, and oxygen.[54]
For Staphylococcus, glucose from 0 - 2.7 % in the media resulted in an increase in biofilm
formation.[59] P. fluorescens biofilms are greatly affected by medium osmolarity: from 0 - 0.4 M
NaCl (0 - 2.3 wt%) cell growth was not affected but at or above 0.2 M NaCl (~1.2 wt%) biofilm
formation decreased by four fold; with 0-20 % sucrose cell growth stayed the same but between
15-20 %, biofilm formation decreased four fold when compared to the control.[60] At 0.2 M NaCl
and 15 % sucrose, the molarity of each medium is roughly equivalent (0.44 M) which suggests
that growth in high osmolarity is detrimental to biofilm formation.[60] NaCl had multiphasic effect
on S. aureus biofilm production; initially biofilm formation increased with NaCl, reaching a
plateau at 1.6-4.8 %, then dropped to no biofilm at 5.6 %.[59] P. aeruginosa CF mutant strains
transition from non-mucoid to alginate overproducing state under osmotic stress of either 0.2 - 0.5
M NaCl (~1.2 - 3 wt%) or 10 w/v% sucrose.[61] Broad spectrum antimicrobial effects of silver
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nanoparticles and silver ions on the growth of gram-negative bacteria and biofilm formation is
well documented.[62,63] Silver nanoparticles had similar level of antimicrobial activity as silver
ions and for S. aureus, the minimum inhibitory concentration was greater than 33 nM
nanoparticles.[64] Starting at 0.16 μg mL-1, silver sulfadiazine can reduce the concentration of
planktonic bacteria by five orders of magnitude.[65] Silver sulfadiazine started to be effective
against mature biofilms past the threshold dose of 1 μg mL-1 and at 10 μg mL-1 it can completely
eradicate a pre-established P. aeruginosa biofilm.[65]

1.3.2.2

Crystallization of Biological Materials

There is an interest in the drying process of complex fluids, as it illuminates the basic
physics of fluid evaporation as well as its possible utility as a medical diagnostics tool.[66,67]
Drying fluids exhibit various morphologies: ring patterns, cracks, and ferning that can be used as
a qualitative indicator of the properties of the fluid. Biological samples like tears, cervical mucus,
and saliva are all shown to form fractal like crystallization patterns when dried.[68,69] A fractal is a
structure made of smaller parts that resemble bigger parts, with a high degree of organization,
self-similarity, and a specific fractal dimension.[68] The process through which these patterns form
appears to be a result of interactions between the ionic strength, osmolarity, and the concentration
of macromolecules within the material where too little or too much of one factor can dramatically
alter or reduce the amount of crystallization.[67,70] This crystallization process is called
“arborization”, “ferning”, or “dentritic growth” in various literatures.[69]
The crystallization behavior of NaCl with gelatin macromolecules revealed two types of
morphologies, rectilinear crystals and fractal dendritic patterns.[71,72] NaCl exhibit
rectangular/cubic morphology due to the morphology of its unit cell and dendritic morphologies
are produced as a result of diffusion limited crystallization growth.[72] When the gelatin covering
the ferning pattern was removed, it was revealed that the backbone of the dendrites were a series
of interlocking crystalline blocks 10 - 30 μm in size.[72] Dendritic growth is controlled by solute
transport (NaCl) which is diffusion limited by the polymer matrix (gelatin).[72] Therefore, the ratio
between the gel concentration and NaCl concentration (R=[gelatin]i/[NaCl]i) is the key
characteristic that dictate the morphology of the crystallization pattern, not their individual
concentrations.[72] The morphology change with the gelatin to NaCl ratio was as follows: without
gelatin (R = 0) there was large tabular NaCl crystals without ferning; at R < 0.5, there was tabular
NaCl crystals with short ferning; straight branches with orthogonal or oblique angles formed at
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0.5 < R < 1; oblique dendrites started curving at 1 < R < 2; random branching started at R ≥ 4,
and there was no ferning at R = 16.[72]
After the salt crystal nucleation, a rectilinear dendritic branches formed at the corners of
the salt crystal and as the pattern grew, the dendritic branches did not touch or merge together.[71]
Measurement of the relative increase in area shows that the compact crystal growth is much
slower than the dendritic growth.[71] The oblique dendrites formed 110° branches raised slightly
above the substrate on one side of the main branch and the 70° branches formed directly on the
substrate on the opposite side of the main branch.[72] The oblique branching pattern was much
more common than the orthogonal pattern.[72] The ferning pattern became much less geometric
and increasingly random at higher R values, correlating with higher diffusion limitation.
Ultimately, the crystallization completely seized at extremely high R values when mass transport
is suppressed.[72] Through evaporation, NaCl supersaturated region forms about 1 μm from the
leading edge of the crystallization front of the growing branch. While the concentration field is
symmetric around orthogonal branches, oblique branches have asymmetric field with the super
saturation region closer to the 70° side. Bending occur at crystallization speed exceeding 11 μm s1

, it always curves toward the 70° sided and the evaporation rate can reliably control the curvature

of the ferning pattern.[72]
The ferning pattern is qualitatively classified into four types according to Rolando’s
system: I) ferns with acute angles spaced close together; II) almost the same as Type I but spaced
slightly further apart; III) thicker smaller ferns with large spacing; and IV) no ferning.[67,74]
Generally, Type I ferns had the highest concentration of proteins and type IV had the lowest
amount of proteins.[67] Clinicians utilizing this subjective Rolando scale often have difficult time
reproducibly differentiating the ferning samples between Type I and II or Type III and IV.[73]
For biological samples that exhibit robust ferning like tears, saliva, and cervical mucus,
the ferning pattern is sometimes used for medical diagnosis. Proper tear production and
composition is essential for good vision and eye health. Tear deficiency could be caused by a
reduction in tear secretion due to immune disease (Sjogren’s syndrome) or gland dysfunction
resulting in hyperosmolarity of the tear.[73] Tear samples from healthy individuals typically
exhibit robust, highly branched ferning pattern (Type I and II) while samples from patients with
certain eye or immune diseases show little to no ferning (Type III and IV).[66,67,70]
Cervical mucus, a heterogeneous hydrogel composed of secretions from glands at
different zones of the cervix, change over the course of a woman’s cycle.[76] For both human and
bovine cervical mucus, high levels of estrogen production before ovulation changes the mucus
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network so ferning occurs while no ferning is observed during the progesterone dominant period
after ovulation.[68,69] Estrogen is thought to promote crystallization by stimulating electrolyte
metabolism while progesterone counteracts the effect of estrogen.[69] These changes in the
morphology of the crystallization pattern is used to estimate a woman’s fertility period (half a
dozen fertility microscopes for saliva and cervical mucus samples are currently available on
amazon.com).[77]
The crystal patterns range from fern-less scattered cubic crystals during non-ovulation
period to highly symmetric crystallization pattern with branching angle of 90° during ovulation
which had fractal dimension of about 1.7 using box counting method.[68] The fractal dimension of
1.7 is characteristic of diffusion limited growth processes like blood vessels.[78] The mucus
morphology during ovulation from SEM analysis resembled highly porous foam material with
pore diameters in 0.4 - 1.3 μm range.[76] Through X-ray and SEM analysis, the structure of the
ferns are revealed to be made up of NaCl, KCl, and proteins.[70] The salt crystals within the ferns
were 5 - 8 μm. The proteins appear to drive the crystallization through enabling or blocking fern
progression.[70]

1.3.2.3

Birefringence of Biological Materials Liquid Crystal

Filamentous Pf are 2 μm long rod shaped bacteriophages produced by P. aeruginosa
experiencing some level of environmental stress such as viscous or anaerobic conditions.[81] Many
CF strains of P. aeruginosa produce Pf1 while laboratory strains like PAO1 produce abundant
amounts of Pf4.[81] Pf phages promote controlled cell lysis and release of DNA into the biofilm.[81]
Additionally, the filamentous bacteriophages facilitate chronic P. aeruginosa infection in the host
by promoting less invasive, less inflammatory but more resistant and persistent form of P.
aeruginosa.[82]
Small molecules like the anionic phage strands appeared to self-assemble through
depletion attraction where the molecules in the solvent gather to where their excluded volumes
overlap. This is the result of osmotic pressure from the surrounding fluid like the biopolymers
which bundles the phage strands.[79] Particles with low curvature like the rod-shaped phages have
an especially strong attraction to each other.[79] The filamentous phage self-assembly increased
with ionic strength and molecular weight of the biopolymers in the medium. In deionized water
and with low molecular weight (< 0.3 kb) polymers there was no anisotropy.[81] These highly
ordered regions within the medium or liquid crystal regions are birefringent, which is optical
anisotropy when the index of refraction is orientation dependent and birefringence can be
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observed through a polarized filter.[80] Chapter 3 will present some work on P. aeruginosa
birefringence.

1.4

Electronics
Low melting temperature metals used for electronics has fluid properties under certain

environmental conditions and their dual solid-liquid transitionary nature can be utilized to print
the material to construct circuits and sensors. Chapter 4 presents a new metal paste material that
is optimized for 3D printing circuits and vertical structures. Rheology is an important property
when it comes to a quickly expanding the field of additive manufacturing. This section discusses
how various rheological techniques can be used to advance additive manufacturing, specifically
soft electronics production.

1.4.1

3D printing soft electronics
In additive manufacturing, viscosity, yield stress, and elastic modulus are important

parameters of printing. As the material is extruded through the print head, shear thinning would
ensure the filament is viscous enough not flow or drip out of the print head during rest but flows
without clogging during print phase. The general printability or extrudability is determined by the
shear thinning behavior of the material. The behavior of the filament after it is deposited on the
bed can be predicted by the elastic modulus and yield stress; if it has viscous dominated property
or a very low elastic modulus, the filament is likely to start spreading on the plate and will deform
under the slightest ambient vibration. With a higher elastic modulus material, the filament will
hold its shape once it is printed. However, when the next layer is printed on top, if the material
has very low yield stress, the bottom layer could start spreading under the top layer’s weight. This
causes issues with print fidelity.
There are a few examples of metals getting printed, like the low melting temperature alloys
similar to soldering metals that are printed through a high temperature nozzle (200 °C) and
solidifies at room temperature.[83,84] Some metals that are liquid at room temperature such as
eutectic gallium alloys are printed to construct stretchable electronics circuits. The eutectic alloy
is extremely low viscosity, high surface tension fluid, with thin oxide skin on the surface, which
provides the only structure to the material. This unique surface property of the eutectic gallium
alloy is characterized in Appendix D. 3D printing gallium alloys has been limited to a few
examples and have been extremely challenging. The way our group resolved the printability issue
of the low viscosity gallium alloy was to give it more structure without in any way negatively
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affecting the properties of the liquid metal that made it ideal for soft robotics (Chapter 4). The
investigation of the internal structure of the paste was attempted and the results are shown in
Appendix E.

Figures and Tables

Figure 1.1. (a) Three of the four states of matter (gas, liquid, and solid) along with the depiction
of their intermolecular interaction. In the classical description of these states, gas molecules are
separated by a vast amount of space with a weak intermolecular interaction and they freely move
around. In the liquid state the sample is purely viscous, molecules have isotropic configuration,
high density, and the ability to flow and take the shape of its container. Finally, in the classical
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solid state the sample is purely elastic, molecules have crystalline structure with orientational and
positional order that retains its shape and volume. A lot of materials have properties of both liquid
and solid, these are called soft matter. (b) The major classes of soft matter includes: polymers and
bio-polymers; colloids and suspensions; amphiphiles and surfactants; and liquid crystals.[1,3] The
research presented in this dissertation spans all four classes of soft matter and the sections where
they can be found are listed below each class.

Figure 1.2. (a) Scale of Young’s modulus (E) values of common materials. These materials fall
under categories ranging from metals and ceramics that are extremely stiff to elastomers and soft
tissues that are flexible. These categories span several orders of magnitude as seen on the left side
of the scale.[4,85–87] (b) Scale of shear complex modulus (G*) values of common materials
including highly elastic materials like metals to extremely low elasticity materials like biofluids.[4,88,89] Purely viscous fluids like water and oil have zero Young’s and complex modulus. (c)
Scale of viscosity values of common materials ranging from extremely viscous cold tar to
gasses[4]. (b-c) The materials discussed in this document are included in these tables (bold italics).
The location in the dissertation where these values can be found are listed at the bottom right of
the figure.
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Figure 1.3. Shear and oscillation rheology techniques. (a) In a two plate steady shear system
where the top plate is moving, the velocity (v) of the fluid is dependent on the gap height (h). (b)
Samples can exhibit several different flow behavior: 1) ideally viscous Newtonian flow; 2) shearthinning; 3) shear-thickening; and 4) yield stress flow. Yield stress materials have a minimum
stress (τy) that must be overcome before flow starts. (c) The stress-strain curve demonstrates a
material with (2) no yield stress and (4) a material with a clear yield stress calculated using the
tangent crossover point method. (d) The viscosity-shear rate plot shows: (1) Newtonian fluid; (2)
shear-thinning fluid with no yield stress reaching zero-shear viscosity (η0); (3) shear-thickening
fluid; and (4) shear-thinning fluid with yield stress. (e) In a two-plate system the top plate can
oscillate back and forth at set amplitude or frequency for oscillatory rheology tests. The
amplitude sweep test has constant frequency (ω0) with changing strain amplitude while the
frequency sweep test has constant strain amplitude (γ0) with changing frequency. (f) During the
amplitude sweep test, the strain values up to the limit of the strain where the G′ and G″ values are
constant (γL) are called the linear viscoelastic region (LVR). The point there G″ crosses over G′ is
called the flow point (γf).[4] (g) In a frequency sweep, when G′ > G″ materials are said to be solidlike and when G″ > G′ materials are said to be liquid-like.

Figure 1.4. Rheometer geometries: (a) plate and plate (PP); (b) cone and plate (CP); (c) cup and
bob (CB); and (d) double wall ring (DWR). (a-c) Purple cover is the solvent trap designed to
reduce sample evaporation that can be used in conjunction with oil or water to fully seal the trap.
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While (a-c) geometries are designed for bulk sample measurement, (d) is designed to measure
interfacial rheology of a sample.

Table 1.1. Range of shear rates for different processes.[4]
Process

Shear rates (s-1)

Physical aging

10-8 - 10-5

Particle sedimentation

0.001 - 0.01

Surface leveling

0.01 - 0.1

Sagging, dripping

0.01 - 1

Mixing, kneading

1 - 100

Chewing, swallowing

10 - 100

Spreading, extrusion

10 - 1000

Pipe flow, mixing, stirring

10 - 104

Painting, brushing, rolling

100 - 104

Spraying

1000 - 104

Rubbing

1000 - 105

Table 1.2. Common types of colloidal dispersions.[3]
Name

Dispersed

Medium

Examples

Liquid aerosol

Liquid

Gas

Fog

Solid aerosol

Solid

Gas

Smoke

Foam

Gas

Liquid

Milk foam, froth

Emulsion

Liquid

Liquid

Milk, mayonnaise

Suspension, paste

Solid

Liquid

Paints, toothpaste

Solid foam

Gas

Solid

Polyurethane foam

Solid emulsion

Liquid

Solid

Tarmac, ice cream

Solid suspension

Solid

Solid

Opal, pearl
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Abstract
Bacterial cultures, when under appropriate conditions, will grow into a biofilm. This
weak hydrogel, composed of a complex conglomeration of bacterial clusters and extrapolymeric
substances, serves to protect and insulate the bacteria from mechanical disturbances and
environmental perturbations that may include antibiotics. Measuring the bulk rheology of the
biofilm provides a quantitative description of the macroscopic structural integrity of the soft solid,
which can be used to evaluate the efficacy of techniques that are often directed at their removal or
prevention. Techniques for measuring the rheology of biofilms vary significantly, ranging from
filtering or scraping the biofilm from its growth medium to attempting to grow the biofilm
directly on the geometry of the rheometer. In this study, we developed a protocol for measuring
the bulk rheology of a biofilm that was grown in a liquid medium. By keeping the biofilm intact
from its growth phase through its rheological measurement, this method allows the mechanical
strength of the biofilm to be probed without compromising its integrity. Presented in the form of
case studies, the results from this study confirmed the gel-like structure of the biofilm of the wildtype strain of Pseudomonas aeruginosa (PAO1). The flexibility of this protocol was shown by
varying the incubation time of the biofilm from 4 to 9 days, providing a bulk elastic modulus that
varied over two orders of magnitude and a yield stress that varied by an order of magnitude.
Finally, in an attempt to demonstrate the fragility of biofilm, measurements were also taken on
samples that were simply transferred from their incubated Petri dish to the rheometer. Results
from the mechanical robustness of the biofilm are highlighted to emphasize the importance of
understanding and addressing the mechanical strength of the biofilm system before attempting to
remove the bacterial contamination through chemical or mechanical means.

Key words: Biofilm rheology, rheological protocol, Pseudomonas aeruginosa

2.1
2.1.1

Introduction and background
Microbial biofilms
The primary form of existence for bacteria, outside of the lab environment, is in the form

of a biofilm.[90] Biofilms in nature are composed of polymicrobial aggregates, nucleic acids,
proteins, polysaccharides, lipids, and > 90 % water, and this structure accumulates at interfaces
(solid-liquid, liquid-liquid, air-liquid, etc.).[23,30,31] The microbial clusters are encased in
extrapolymeric substances (EPS) like DNA, proteins, and polysaccharides.[23] EPS has a variety
of different functions, including increasing surface adhesion and water retention, while also
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providing a protective barrier from the environment and a scaffold for the three dimensional form
of the biofilm.[23] The cells that reside inside the biofilm structure are distinct from their
planktonic form as well as from each other, as the heterogeneous environment of the biofilm
promotes diverse species and even inter-species mutations to develop in each niche.[91]
One of the most common model organisms that is used to study bacterial biofilms is
Pseudomonas aeruginosa, an environmental bacterium that is known for causing havoc on the
bodies of immuno-compromised individuals through production of exotoxins and via their
persistence by forming biofilms.[31] Pulmonary pathogens such as P. aeruginosa are found in
biofilm structures that are often resistant to antibiotics and that cause recurrent infections. P.
aeruginosa, by unleashing its virulence against other pathogens, becomes the dominant strain that
is found in patients with cystic fibrosis that are experiencing respiratory distress.[28] The structure
of the biofilm allows P. aeruginosa to persist through a variety of chemical and mechanical
treatments inside the host, providing homeostasis in a harsh environment.[30]

2.1.2

Biofilm rheology
Biofilms are natural weak hydrogels that are mechanically robust. At the microscopic

scale (micrometers), the EPS creates a heterogeneous microstructure that allows diffusion of
nutrients and proliferation of bacteria.[31] However, at the macroscopic scale (millimeters), these
substances combine to form a strong conglomerate that provides stability in the presence of
external forces.[92–94] Characterizing the changes in mechanical strength of the biofilms that is
caused by interactions with its surroundings will help to identify various modes to remove
biofilms that are environmental,[32,95] medical,[25,34,35] and industrial contaminants,[36–39] while also
helping to protect beneficial biofilms like the ones that are involved in bioremediation and in the
production of biodiesel.[40–43] The complex mechanical properties of the biofilm can be quantified
through common rheological techniques, where a stress or strain input is applied to the biofilm,
and the resulting strain or stress response is measured. Accurately measuring the rheology of
bacterial biofilm has been found to be difficult. Thus, a number of researchers have developed
various techniques over the years in an attempt to quantify the bulk mechanical properties of
biofilms. Table 2.1 summarizes a number of these studies, showing the wide ranges of techniques
and resulting strengths (10-2 - 106 Pa) that have been reported. Although these groups have
successfully reported the rheological properties of their respective biofilms, we see particular
limitations to their applicability.
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These methods include interfacial rheological techniques for measuring pellicle biofilms
that grew at the fluid-media (often air-liquid) interface.[44–48,96] However, since biofilms are most
commonly found attached to solid interfaces, the applicability of this method is limited in
scope.[23,30] Other methods focused on bulk rheological techniques for measuring biofilms that
were grown in a liquid-culture directly on the geometry of the rheometer,[49–51] and for measuring
biofilms that are grown on random surfaces and consolidated for characterization.[52,53] Biofilms
that are grown on solids surfaces that are then transported to the rheometer are often plagued by
patchy, uneven growth, creating variability in the resulting characterization. A final set of studies
focused on bulk rheological techniques for measuring the rheology of biofilms that were grown
on solid nutrient culture before being scraped into a heap.[31,97] As with any weak hydrogel that
contains a supporting hierarchical microstructure, scraping the biofilm from a surface can disturb
the natural structure, which could drastically alter the mechanical properties of the substance.

2.2

Method development

2.2.1

Objective

The overall objective of this study was to develop a standardized, robust protocol for the bulk
rheological characterization of biofilm. Particularly, we targeted biological systems that produced
a biofilm that will grow throughout the entire domain of the liquid growth media. Even though
the biofilm is inherently heterogeneous on the length scale of the bacteria (~1 μm), these samples
provide a homogeneous material on the length scale of the bulk probe that is used in standard
rheometry (~1 cm). In developing this protocol, a number of criteria were used to ensure that the
quantitative description of the macroscopic structural integrity of the soft solid can be as
repeatable and consistent as possible, while leveraging the lessons learned from the studies
discussed in the previous section. Thus, while keeping the overall protocol as simple as possible,
we required that
•

a liquid growth media was used to reduce the signal-to-noise ratio between the strength of
the biofilm and the strength of the growth media

•

the bulk biofilm was grown in a closed system to remove the likelihood of cross
contamination from other species or of particulate contamination from the air

•

the protocol was developed to incorporate the use of a standard rotational rheometer

•

the biofilm was grown in a controlled environment to provide flexibility over a wide
range of conditions such as composition of the growth media, time for growth,
temperature, etc.
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•

the biofilm would be transferred to the rheometer in a manner that did not compromise
the mechanical integrity of the biofilm.

Following these criteria, we developed a protocol, discussed in more detail below, that uses
an inoculated liquid media that is held in a standard Petri dish (Figure 2.1a). This cheap, simple
culture vessel is placed in a common incubator to control the biofilm growth (Figure 2.1b – c),
removing the need for complicated reactor designs.[49,50] Finally, the entire Petri dish that contains
the undisturbed biofilm (Figure 2.1d) is directly transferred from the incubator to the platform of
a standard rotational rheometer for measurement with an upper plate geometry (see Figure 2.2).
The use of an incubator reduces contamination of the sample and provides standard
environmental control that is familiar to the microbiology community. The direct transfer of the
Petri dish eliminates any structural damage that can be caused by attempting to remove the
biofilm from the growth media or by transferring the substrate to which the biofilm is attached
from the growth media.
Undoubtedly, the samples will slowly lose water during the incubation. This loss of water, as
exemplified between Figure 2.1b and Figure 2.1c, is intentionally introduced in a controlled
manner to ensure that the entire sample consists of a homogeneous weak hydrogel. However, the
growth in a Petri dish can be controlled by varying the initial volume of growth media and the
incubation time to provide a sufficient volume of biofilm, contrary to the thin, often patchy
growth that occurs when the biofilm is grown on the upper geometry.[51] For obtaining accurate
results when using a standard rotational rheometer, the thickness of the biofilm sample must
exceed a minimum thickness for the apparatus.
However, the greatest strength of this protocol is the elimination of the use of a solid growth
media, which subsequently requires the biofilm to be scraped from the substrate. Although this
technique, used by a number of research groups that are investigating biofilm rheology,[31,97]
meets our criteria for providing a closed system in a controlled environment, the use of a solid
growth media does not easily allow for the measure of the bulk biofilm directly on the media. In
this case, the thickness of the biofilm layer is very thin, as most of the water content of the
biofilm is maintained in the growth media. Thus, to obtain a sample that is large enough in
volume, often, multiple plates of biofilm must be consolidated into a single heap (Figure 2.1e –
h). Yet, this process of scraping the biofilm from the solid growth media creates two distinct
issues. First, simply scraping the biofilm from the solid growth media destroys the fragile
microstructure of the biofilm. Second, scraping the thin biofilm from the surface of the solid
growth media, which is also a soft solid, could be contaminating the overall consolidation of the
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biofilm with small portions of solid growth media. Both of these issues can significantly alter the
outcome of the rheological test. Other issues, such as variation in bacterial growth from plate to
plate, could also exist when combining multiple plates for a single experiment. These issues are
all avoided by using a single Petri dish of liquid growth media.
We present this new protocol as a standard, robust technique that should allow any research
group with a standard rotational rheometer and access to standard microbiology equipment to
reproduce these results with the assurance that the mechanical characteristics of the sample are a
direct result of the undisturbed microstructure that forms the strength of the biofilm. We report
results of biofilms that were grown over a variety of incubation times to demonstrate the
flexibility of the protocol. Finally, to demonstrate the fragility of the biofilm, we slightly modify
our protocol by simply transferring the single biofilm sample from the Petri dish to a standard
lower plate geometry for the rheometer.

2.2.2

Rheological measurement
All rheological measurements were completed on a Discovery Hybrid Rheometer 3

(DHR-3) from TA Instruments. All measurements were completed at a temperature of 25 °C. The
upper geometry was a 40-mm stainless steel plate, and the zero gap of the system was determined
by lowering the upper geometry onto an empty Petri dish that was attached to the bottom plate by
lab tape until 5 mN of force was registered by the axial force transducer. After the geometry was
zeroed on to the Petri dish, the biofilm sample in the Petri dish was attached to the rheometer
(Figure 2.2a – b). The upper geometry was lowered until it made complete contact with the
biofilm so that the biofilm wet the geometry on all sides and so that the geometry was level with
the surface of the biofilm. The setup was fitted with a 3D-printed solvent trap, shown in Figure
2.2c, to reduce sample drying during the duration of the characterization. The strongly
viscoelastic nature of the biofilm is evident from Figure 2.2d, where the biofilm had adhered to
the top plate geometry, and it could often be stretched over 10 cm in length.
In the beginning of each of the rheological tests, the biofilm was pre-stressed at 0.1 Pa for
2 minutes to distinguish the structure of the biofilm from the LB medium in which it grew. From
previous work on the rheology of LB medium (Appendix A), the LB medium has been found to
produce a small but measurable yield stress (τy << 0.1 Pa) in this configuration, a result of the
aging of its constituents and their accumulation at the air-LB interface. Since the biofilm typically
has a much higher yield stress (τy > 0.1 Pa), applying a pre-stress of 0.1 Pa disrupted the structure
of the LB medium without yielding the structure of the biofilm. The pre-stress step was followed
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by 2 minutes of waiting before each test to ensure the sample had settled. Following this effort,
one of the following rheological tests were completed for each individual sample to eliminate the
possibility that the microstructure of the biofilm was disrupted by any previous tests.
•

An amplitude sweep at a frequency of ω = 0.1 rad s-1 for strains of γ ∈ [0.001, 1] was

used to determine the linear viscoelastic region (LVR) of the biofilm.
•

A frequency sweep at a strain of γ0 = 0.1 for frequencies of ω ∈ [0.01, 1.0] rad s-1 was

used to determine the time-dependent response of the sample.
•

The yield stress (τy) was determined from a stress sweep that started at 0.1 Pa and ending
when the shear rate exceeded 10 s-1.

2.3
2.3.1

Materials
Macterial strain and medium
The strain of Pseudomonas aeruginosa that was used throughout this study was the

laboratory adapted wild-type strain PAO1.[98,99] PAO1 is a moderately virulent strain that was first
isolated from a wound more than 50 years ago.[21,25] This strain has pili on its surface for
attachment and flagella for motility. The stock culture of PAO1 was stabilized with the addition
of 60 % glycerol to make the stock solution with an overall glycerol concentration of 20 %, and it
was stored in a -80 °C freezer until needed.[100] Miller lysogeny broth (LB) was prepared from BD
Difco dry powder that was dissolved in reverse osmosis water according to the manufacturer label
for a final concentration of 10 g L-1 of tryptone, 5 g L-1 of yeast extract, and 10 g L-1 of sodium
chloride.[101] The mixture was autoclaved for 30 minutes to sterilize the medium. The medium
was subsequently stored in the refrigerator at 4 °C until it was used.

2.3.2

Bacterial growth conditions
An overnight culture of PAO1 was made by inoculating 10 mL of sterile LB medium in a

test tube with a sterile loop that was dipped in the stock culture of PAO1. The test tube was
covered and incubated at 37 °C on a shaker overnight. The biofilm cultures were grown in sterile
Petri dishes that were 60 mm in diameter (VWR, USA). All liquid handling and inoculation was
staged in a biosafety cabinet to prevent contamination. Each dish was inoculated with 3.6 mL of
sterile LB medium and 0.4 mL of PAO1 overnight culture. As investigated in the first case study
(Section 2.4.1), different incubation times between 4 to 9 days at 37 °C were explored for the
PAO1 biofilm. During the period of incubation, dehydration of the samples was intentionally
induced to provide a homogeneous weak hydrogel. For a group of experiments, the optimum
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incubation time for the PAO1 biofilm was determined to be 6 days, and a 6-day incubation was
used for all subsequent studies (Section 2.4.2). After incubation, the samples were removed from
the incubator and transferred to the rheometer for rheological measurement. Figure 2.1d shows
sessile P. aeruginosa biofilm growth in a Petri dish incubated under stationary condition.

2.4
2.4.1

Case studies
Rheology as a function of incubation time
Incubation times between 4 to 9 days for the PAO1 biofilm were tested to determine the

effect of growth time on the mechanical strength of the biofilm. All samples were characterized
directly in their Petri dish. Figure 2.3 shows the linear rheological results from the tests of smallamplitude oscillatory shear. First, to determine the linear viscoelastic region of the samples,
amplitude sweeps were completed. For all of the incubation days, the amplitude-sweep results, as
seen in the representative data sets that are presented in Figure 2.3a, showed that the biofilm was
resistant to nonlinear deformations beyond strains of unity (γ = 1), which is typical of gels. These
results validated the use of γ0 = 0.1 as the constant strain in the subsequent frequency-sweep tests.
The frequency-sweep results, representative trials are shown in Figure 2.3b, showed elasticallydominated, gel behavior, as expected from previous studies.[31,49,51,53] We report a weak powerlaw dependence on frequency such that G′ ~ ω0.1 for all incubation times. Interestingly, for real
sputum from patients with cystic fibrosis, which has P. aeruginosa as a major pathogen, Dawson
et al.[102] showed a scaling that transitions from G′ ~ ω1/2 for ω ∈ [0.1, 1] rad s-1 to G′ ~ ω1/3 for ω
∈ [1, 10] rad s-1 with an average modulus of G′ = 10 Pa. Thus, the scalings indicate that the

biofilms have a greater cross-link density relative to the sputum after a 4-day incubation, even
though a 9-day incubation is necessary to reach an equivalent modulus.
The data from Figure 2.3a and Figure 2.3b was condensed in Figure 2.3d, where the
elastic modulus G′ at a frequency of ω0 = 0.1 rad s-1 and a strain of γ0 = 0.1 for all trials (values
from Figure 2.3b have filled symbols) are plotted as a function of incubation time. The plots
include the instrument low-torque limit and the instrument inertial limit, which shows that the
data was mostly within the stated limits. These instrument limits were calculated based on
equations from Ewoldt et al.[103]
Since the biofilm exhibited gel-like behavior, we also characterized the nonlinear
rheological response by running a controlled-stress sweep. Figure 2.3c shows the results for the
tests as the yield stress of the biofilm as a function of incubation time. The maximum observed
yield stress of aged LB media, even after dehydration, was also included for reference. In both
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Figure 2.3c and Figure 2.3d, the protocol was successful in producing controlled, consistent
mechanical responses as a function of incubation time, as exemplified by the monotonic growth
of the yield stress τy and the elastic modulus G′. These trends with increasing incubation time
were predicted, as growth of the biofilm structure combined with loss of water in the sample
should increase the mechanical strength.
The water content of the biofilm was determined after 2 and 6 days of incubation by
drying the samples in an oven for several days at 70 °C (Table 2.2). The moisture content for
samples of biofilm and LB are about 96 – 97 % after 2 days and 93 – 94 % after 6 days of
incubation, as the samples dehydrate. Comparing the sterile LB medium to the samples of biofilm
that were incubated for 2-day and 6-day periods, 15 and 23 % reduction in dry masses of the
biofilm samples occurred respectively. The reduction in dry mass indicates that some of the
medium is consumed in a metabolic reaction that does not contribute to bacterial growth. The loss
rate of water for LB and biofilm appear to be the same at this stage of drying, but owing to the
reduced solids from metabolic processes, a higher weight percent of the biofilm is composed of
water compared to LB medium. The biofilm samples take longer to completely dry, so at
advanced stages of drying, the biofilm might be forming an outer shell that reduces the rate of
water loss.
When loading the biofilms on the rheometer, errors that are associated with variations in
the apparent gap from the true gap should become more substantial as the thickness of the biofilm
decreases.[103] Further, since biofilm will naturally develop small variations in thickness across the
plate as it develops, matures, and dries, smaller apparent gap lengths will amplify these small
variations into larger sources of error. Therefore, for the most consistent rheological
measurements, the inoculation volume and the incubation time were chosen specifically to
develop biofilms that were thicker than the instrument limits. Using this protocol, we could vary
the gap (i.e., the thickness of the sample) monotonically from ~1.3 mm after a 4-day incubation to
~300 μm after a 9-day incubation. From these results, we determined that an appropriate length of
time for incubating the 4.0 mL of PAO1 biofilm was a 6-day incubation, as the thickness of the
biofilm was typically ~800 μm, which is a good sample thickness that is safely above the 300-μm
heuristic for the DHR-3.

2.4.2

Rheology as a function of loading procedure
To examine the fragility of the biofilm when making a rheological measurement, biofilm

that was incubated for 6 days was measured after carefully transferring the biofilm from the Petri
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dish to the standard lower geometry of the rheometer. The bulk biofilm that was grown in the
Petri dish was gently dislodged from the edge with a spatula so that the damage to the structure of
the biofilm was minimized, as shown in Figure 2.4a. This image also exemplifies how the biofilm
grew throughout the entire domain, creating a weak hydrogel that is quite fragile but
homogeneous on the length scale of bulk rheometry. As the Petri dish was tipped to its side, the
rest of the biofilm was slid slowly off the dish onto the bottom stainless steel plate, as seen in
Figure 2.4b. During this procedure, no syneresis was seen, as the entire domain would slide from
the dish as one gel, confirming the bulk homogeneity of the samples. The upper geometry was
lowered until the biofilm filled the entire geometry surface (Figure 2.4c). The 3D printed solvent
trap was again used to reduce biofilm drying during the duration of the characterization. The
strongly viscoelastic nature of the biofilm is again evident from Figure 2.4d.
Figure 2.5 shows the linear rheological data from small-amplitude oscillatory-shear test
for biofilm of P. aeruginosa as a function of the loading procedure of the sample. The amplitudesweep results that are presented in Figure 2.5a showed that the biofilm was again resistant to
nonlinear deformations below strains of unity (γ = 1). These results further validated the use of γ0
= 0.1 as the constant strain in the subsequent frequency-sweep tests. The frequency-sweep results,
Figure 2.5b, showed elastically-dominated, frequency independent gel behavior for all samples.
However, in this study, the rheology of the scraped samples of biofilm showed consistently lower
values of elastic modulus than the values for the undisturbed samples. From the linear strainsweep data, the elastic modulus, G′, for the undisturbed samples that remained in the Petri dished
was approximately 0.15 Pa, while the elastic modulus of the biofilms that were scraped from the
Petri dishes was reduced by a factor of two (about 0.08 Pa). The plots also include the instrument
low-torque limit and the instrument inertial limit for reference.
The frequency-sweep data confirmed differences in mechanical strengths between
scraped biofilm versus undisturbed biofilm. The elastic modulus at ω = 0.1 rad s-1 was 0.15 Pa for
undisturbed biofilm, while the value for the scraped sample was 0.08 Pa. These findings indicated
that a structural weakening in the biofilm occurred in the process of removing the film from the
Petri dish and loading it on the Peltier plate. The modulus again scaled like G′ ~ ω0.1 over the
entire testing frequency for the biofilm, showing that the biofilm formed a strongly associated
hydrogel network. The elastic modulus that was measured in the present study (G′ ≈ 0.1 Pa) was
several orders of magnitude lower than other studies that used protocols where the biofilm was
scraped from solid mediums (Figure 2.1e – h),[31,104] or was grown in a liquid medium that was
attached to the geometry.[49–51] This difference is expected, since samples used in this study were
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grown in a liquid medium instead of a solid medium, and the entire biofilm was measured instead
of just the initial bacterial layer that made attachment to the rheometer geometry.
The mean value of the yield stress for P. aeruginosa biofilm was determined by the
stress-sweep test. The yield stress of the undisturbed biofilm sample was 2.3 Pa, while the mean
yield stress of the scraped biofilm was 1.3 Pa. This reduction in yield stress after the sample was
removed from the Petri dish indicates weakening in the structure of the biofilm as a result of its
removal from its attached surface. The yield stress that was measured for undisturbed and scraped
biofilms are much higher than the pre-stress value of 0.1 Pa, as expected, confirming that no
damage was done to the sample of biofilm as a result of the pre-stress step. These results
indicated that the current method of measuring the rheology directly on the Petri dish was
preferable for preventing biofilm disruption.

2.5

Caveats
This protocol works best for bacterial cultures that develop biofilm on solid surfaces in

liquid media. When the biofilm is anchored to the solid surface of the Petri dish, little chance of
slip during testing of oscillatory rheology exists. Cultures that purely grow in pellicle form are too
thin, as pellicle biofilms of E. coli were shown to average 34.4 μm in thickness.[105] Further, the
liquid media that exists between the pellicle biofilm and the vessel will likely allow the biofilm
material to slip during testing. Thus, pellicle biofilms are best characterized using techniques for
interfacial rheology.
As a method for characterizing biofilm that undergo batch growth, this technique works
best with cultures that grow rapidly soon after inoculation so that enough biofilm is present
before the excess water that is unincorporated in the biofilm hydrogel has evaporated after
extended incubation. Many marine cultures and autotrophs grow at an extremely slow rate.[106]
Therefore, they would not be well suited for this method, as the batch medium could evaporate
before substantial bacterial growth exists. Immobilized biofilm systems in continuously fed
bioreactors can be used for biofilm cultures that grow too slow for this technique. However, the
resulting solid matrix, which is often exposed to various flow conditions that typically cause
biofilm streamers to unevenly cover the surface,[92] could be problematic for accurate rheology
measurements. This technique can be modified to fed-batch growth for some cultures that grow
slowly by carefully replenishing the medium at regular intervals until the biofilm grows to a
thickness that is greater than ~300 μm or thicker before stopping the feed to allow the excess
medium or the unincorporated liquid to evaporate from the culture in the incubator.
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Using a 40-mm upper plate on a 60-mm lower sample is a warranted concern, especially
when considering the boundary condition at the walls. A quick scaling can show that the leadingorder deformation will provide typical results for any dynamical small-amplitude oscillatory
shear measurements. A yield-stress measurement could be affected more substantially; however,
the natural deformation of the material prior to flow (i. e., the point when the experiment ends)
can also be assumed to be small. Further, any efforts to trim the biofilm will simply disrupt the
weak hydrogel. Thus, we conclude that this technique provides the best leading-order
measurement of the yield stress.
Completing repeated rheological measurements on the same sample is not recommended,
as the drying that occurs in the plate when the lid is removed is much faster and more extreme
than the gradual evaporation that occurs in the incubator. Additionally, since the biofilm will stick
to the upper geometry, removing the upper geometry from the biofilm after a rheological test
inevitably disrupts the biofilm as seen in Figure 2.2d and Figure 2.4d.
Finally, the optimum number of incubation days will vary by the type of bacteria that is
being cultivated and by the environmental conditions such as incubation temperature and
humidity control that are being used. If the incubation humidity is being controlled, a lower
humidity environment is recommended during at least the period in which the unincorporated
medium is being evaporated. Determining when the unincorporated medium has evaporated is
possible from visual inspection. Further, when the Petri dish is held at an angle, no distinct liquid
phase should separate or flow to the bottom. The biofilm should be a single phase of hydrogel
that barely deforms or flows when the dish is held at an angle.

2.6

Conclusions
The method that was described in this paper allowed us to measure the rheology of a

biofilm material that was grown in liquid media using a bulk measuring technique. This method
was distinct from the bulk rheological techniques that are described in other papers, as it does not
disturb the biofilm, since the measurements were taken directly in the growth container.
Additionally, this method allows researchers to have full control of the growth environment of the
biofilm instead of attempting to grow the culture attached to the rheometer geometry. To
eliminate the effect of the viscoelastic properties of the LB medium itself, the biofilm was prestressed for 2 minutes at 0.1 Pa, which was higher than the yield stress of the LB medium but
lower than that of the biofilm, ensuring no damage was done to the biofilm. The results using this
method were reproducible, which is often a problem when characterizing biological systems
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governed by so many different, some uncontrollable, parameters. The rheology revealed that the
biofilm of P. aeruginosa has a clear yield stress and robust, gel-like properties that allowed it to
recover mechanically after the biofilm was deformed from small (linear) stresses. While the
present paper shows only tests of small amplitude oscillatory shear and yield stress, we have also
used this method with other testing processes such as creep recovery tests similar to the biorheology papers listed previously (Appendix F).
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Figure 2.1. Schematic drawing for the protocols for staging the rheological characterization of
biofilm. (a) – (d) New protocol for characterizing the bulk rheology of biofilms by using a single
Petri dish of liquid media. (a) A single Petri dish of liquid media is inoculated. (b) The inoculated
Petri dish is placed in an incubator for prolonged environmental control to promote growth of
biofilm. Biofilm initially forms at the solid interfaces. (c) After a set amount of incubation time, a
homogeneous biofilm exists through the medium. The Petri dish with the biofilm is then
transported as one from the incubator to the rheometer. (d) The sample of biofilm from a single
Petri dish can be characterized while remaining in its container. (e) – (h) Existing protocol for
characterizing the bulk rheology of biofilms by scraping from plates of solid media. (e) Multiple
(10 – 16) plates of solid media are inoculated. (f) The inoculated plates are placed in an incubator
for prolonged environmental control to promote growth of biofilm. (g) After a set amount of
incubation time, the plates with the biofilms are taken from the incubator, scraped to collect the
samples, consolidated into a heap, and transported to the rheometer. (h) The consolidated sample
of biofilms from multiple plates can be characterized.[97]

Figure 2.2. Loading the biofilm in the Petri dish onto the rheometer for testing. (a) Biofilm of P.
aeruginosa that was grown in a Petri dish was removed from the incubator after 6 days. (b) A 40mm stainless steel upper geometry was lowered on a biofilm sample in a small Petri dish until full
contact between the upper geometry and the biofilm in the Petri dish is achieved. (c) The trough
on the upper geometry is filled with water to keep a seal around the sample with the help of a 3Dprinted solvent trap. (d) The biofilm in the Petri dish stretches as the geometry is raised after
testing.
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Figure 2.3. Rheological comparison as a function of incubation time for the samples of biofilm
that were grown and measured directly in the Petri dish. Different days indicate the amount of
time that the sample was incubated before the rheology was measured. (a) The elastic modulus G′
from representative amplitude-sweep tests. The low-torque limit of the instrument is shown. (b)
The elastic modulus G′ from the representative frequency-sweep tests. The low-torque limits and
the instrument-inertia limits are also shown. A weak power-law dependence on frequency exists
such that G′ ~ ω0.1. (c) The yield stress τy from the stress-sweep tests. The yield stress of the LB
media is shown to be τy << 0.1 Pa. Note that for {4, 5, 6, 8, 9} days of incubations n = {1, 3, 3, 3,
1}, respectively. (d) The elastic modulus G′ at a frequency of ω0 = 0.1 rad s-1 and a strain of γ0 =
0.1 for all trials from (a) and (b). The standard deviations are shown for each point such that n =
{2, 6, 10, 9, 2} for {4, 5, 6, 8, 9} days of incubation, respectively.
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Figure 2.4. Loading the scraped sample of biofilm onto the rheometer for testing. (a) The biofilm
slides off the Petri dish onto the Peltier plate after the edge was gently separated with a spatula.
(b) The scraped biofilm is shown after being placed on the stainless steel attachment of the Peltier
plate. (c) A 40-mm stainless steel upper geometry is shown in full contact with the scraped
biofilm. (d) The scraped biofilm is shown fully attached to the top and bottom plates of the
geometry and stretches as the upper geometry is raised.

Figure 2.5. Oscillatory-sweep tests on samples of biofilm that were undisturbed in Petri dishes
and that were scraped from Petri dishes. (a) Amplitude-sweep tests at a frequency of ω = 0.1 rad
s-1 between strains of γ ∈ [0.01, 1.0]. The low-torque limit of the instrument is indicated by the
dashed line. (b) Frequency-sweep tests at a strain of γ0 = 0.1 for frequencies of ω ∈ [0.010, 2.5]
rad s-1 with mean elastic modulus, G′, and viscous modulus, G″. The low-torque limit of the
instrument and the instrument-inertia limit are indicated by dashed lines. For both tests, the
standard deviations are shown for each point such that n = {5, 3} for the undisturbed and scraped,
respectively.
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Table 2.1. Protocols for measuring rheology of biofilm with resulting mechanical strengths (*
creep tests, ** this manuscript).
Geometry

Bacterium

Sampling

Modulus

Yield
Stress

Citation

Interfacial Rheological Studies of Pellicle Biofilms
Culture
G′s [N/m]
τy [N/m]
[46,47]
du Noüy
E. coli
air/water
[10-3, 100]
ring
[45]
bicone
E. coli, P.
air/water
[10-2, 10-1]
fluorescens, B.
subtilis
[44]
bicone
P. putida, E. coli, oil/water
[10-3, 10-1]
S. typhimurium,
B. subtilis
[96]
du Noüy
V. cholera
air/water
[10-2, 10-1]
ring
[48]
du Noüy
E. coli
air/water
[10-5, 100]
ring
Bulk Rheological Studies of Biofilms Grown on Solid Substrates in Liquid Media and
Removed
Culture
G′ [Pa]
τy [Pa]
Plate
P. aeruginosa
single Petri dish of
[10-2, 101]
[1, 10]
**
LB
Plate
pond scum
rotating-disk reactor [100, 102]*
[0.5, 1.0] [50]
2
4
[51]
Plate
S. mutans
rotating-disk reactor [10 , 10 ]*
> 3.5
0
2
[49]
Plate
S. epidermidis
continuous-feed
[10 , 10 ]
20
reactor
Bulk Rheological Studies of Biofilms Grown on Random Surfaces and Consolidated via
Scraping
Culture
G′ [Pa]
τy [Pa]
[52]
Plate
creeks, ponds, hot directly grown[51] or
[10-2, 106]
springs
transferred from
environment
[53]
Cone
filtration
scraped from surface [102, 104]
membrane
Bulk Rheological Studies of Biofilms Grown on Solid Growth Media and Consolidated
via Scraping
Culture
G′ [Pa]
τy [Pa]
[31]
Plate
P. aeruginosa
multiple plates of LB [102, 104]
103
agar
Plate
P. aeruginosa
multiple plates of LB [101, 104]
[104, 105] [97]
agar
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Table 2.2. Dry mass and moisture content data for plates of biofilm and LB medium after 2- and
6- day incubations. The mean and standard deviations are reported (n = 5).
Incubation

2-day

6-day

Dry Mass

[mg]

[mg]

Sterile LB

104 ± 3.1

108 ± 1.8

Biofilm

89 ± 4.2

84 ± 8.9

Moisture Content

[wt%]

[wt%]

Sterile LB

96.2 ± 0.04

92.7 ± 0.87

Biofilm

97.2 ± 0.13

93.7 ± 0.92
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EFFECTS OF MEDIUM COMPONENTS ON THE BULK RHEOLOGY AND THE
FORMATION OF FERNING PATTERNS FOR PSEUDOMONAS AERUGINOSA
BIOFILM

Uranbileg Daalkhaijav, Angela L. Dunham, Travis W. Walker
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Abstract
Pseudomonas aeruginosa is a ubiquitous bacterium that has an incredible ability to
survive in various extreme environments and to persist despite bombardment by all types of
antimicrobial agents. Their virulence and success within a broad range of hosts are largely thanks
to the strength of their biofilms. The rheology of P. aeruginosa biofilm was measured to
investigate the bacterial response to nutritional conditions (medium modified with glycerol,
glucose, sucrose, NaCl, and AgNO3). The elastic modulus and the yield stress of the P.
aeruginosa biofilm increased in response to glycerol, glucose, and NaCl. Alternatively, silver
nitrate and glycerol inhibited biofilm formation at concentrations that were greater than 0.1 mM
and 10 v/v%, respectively. While sucrose addition did not affect the biofilm rheology, it did alter
the ferning pattern of the biofilm. Ferning patterns form as a result of diffusion-limited
desiccation of the salt-macromolecule solution. Ferning coverage of about 50 % and a ferning
complexity score of 5 was found for most of the biofilm samples. The complexity increased with
modifications that caused biofilm strengthening, while the coverage and complexity dropped to
zero when no biofilm growth was observed due either to inhibition or to incomplete drying. The
birefringent liquid crystal bundles in the biofilm gained a new level of complexity and order
within the ferning pattern. The liquid crystal formation and the ferning correlate with the biofilm
robustness or its rheology and these properties are heavily influenced by P. aeruginosa nutritional
environment.

Keywords: Biofilms, Biorheology, Ferning, Birefringence

3.1

Introduction
A vast majority of microorganisms in the world exist within a biofilm, a weak hydrogel, at

various interfaces.[107] The biofilms consist of up to 98 % water, and they are typically composed
of polymicrobial aggregates that are encased in extrapolymeric substances (EPS).[23,30,31,108]
Besides acting as a protective barrier, the EPS, which is made of DNA, proteins, and
polysaccharides, aid in adhesion and water retention.[23] Pseudomonas aeruginosa is a rodshaped, flagellated, gram-negative bacterium that is found in soil and water. It is also a wellknown opportunistic human pathogen that is a common cause of hospital-acquired infections in
burn wounds and eyes, [5,6,109] and it is known to create persistent infection in cystic fibrosis (CF)
patients,[6,10–16] having resistance to many classes of antibiotics.[8,9,32] P. aeruginosa strain PAO1
is used in this study, as it is the model biofilm-forming bacteria that is ubiquitous and medically
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relevant. Bacterial cultures need water, a carbon source, a nitrogen source, and trace salts for
growth. The lysogeny broth (LB) is a nutrient-rich, non-selective media that can support many
different types of bacteria. This paper investigates various modifications of the LB medium
(glycerol, glucose, sucrose, NaCl, and AgNO3) for their effect on the biofilm.

3.1.1

Lysogeny broth (LB) modifications
Previous research on the impact of nutrient medium modifications on biofilm has shown

significant effect on the structure and the compositions of various biofilm cultures. Both the
biofilm and the cell-to-cell communication mechanism of the bacteria, known as quorum sensing
(QS), is affected by its environment.[54] Quorum sensing controls additional properties that
influence bacterial biofilm structure like the production of extracellular DNA, proteins, mucus,
and lipids. When the growth environment becomes more viscous through glycerol addition,
Pseudomonas and Bacillus strains produced high-molecular-weight EPS and developed a more
robust biofilm.[56] The nutritional condition, such as the carbon source, influences the QSassociated swarming motility of P. aeruginosa. While glucose supplementation limits bacterial
motility, producing scattered, mushroom-like microcolonies, increasing the glucose from 0 to
2.7 % caused an increase in the overall biofilm formation.[54,57–59]
High osmolarity had a detrimental effect on P. fluorescens biofilm, at roughly 0.4 Osm L-1
of either NaCl or sucrose, and the biofilm formation decreased by four fold compared to lower
concentrations of each.[60] Similarly, P. aeruginosa CF mutant strains transition from a nonmucoid to an alginate-overproducing state under osmotic stress induced by 0.2 - 0.5 M NaCl (~
1.2 – 3 %) or 10 % sucrose.[61] Silver has a well documented broad-spectrum antimicrobial effects
on gram-negative bacteria.[62,63] However, at lower than 0.16 μg mL-1 silver sulfadiazine, P.
aeruginosa planktonic growth was unchanged; at or above this threshold amount, the
concentration of the planktonic bacteria reduced by five orders of magnitude.[65] Silver
sulfadiazine was even effective against mature biofilms past the threshold dose of 1 μg mL-1, and
at 10 μg mL-1 it can completely eradicate a pre-established P. aeruginosa biofilm.[65] The
following sections cover three different biofilm characterization methods in this study: i)
rheology to quantify the impact of the modified medium on the biofilm mechanical strength; ii)
ferning to characterize the mass transport of the salts in the biofilm matrix during desiccation; and
iii) birefringence to observe solute self-assembly behavior in the biofilm.
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3.1.2

Biofilm Rheology
Previous studies on biofilm rheology using various rheological measurement techniques

have found the elastic modulus (G′) to range in order of magnitude from 10-2 to 104 Pa for bulk
biofilms at solid-liquid interfaces using plate-on-plate methods, while the yield stress (τy) values
range in order of magnitude from 10-1 to 105 Pa.[31,49–53,97] The wide-ranging G′ and τy in the
literature reflect the variability in the composition of the biofilm, diversity of growth mediums,
variable growth conditions, and most importantly, natural variability of response of the
microorganisms, even to the same medium and growth condition. This paper uses our previously
published biofilm development and non-destructive rheological measurement method.[110] The
elastic modulus and yield stress values of PAO1 that were grown in standard LB medium were
both between 0.1 to 10 Pa, when measured using this non-destructive method.[110]

3.1.3

Crystallization of Biological Materials
Biological fluids like tears, cervical mucus, and saliva are all shown to self-assemble into

fractal-like crystallization patterns when dried.[68,69] A fractal is a structure made of smaller parts
that resemble the bigger parts, with a high degree of organization, self-similarity, and a specific
fractal dimension.[68] Random nucleation of salts initiates the crystallization process where its
growth is limited by the salt diffusion through the polymer matrix (proteins or
macromolecules).[72] Therefore, a combined effect of ionic strength, osmolarity, and the size and
concentration of macromolecules controls the crystallization behavior, where too little or too
much of one factor can dramatically alter or reduce the crystallization pattern.[67,70] A typical
biosaline crystallization proceeds in the following manner: i) salt nucleation initiates the
crystallization process; ii) the nucleation point grows with some symmetry into a highly branched
structure whose growth is modified by the salt interaction with the biological matter; iii) the
branches do not overlap or merge.[72,111] The biofluid crystallization process is called
"arborization," "ferning," or "dendritic growth" in various literature.[69] In this paper, the general
salt crystal formation will continue to be called crystallization, while the specific crystallization
of the biofluids resulting in fractal patterns will be referred to as ferning.

3.1.3.1

Biofluid samples
The ferning pattern of the dry tear and saliva samples have been used for years as a

supplementary diagnostic tool.[66,67] The ferning pattern in saliva exhibits a different morphology
than tears; saliva produces linear ferns with 90° branching, while tear ferns have more curvature
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with tightly packed acute angle branching. Tear and saliva ferning patterns are traditionally
qualitatively classified according to Rolando's system as Type I to Type IV.[74] Type I has the
most ferning and the highest concentration of protein, while Type IV has no ferning and the
lowest amount of protein.[67] Tear samples from healthy individuals typically exhibit robust,
highly branched ferning patterns (Type I and II), while samples from patients with eye or immune
diseases show little to no ferning (Type III and IV).[66,67,70] Through analysis of X-ray and
scanning electron microscopy (SEM), the structure of the fern is revealed to be composed of
NaCl, KCl, and proteins.[70] Cervical mucus is a heterogeneous hydrogel that changes over the
course of an animal's reproductive cycle.[68,69,76] Regardless of the source, human or otherwise,
high levels of estrogen production during ovulation (peak fertility) result in linear, 90° branched
ferning, while no ferning is found during the progesterone dominant (low fertility) period.[68,69]
SEM analysis of gelatin and NaCl ferning revealed that the backbone of the ferning
pattern was a series of interlocking crystalline blocks that were 10 - 30 μm in size.[72] When the
fractal dimension of bovine cervical mucus (BCM) during ovulation was determined using the
box-counting method, it was about 1.7, characteristic of diffusion-limited growth processes.[68] A
diffusion limitation was observed with the gelatin-NaCl mix as well. The ferning pattern became
much less geometric and increasingly random at higher gelatin-to-NaCl ratio, where more
diffusion limitation occurs, and the ferning ceased at extremely high gelatin-to-NaCl ratio.[72]
Furthermore, the ferning pattern developed curvatures at evaporation rates past a threshold value
of 11 μm s-1.[72]
3.1.3.2

Biofilm samples

Bacterial biofilm produces ferning patterns similar to gelatin and mucus samples.[111] Upon
evaporation of droplets of 0.15 M NaCl solution with E. coli cells, ferning patterns emerged
where the crystallized top layer covered a base layer that consisted of bacterial cells. The
structure of the E. coli ferning was linear with 90° branching angles, similar to cervical mucus.
Neither sterile saline solution nor E. coli in pure water produced ferning, confirming the previous
findings that ferning results from balanced proportions of salts and macromolecules. Bacteria
inside the crystalline structure was effectively in a state of suspended animation capable of
reanimation after rehydration, even a later.[111] This crystallization was hypothesized to be a form
of biomineralization,[111] which occurs when biological organisms produce organo-mineral hybrid
material that gives the organism mechanical strength and hardness. Examples of
biomineralization that are found in nature include bones, teeth, shells, corals, and silica in
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algae.[112] Previous studies on P. aeruginosa strain PAO1 in flow cell reactors have shown
calcium carbonate biomineralization within the biofilm EPS.[113] SEM of the ferning sample of E.
coli revealed a 3D structure that was composed of dried EPS, bacteria, and salts, with the salts
concentrated in the crystalline region, consistent with the previously mentioned studies.[111]

3.1.4

Birefringence of P. aeruginosa
One of the techniques of self-assembly for small particles is through depletion attraction in

a solvent or during solvent evaporation.[79] Depletion attraction is an entropic force where the
particles in the solvent move close enough together that their excluded volumes overlap, which
increases the osmotic pressure in the surrounding fluid and pushes the particles together even
more.[79] These highly ordered or anisotropic materials are birefringent, which means their
ordered state will split light into two beams with perpendicular polarization.[80]
P. aeruginosa that exists in a viscous or anaerobic environment is stimulated to transcribe
filamentous Pf bacteriophages that are about 2 μm in length and 6 nm in diameter.[81] In P.
aeruginosa, the filamentous phage self-assembles through depletion attraction, with the
biopolymers exerting the osmotic force that bundles the phage strands. These highly ordered
anisotropic regions of liquid crystals are birefringent, possessing a large negative charge, and the
anisotropy was shown to increase with the ionic strength and the molecular weight.[81]
Birefringence is not only a direct indicator of molecular order, but it is an indicator for P.
aeruginosa biofilm strength, surface adhesivity, desiccation tolerance, and antibiotic resistance.
The filamentous bacteriophages facilitate chronic P. aeruginosa infection in the host by
promoting a less invasive, less inflammatory but more resistant and more persistent form of P.
aeruginosa.[82]

3.1.5

Objective

Biofilm is composed of motile bacterial cells, non-motile bacterial aggregates, and mucoid
EPS hydrogels that have a heterogeneous, highly porous microstructure, allowing diffusion of
water, nutrients, waste, and electrolytes. A complex set of interactions between the electrolytes,
solutes, bacteria, and biopolymers dictate the biofilm strength, bacterial resistance, and infection
persistence. The objective of this study is to characterize the behavior of the bacterial culture in
the presence of various environmental conditions, including a highly viscous media, nutrientenhanced media, high osmolarity media, and antimicrobial media. The interaction of the bacterial
culture with its nutrient environment is measured as a function of its biofilm strength through
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rheological analysis, while its ferning pattern characterizes the mass transport environment in the
biofilm. Additionally, birefringence inside a biofilm provides insight into the solute interaction
with the biofilm

3.2

Results and Analysis

3.2.1
3.2.1.1

Biofilm Rheology
Frequency Sweep
Data from the frequency sweep shows the viscoelasticity of the biofilm samples (filled

square) and the sterile LB medium samples (unfilled circle) that were incubated for six days
(Figure 3.1). For brevity, the term "unmodified" LB will refer to the standard LB medium without
chemical alterations, while "modified" LB will refer to any of the five chemical additions to LB
(glycerol, glucose, sucrose, NaCl, and AgNO3). The frequency sweep of the biofilm shows that it
is frequency-independent, elastic modulus (G′) dominant over the viscous modulus (G″) for all of
the samples, as expected for a weak gel (Figure S 3.3). The complex modulus (|𝐺𝐺 ∗ | =

|�𝐺𝐺′2 + 𝐺𝐺′′2 |) for the biofilm samples (~ 0.02 Pa) are, on average, an order of magnitude larger

than its sterile LB counterpart (Figure 3.1a). Previous work on the sterile LB medium showed that
aging and temperature cycling causes surface protein buildup that plate geometry can register to
an extent, though not as accurately as a du Noüy ring (Appendix A). Therefore, the measurable
viscoelasticity in the sterile samples can be attributed to the age of the medium at the time of use
(> 3 months) and to the incubation process, which further accelerates the aging. The complex
modulus of the unmodified LB biofilm and the unmodified sterile LB medium were each
averaged over the entire frequency range (0.1 - 1 rad s-1) and were averaged between tests
(biofilm n = 12, sterile n = 7) to get mean unmodified G* values. All the raw frequency sweep
results of the biofilm and sterile samples in modified LB medium (Figure S 3.2) were averaged
over the entire frequency range and plotted (Figure S 3.3b-f). The mean unmodified G* values
(red) serve as the base of comparison for all the modified medium plots (Figure 3.1b-f). Based on
the modulus data, bacterial biofilm appears to be strongly affected by its nutritional environment.

3.2.1.2

Stress Sweep
The yield stress values were derived from the strain growth experiments, where the yield

stress is the offset point of the stress-versus-strain curve. The stress-versus-strain data of the
unmodified LB biofilm (filled square) and unmodified sterile LB samples (unfilled circle) shows
that the biofilm samples exhibit an appreciable yield stress (Figure 3.2a). After yielding, the
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material stress is constant (< 1 Pa) at high strain, while the sterile medium samples demonstrate
no yield stress. In fact, none of the modified or unmodified sterile LB mediums had an
appreciable yield stress (Figure S 3.2). The mean yield stress of the unmodified LB biofilm
samples (red) were compared with the biofilms that were grown on the modified LB medium
(Figure 3.2b-f). The yield stress results show a similar dependence of the biofilm yield stress on
the nutritional condition as the modulus results from the frequency sweeps.

3.2.1.3

Glycerol modification
With glycerol addition (0 - 15 v/v%), the complex modulus of the biofilm increases by

almost an order of magnitude between 0 to 2 % glycerol, then remain constant up to 10 % before
experiencing a dramatic drop in modulus (> 10 %) to values comparable to sterile LB (Figure
3.1b). The yield stress of the biofilm samples followed suit, increasing by one order of magnitude
from 0 to 10 % glycerol until high glycerol concentration (> 10 %) impeded the growth of
biofilm, also resulting in no yield stress (Figure 3.2b). The glycerol increases the viscosity of the
medium as well as inducing high osmolarity (1.4 Osm L-1 at 10 %), promoting stronger biofilm.
Previous studies with glycerol-supplemented medium saw an increase in the biofilm EPS
production, consistent with the present study.[55,56] The glycerol can trigger EPS production
pathways;[56] however, at high concentrations of glycerol, the diffusion-limiting environment of
the highly viscous and high osmotic pressure (> 1.4 Osm L-1 at > 10 %) solution appears to
inhibit growth. The LB complex modulus, on the other hand, stays relatively constant with
glycerol addition. The dramatic drop in the modulus of biofilm samples that were grown in
glycerol modified medium corresponds with an apparent lack of biofilm in the Petri dishes, as the
dishes appeared clear yellow instead of opaque and greenish (Figure S 3.1). The green hue in the
samples is due to the blue-tinted toxin pyocyanin that is produced by PAO1.

3.2.1.4

Glucose modification
The biofilm modulus increased by one order of magnitude with increasing glucose

concentration from 0 to 4.5 % (Figure 3.1c), which indicates glucose is being utilized by the
bacteria as an additional carbon source, promoting growth and development of a stronger biofilm
network. The rheology of the biofilm that was produced in glucose-modified sterile medium did
not change much from the unmodified LB. The yield stress values followed the same trend,
where the biofilm grown in glucose added medium had yield stress an order of magnitude larger
than the unmodified LB biofilm (Figure 3.2c). Some previous studies observed the same effect,
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finding that glucose addition enhanced biofilm production.[59] The maximum glucose addition
(4.5 %) induced osmotic pressure of 0.25 Osm L-1, which did not cause inhibiting effects.

3.2.1.5

Sucrose modification
Based on the rheology of the biofilm, sucrose did not serve as a bacterial energy source,

so no change exists in the biofilm modulus (Figure 3.1d) or yield stress (Figure 3.2d). In previous
studies, more than 10 % sucrose in P. aeruginosa medium resulted in mucoid biofilm
development, and P. fluorescens started to experience adverse effects above 15 % at which point
the biofilm dramatically decreased.[60,61] In those studies, bacterial culture reached an inhibiting
level of sucrose at 15 % due to osmotic pressure (0.44 Osm L-1).[60] In the present work, PAO1
samples experienced a maximum of 0.13 Osm L-1 in osmotic pressure due to sucrose
modification, well below the inhibiting osmotic level. P. aeruginosa may not be capable of
utilizing sucrose, so in contrast to the simpler glucose, sucrose had little impact on the rheology
of the biofilm.

3.2.1.6

NaCl modification
Unmodified LB medium already consists of 1 % NaCl, and the modified concentration

varies from 1 to 5 % NaCl. The complex modulus of the biofilm samples initially remains
constant (< 2.5 %) then increases by one order of magnitude, while the modulus of the sterile
medium is not affected by the concentration of NaCl (Figure 3.1e). Similarly, the yield stress
increases slightly as the concentration of NaCl increases greater than 2.5 % (Figure 3.2e). NaCl is
already required for bacterial growth to provide osmotic balance, but a larger amount of salts
appears to promote stronger biofilm development. The change in the biofilm could be caused by
the higher salinity or osmolarity making the environment slightly hostile, triggering a higher level
of alginate and other EPS production as a countermeasure. Previous studies found NaCl
concentration between about 1 and 3 % increased biofilm production in S. aureus and P.
aeruginosa biofilm, while about 6 % NaCl prevented biofilm growth in S. aureus.[59,61] At high
NaCl concentration (10 %), no apparent biofilm growth in the P. aeruginosa samples was
observed, and the plate quickly crystalized to salt cubes (Figure S 3.6).

3.2.1.7

AgNO3 modification
Silver has antimicrobial properties that can inhibit bacterial growth and biofilm

development. AgNO3 supplementation has no impact on the complex modulus (Figure 3.1f) or
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the yield stress of the biofilm up to 0.1 mM (Figure 3.2f). Past this threshold concentration (> 0.1
mM), the modulus instantly reduces to the same level as the sterile medium, and the yield stress
disappears. Correspondingly, the biofilm plates at higher silver concentration appear clear and
less viscous, resembling sterile LB medium (Figure S 3.1). Therefore, the antimicrobial activity
of the silver ions appears to be strongly concentration dependent, with little to no effect on
bacterial growth at concentrations lower than the threshold (0.1 mM) and completely deadly at
higher concentrations. These results are in line with previous findings where the inhibitory
concentration for S. aureus was above 0.033 mM, while the inhibitory concentration for P.
aeruginosa using silver sulfadiazine started at 0.16 μg mL-1 (0.45 mM).[64,65]
3.2.1.8

Rheology summary

The rheological parameters of elastic modulus and yield stress are a good measure of the
biofilm strength. The complex modulus and the yield stress of the biofilm increases with the
addition of glucose, which served as an additional carbon source (glucose), but were unaffected
by sucrose, which is a complex sugar that the bacteria could not utilize. The rheology increases to
an extent with osmolarity (glycerol and NaCl), and dramatically reduces to sterile baseline level
at concentrations that are higher than the inhibition threshold of an antimicrobial agent (AgNO3).
Samples with higher rheological properties correlate with a biofilm that appears more viscous
than the unmodified LB biofilm, while samples with lower modulus, while lacking a yield stress,
such as in samples with high concentrations of glycerol and silver ion, looks less viscous and free
of biofilm. The values of modulus and yield stress for the biofilm samples display the same
medium dependent response; therefore, either measurement would be a useful metric of the
biofilm strength. Out of the five chemical modifications, three increase the biofilm strength
compared to the unmodified LB biofilm: glycerol up to 10 %, glucose at least up to 4.5 %, and
NaCl higher than 2.5 %. One of the chemicals (sucrose) had no measurable effect on the strength
of the biofilm, at least up to 4.5 %, while another (AgNO3) inhibits bacterial growth at a
concentration above 0.1 mM.

3.2.2

Ferning Pattern Development on Dried Biofilm Plates
After the plates dried over a span of weeks in the incubator, they were photographed, the

photographs were converted to black and white images, and cropped (Table S 3.1). The
crystallization patterns on the plates were analyzed based on the ferning coverage of the plate and
the complexity of the pattern (Figure 3.3). The complexity of the ferning was scored qualitatively
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by the degree of branching of the pattern (Figure 3.3): 0 - empty plate, no ferning; 1 - seed or
nucleation points; 2 - lines without branching; 3 - orthogonal pattern with 1° of branching; 4 orthogonal pattern with 2° of branching; 5 - orthogonal pattern with 3° of branching; 6 orthogonal pattern with 4° of branching; 7 - orthogonal pattern with 5° of branching; and 8 dentritic pattern with acute angled branching. The acute angle branches are distinctly smaller and
irregularly branched, compared to the orthogonal ferns that were scored 3 to 7 on the complexity
scale.
The ferning coverage is calculated quantitatively based on the percent of white pixels in the
black and white images that were converted from its original photograph (Figure 3.4a). A
photograph of the ferning on a plate of unmodified LB biofilm shows high ferning coverage (top
photos), while the plate of sterile medium is noticeably absent of ferning with low calculated
coverage (bottom photos). Even without biofilm growth, the sterile coverage values were not
zero, because the lighting and the glare of the plate surface produced some pixel artifacts. Figure
3.4b-f is the mean coverage of the plates of unmodified LB biofilm (red filled square, n = 12) and
plates of sterile medium (red unfilled circle, n = 7) plotted with the data of the modified LB
medium. The left black y-axis is the ferning coverage, while the right gray y-axis is the
qualitative ferning complexity score for biofilm (gray filled square) and the sterile medium (gray
unfilled circle).

3.2.2.1

Glycerol modification
With glycerol addition, the ferning pattern of the biofilm samples initially changed from a

complexity score of 5 and coverage of 47 % (unmodified LB biofilm) to complexity score of 8
(Figure 3.4b). The change in ferning morphology from orthogonal to acute branching form
occurred at the lowest tested glycerol level (Figure 3.4b: 2 % plate, top left). However, as the
glycerol concentration increased, the ferning coverage dropped dramatically, reaching zero at
around 8 % glycerol. From both the visual inspection and the rheological measurement, samples
up to 10 % glycerol had strong biofilm. However, a large amount of glycerol prevents the sample
from completely drying, leaving the sample surface looking shiny and wet, causing both the
ferning coverage and complexity to drop between 4 to 10 % glycerol (Figure 3.4b: 10 % plate,
top right). The high glycerol plates (> 10 %) never dried, so no photographs were taken, and the
coverage and complexity values are assumed to be zero. Sterile LB medium coverage and
complexity did not change from the unmodified values, both about zero.
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3.2.2.2

Glucose modification
In glucose modified samples, the ferning coverage remained consistent, while the

complexity score jumped from 5 to 8 (2.5 %) then held steady at higher glucose concentrations
(Figure 3.4c). The pattern on the plates transitioned from standard orthogonal ferning at low
glucose concentration (Figure 3.4c: 0.5 %, top left) to acute branching at high glucose
concentration (Figure 3.4c: 4.5 %, top right). The sterile plate coverage and complexity remained
unchanged from the standard values.

3.2.2.3

Sucrose modification
The desiccated plates of modified sucrose medium had the most unusual patterns (Figure

3.4d). Both coverage (47 to 30 %) and ferning complexity (5 to 3) dropped when the sucrose
concentration increased from 0 to 2 %. However, with further increase in sucrose from 2 to 4 %,
the coverage jumped to 50 %, while the complexity continued to drop. Similar to glycerol,
sucrose is hydroscopic, so plates appeared shinier with increasing sucrose, appearing slightly wet.
At the same time, the ferning on the surface evolved (Table S 3.1) from the orthogonal pattern
(Figure 3.4d: 0.5 %, top left) to fine strands to finally no ferning at high sucrose concentration
(Figure 3.4d: 4.5 %, top right). The glare in the photos from the shiny surface along with the
packing of the fine crystalline strands produced high surface coverage estimations until both the
coverage and complexity suddenly dropped to zero at maximum sucrose concentration (4.5 %).
The complexity score of the pattern steadily dropped from 5 to 0 with sucrose, while the coverage
calculation was scattered due to the surface glare and the interaction of the densely packed linear
striations with light.

3.2.2.4

NaCl modification
With NaCl modification of LB, the ferning coverage stayed the same, around 50 %, and

the complexity hovered around 5 (Figure 3.4e). Still, a change to the pattern exists as the ferns
evolved from thin branches (Figure 3.4e: 1.5 %, top left) to a more pronounced branching with
large crystalline formations with increasing NaCl concentration (Figure 3.4e: 5 %, top right). So,
while the ferning branches became wider with NaCl addition, the complexity score did not
change. The orthogonal morphology and the non-overlapping crystallization appears to naturally
limit the maximum coverage of the ferning pattern, resulting in a consistent 40-50 % coverage.
The sterile dishes containing the same amount of salt did not produce ferning patterns, so the
coverage and complexity remained zero.
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3.2.2.5

AgNO3 modification
The complexity score of the plates that were treated with silver nitrate remained 5 up to

0.1 mM, but at higher concentrations, no biofilm growth occurred, resulting in a complexity score
of 1 (Figure 3.4f). Even with no measurable biofilm, the plates contained clusters of dried
materials resembling nucleation points (Figure 3.4f: 1 mM, top right). Up to 0.1 mM of silver
nitrate, the ferning pattern was orthogonal (Figure 3.4f: 0.001 mM, top left), and the coverage
was in the range of 30-40 %. Finally, the coverage dropped to under 10 % at concentrations that
were greater than the inhibiting concentration of 0.1 mM. The coverage does not completely drop
to 0 because of the beige clusters that are left behind on the plate, which is the same reason the
complexity is 1 for the highest concentration even though no biofilm was present.

3.2.2.6

Ferning pattern summary
Similar to the dependence of biofilm rheology on the nutrient environment, the ferning

pattern is dependent on the properties of the bacterial biofilm, so it changes with the medium
composition. No ferning existed on plates that lacked biofilm. The presence of biofilm, confirmed
rheologically and visually, correlated with robust ferning patterns. Ferning patterns on mucus
samples had a fractal dimension of 1.7,[68] which is consistent with the samples of unmodified LB
biofilm that had a fractal dimension of 1.8 using the same box-counting method (Figure S 3.5).
The plates of sterile medium that were incubated and dried under the same conditions as the
biofilm plates had no visible ferning pattern, no yield stress, and little to no elastic modulus. So,
the medium composition not only affect the biofilm growth and its rheological properties, but by
extension, it affects the ferning pattern.
The complexity score and the ferning coverage was higher for stronger biofilms (higher
G* and τy) that cause more limitations in mass transfer, and both values dropped to nearly zero
when there was no biofilm. The morphology of ferns with a complexity score of 8 that were
produced by the higher elasticity biofilms is similar to random/acute-angled branching ferns that
were produced under conditions of increased diffusion limitation in a previous study.[72]
Exceptions were the plates that appeared to never fully dry due to the high concentration of
hydroscopic materials like sucrose or glycerol. So, even as the biofilm rheology increased
(glycerol) or stayed constant (sucrose), the complexity and coverage dropped with increasing
amounts of the modifying chemical. The ferning coverage never exceeded 60 %, indicating a
natural growth limitation that is based on the available space and the morphology of the ferns.
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The videos of the ferning process demonstrates how these branches quickly start and stop
growing without any of the branches overlapping (Video S 3.1).
The biofilm ferning patterns are large (visible to the naked eyes) with most forming
orthogonal branches, and the ferns were reproducible in coverage and complexity. The ferning
patterns formed by the biofilm is the same morphology as that of saliva, cervical mucus, E. coli,
salt-gel, or salt-protein ferning patterns.[67,68,72,111] From literature and this work, the orthogonal or
oblique branching seems to be the most common type of ferning with the acute angle branch
examples being rare.[72] The cause of the change in the morphology of the biofilm fern from 90°
angles to acute angles is not immediately clear. However, other studies have reported that the
gelatin-to-salt ratio was the key factor controlling the ferning morphology of salt-gelatin
mixtures.[72] Therefore, the samples with higher rheological properties (glycerol and glucose
samples), which arguably has a higher amount of EPS, may have produced acute angle branching
due to the increased EPS-to-salt ratio. Thus, acute-angle morphology dominates when the biofilm
has larger rheological values, indicating higher EPS-to-salt ratio, while orthogonal-branching
morphology dominates at intermediate ratios with no ferning at extremely high or low end of the
EPS-to-salt ratio.

3.2.3

Birefringence Inside Bacterial Biofilms
Analyzing the 5 % NaCl pre-desiccation biofilm with a polarized filter shows the entire

sample lit with birefringent strands (Figure 3.5). The Pf bacteriophages produced by P.
aeruginosa is known to self-assemble into liquid crystals and exhibit birefringence.[81] The
birefringent strands (black arrows) are 50 - 100 μm in length and evenly distributed throughout
the sample (Figure 3.5a-b). A closer look at the strands reveals that each strand is a bundle of
smaller strands that are surrounded by cell clusters (yellow arrows) and biofilm (Figure 3.5c). The
bacteriophages are about 6 μm in length, so the bundle is likely composed of hundreds of
individual Pf phages that are assembled into one strand.[81] These birefringent strand clusters do
not exist in samples lacking biofilm. A plate with 10 % NaCl formed sheets of salt crystals, no
visible biofilm, and no birefringent strands (Figure S 3.6).
The same 5 % NaCl sample was desiccated (Figure 3.6a) and examined with and without a
polarized filter (Figure 3.6b-k). The red lines outline the specific regions of the fern under the
microscope. The region outlined in the circle (Figure 3.6b-e) is the square crystalline structure on
the plate. Without a filter, this region shows a 4 - 5 mm cubic structure with a nucleation point in
the center and thin diagonal lines running through it with cavernous voids coming from the sides
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of the structure (Figure 3.6b). The center of the ferning structure shows cuboid lattice-like growth
patterns emerging from the seed point (Figure 3.6e). Similarly, the previous study of the ferning
pattern in a gelatin-salt mix revealed interlocking salt blocks 10 – 30 μm in size forming the
backbone of the ferning structure.[72]
With a polarized filter, bright birefringent regions lit up throughout the square (Figure
3.6c). A closer look at the center of the square reveals two forms of birefringent structures, large
red and gold star formations (~ 0.5 mm diameter) and 50 μm red and gold strands (Figure 3.6d).
In contrast to the birefringent strands that are scattered throughout the sample (black arrows), the
birefringent stars (white arrows) are only in the crystallized ferns. Each birefringent strand that is
visible in Figure 3.6c is a bundle of even smaller strands of birefringent strands (Figure 3.5c).
Therefore, the birefringent star formation demonstrates that having an even higher order of selfassembly during desiccation is possible where the bundled strands further merge into a star
formation. The alternating red and gold coloring indicate that the strands with matching
orientation cluster into sections, but they must not form the entire cluster, as no star formation
exists with only one color.
From the linear ferning section outlined by the red square (Figure 3.6f-k), the branches
appear to be about 1 mm in width with a distinct centerline running through each branch (Figure
3.6f). A closer look at one of these branches reveals latticed or layered networks emanating from
this central line (blue arrows) and cavities (pink arrows) that are present throughout the structure
(Figure 3.6g). Some of the cavities are large, tunneling deep into the ferning structure (Figure
3.6h). Under polarized light, the branch is shown to have dozens of the star-shaped red and gold
birefringent bundles (Figure 3.6i). Changing the angle of the polarized filter changes the color of
the birefringent region from red and gold to gold and green (Figure 3.6k). The star-shaped
birefringent clusters only exist within the crystal regions of the fern pattern, while the strands are
scattered throughout the plate regardless of the ferning pattern (Figure 3.6j). This localization of
the morphologies implies that the birefringent strands are produced within the biofilm; thus, they
can be found throughout the material, while the star formations are created as a result of the
crystallization process, so they are only found within the crystalline regions. Clusters of bacterial
cells appear to be entrapped within the crystallized fern (yellow arrows), especially around the
extremities of the ferning structure (Figure 3.6c, j). Similarly entrapped bacterial clusters were
capable of reanimation at least a week after desiccation into the ferning structure.[111] Therefore,
P. aeruginosa clusters seen in Figure 3.6c and Figure 3.6j may be in a suspended animation state
as well, though it was not tested during this study.
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3.3

Discussion
In a high viscosity (glycerol), high osmolarity (glycerol, NaCl), and high simple carbon

(glucose) environment, the biofilm elasticity and yield stress increased. Silver nitrate have an
inhibiting effect on the biofilm formation, but only at levels greater than 0.1 mM. Similarly,
glycerol greater than 10 % completely inhibits biofilm growth. However, the complex carbon
structure of sucrose meant that it could not be utilized as an additional carbon source by PAO1
like glucose could be utilized. Therefore, sucrose does not change the biofilm rheology. So, P.
aeruginosa will develop stronger biofilm under nutrient-rich conditions, certain levels of osmotic
stress, and certain levels of diffusion limitation. However, it will not develop biofilm when the
osmotic stress or diffusion limitation exceeds an inhibition amount or when an antimicrobial
agent exceeds its inhibition concentration.
While biofilm rheology revealed information about the strength of the biofilm, the
morphology of the ferning pattern best describes the interaction between electrolytes and EPS in
the biofilm. Typically, the biofilm had ferning coverage of about 50 % and a ferning complexity
score of 5. The ferning complexity increased with biofilm strength (high complex modulus and
yield stress), as stronger biofilm increases diffusion limitation experienced by the solutes within
the matrix. The coverage and complexity both dropped to zero when no biofilm formed, so the
macromolecule-to-salt ratio was too low for ferning to occur, as with high concentrations of silver
nitrate and glycerol. Many of the analysis methods of biofluid ferning patterns are qualitative and
subjective, which is problematic considering its use as an indicator of certain medical symptoms.
The image analysis and ferning classification method that is presented here can easily be applied
to the other fields to give more quantitative values to the analysis of biofluid ferning.
The birefringence that was produced by liquid crystals within the biofilm samples had two
different morphologies, bundled strands about 50 μm in length in hydrated biofilm and starshaped bundle of strands almost ten times larger inside the crystalline region of the ferning
pattern. So, in addition to the self-assembly of the phages to strands inside the biofilm, a more
complex assembly takes place during crystallization in the biofilm that produces this tertiary
structure. During the ferning process, clusters of bacteria get entrapped within the crystalline
phase. Other researchers have found that these entrapped bacteria are in suspended animation
state and that they can be brought back to life upon rehydration. If PAO1 can also reanimate, then
ferning is yet another mechanism that P. aeruginosa can utilize to survive extreme conditions,
similar to how liquid crystals formed by phages enhanced P. aeruginosa resistance and
persistence.
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3.4

Materials and Methods

3.4.1

Culturing Bacterial Biofilm on Modified LB Medium
The Pseudomonas aeruginosa strain that was used for the entire study is the laboratory-

adapted wild-type strain PAO1. Miller lysogeny broth (LB) was prepared from BD Difco dry
powder and autoclaved. Five different types of chemical modifications were made to the lysogeny
broth: i) glycerol was added to form between 1 - 15 v/v% in LB medium; ii) glucose was added to
form between 0.5 - 4.5 w/v% in LB; iii) sucrose was added to form between 0.5 - 4.5 w/v% in
LB; iv) NaCl added to form 1.5 - 5 w/v% in LB; and v) AgNO3 added to form 0.001 - 1 mM in
LB. The modified LB medium (3.6 mL) in a petri dish was inoculated with an overnight culture
of PAO1 (0.4 mL) and was incubated for 6 days at 37 °C. Some of the modified LB dishes were
kept sterile and incubated along with the biofilm samples to act as a negative control.

3.4.2

Measuring Bulk Biofilm Rheology

The sample rheology was measured on the Discovery Hybrid Rheometer 3 (DHR3, TA
Instruments, USA) using a 40-mm stainless steel plate geometry at 25 °C. The measurements
took place in the following order:
•

Pre-stressed: 0.1 Pa, 2 minutes

•

Frequency sweep: γ0 = 0.1 (biofilm), γ0 = 0.005 (sterile LB), ω ∈ [0.01, 1] rad s-1

•

Stress sweep: τ ∈ [0.01, 1] Pa (biofilm), τ ∈ [0.001, 0.1] Pa (sterile LB), terminating if the
shear rate 𝛾𝛾̇ > 10 s−1.

Detailed description of the sample inoculation, the incubation, and the rheological measurement
methods are located in our previous work.[110]

3.4.3

Ferning Properties of Dried Bacterial Biofilms
The biofilm samples were dried in the incubator, forming ferning patterns that are large

enough to be easily seen by the naked eye. In this paper, the previous qualitative ferning
characterization method was converted to a quantitative image analysis method by calculating the
ferning coverage area, fractal dimension, and the complexity score (degree of branching) of the
ferning pattern. This analysis was completed by taking photographs of the surface of the petri
dish, converting the photographs to black and white image on MATLAB (Figure S 3.4), and
finally calculating the ferning coverage by determining the ratio between white and black pixel
areas in the image. The fractal dimension was calculated using box counting method on
MATLAB (Figure S 3.4).
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3.4.4

Dried Bacterial Biofilms under the Microscope
Microscopic images of the biofilm in its liquid and its dried ferning state were taken using

an Eclipse Ti-S inverted microscope (Nikon, Japan). The polarized images were produced with
polarized filters.
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Figure 3.1. |G*| calculated from the frequency sweep test showing the biofilm (filled square) and
sterile LB medium (unfilled circle) samples. The results of the (a) frequency sweep from ω ∈
[0.1, 1] rad s-1 (biofilm γo = 0.1 and sterile LB γo = 0.005) of biofilm samples grown in
unmodified LB medium and unmodified sterile medium. The mean |G*| is 0.015 Pa for biofilm
and 0.0015 Pa for sterile LB. (b-f) The mean |G*| is plotted (red) with relative errors calculated
from standard error to ensure symmetry (n ≥ 3). |G*| of biofilm grown in LB modified with (b) 1
- 15 v/v% glycerol, (c) 0.5 - 4.5 w/v% glucose, (d) 0.5 - 4.5 w/v% sucrose, (d) 1.5 - 5 w/v% NaCl
and (e) 0.001 - 1 mM AgNO3. The gray regions in (b) and (f) are inhibiting concentrations that
had no biofilm growth.
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Figure 3.2. (a) The stress versus strain data of biofilm grown in unmodified LB medium (filled
square) and sterile unmodified LB medium samples (unfilled circle). (b-f) For the mean yield
stress of unmodified LB biofilm (red square), the standard error bars converted to relative errors
to ensure symmetry on the y-axis (n ≥ 7). The LB medium was modified with (b) 1 - 15 v/v%
glycerol, (c) 0.5 - 4.5 w/v% glucose, (d) 0.5 - 4.5 w/v% sucrose, (e) 1.5 - 5 w/v% NaCl and (f)
0.001 - 1 mM AgNO3. The mean τy is 0.32 Pa for the biofilms while the LB medium did not have
yield stress. The gray regions in (b) and (f) are inhibiting concentrations that had no biofilm
growth.

Figure 3.3. The ferning complexity scoring guide of the dried biofilm ferning pattern.

57

Figure 3.4. (a) The original photo converted to black and white image then the ferning coverage is
calculated from the processed image. An example of unmodified LB biofilm fern with 46.2 %
ferning coverage and sterile LB plate showing zero ferning coverage. (b-f) Ferning coverage (left
y-axis in black) and complexity (right y-axis in gray) of modified LB biofilm (coverage: black
filled squares; complexity: gray filled squares) and sterile plates (coverage: black unfilled circles;
complexity: gray unfilled circles). The mean coverage and standard deviation of unmodified LB
biofilm (n = 12) and unmodified sterile LB (n = 7) are plotted in red across figures (b-f). The
biofilm grown in LB modified with (b) glycerol, (c) glucose, (d) sucrose, (e) NaCl and (f)
AgNO3. The change in morphology of the biofilm ferning pattern with: (b) glycerol at 2 % (top
left) and 10 % (top right); (c) glucose at 0.5 % (top left) and 4.5 % (top right); (d) sucrose at
0.5 % (top left) and 4.5 % (top right); (e) NaCl at 1.5 % (top left) and 5 % (top right); and (f)
AgNO3 at 0.001 mM (top left) and 1 mM (top right). The gray regions in (b) and (f) are inhibiting
concentrations that had no biofilm growth.
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Figure 3.5. Polarized microscopic images of PAO1 inoculated samples in modified LB medium.
Liquid PAO1 inoculated samples in 5 % NaCl: (a-b) birefringent fragments throughout the liquid
medium; and (c) the birefringent thread-like fragments (black arrows) about 50 - 100 μm
dispersed within medium full of bacterial clusters (yellow arrows).
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Figure 3.6. Desiccated 5 % NaCl biofilm. (a) Ferning pattern from the bottom of the petri dish.
The regions outlined in red were inspected under the microscope. (b-e) The cubic piece at the top
right corner of the plate (red circle): (b) under normal light; (c-d) through a polarized filter at
different magnifications; (e) the crystallization seed point. (f-k) The ferning region of the plate
(red square): (f-h) different regions of the fern under normal light at different magnifications; (i-j)
seen through a polarized filter at different magnifications; (k) at a different angle of polarization.
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3.5

Supplemental Materials: Effects of Medium Components on the Bulk Rheology and the
Formation of Ferning Patterns for Pseudomonas aeruginosa Biofilm
Authors: Uranbileg Daalkhaijav, Angela L. Dunham, Travis W. Walker

Figure S 3.1. Pictures of biofilm grown in LB medium modified with: (a) glycerol; (b) glucose;
(c) sucrose; (d) NaCl; and (e) AgNO3. The plates were incubated for six days and had visible
biofilm growth as seen by the strong green tint in the plates.
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Figure S 3.2. Rheology data from frequency sweep ω ∈ [0.01,1] (biofilm γo = 0.1, sterile LB γo =
0.005) and strain sweep γ = [1, 104] tests for the biofilm (yellow to red with increasing
concentration) and sterile LB (light to dark blue with increasing concentration) samples. (a-b)
Rheology of biofilm samples grown in unmodified LB medium (orange) and unmodified sterile
LB medium (blue): (a) frequency sweep and (b) strain sweep. Biofilm and sterile LB modified
with: (c-d) glycerol; and (e-f) glucose. [continued to the next page]
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Figure S 3.2. [continued from the previous page] Biofilm and sterile LB modified with: (g-h)
sucrose, (i-j) NaCl; (k-l) AgNO3.
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Figure S 3.3. The results of the (a) frequency sweep from 0.1 - 1 rad s-1 of unmodified LB biofilm
(square) samples and unmodified sterile medium (circle) samples show that the biofilm is
generally at least an order of magnitude higher in modulus compared to sterile LB. The mean G′
is 0.019 Pa for biofilm 0.0015 Pa for sterile LB, the mean G″ is 0.0063 Pa for biofilm and
0.00016 Pa for LB. For the mean value (red) the standard deviation (n≥3) bars were converted to
relative errors in order to ensure symmetric error bars in (b-f) plots. The standard LB medium
was modified with (b) 1 - 15 v/v% glycerol, (c) 0.5 - 4.5 w/v% glucose, (d) 0.5 - 4.5 w/v%
sucrose, (d) 1.5 - 5 w/v% NaCl and (e) 0.001 - 1 mM AgNO3. Each data point represents the
mean value of G′ (filled) and G″ (unfilled) across the entire frequency range. The blue dashed line
designates the low torque limit of the instrument. The gray regions in (b) and (f) are inhibiting
concentrations that had no biofilm growth.
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Figure S 3.4. Image processing steps are taking the (a) original ferning photo of the 45 mm
diameter plate, converting it to (b) grayscale, then to (c) black and white image, then (d) cropping
the image to 13.5 mm square section. (d) The cropped black and white section is used for further
analysis of the ferning coverage (Figure 3.4) and fractal dimension (Figure S 3.5). Box counting
method applied to the unmodified LB biofilm ferning image from (d) gives: (e) the box count (N)
versus box size (ε) of the cropped region and this data is converted to (f) the local box counting
dimension (DB) or the change in count with grid size. This unmodified LB biofilm has a constant
local DB up to ε =128, so the fractal dimension is about 1.74 ± 0.05 for ε ≤ 128. Matlab code was
used to implement box counting function from MathWorks file exchange.[114]
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Figure S 3.5. The fractal dimension analysis of biofilm (filled square) and sterile LB (unfilled
circle) ferning patterns. The fractal dimension was calculated using box counting method as
described in Figure S 3.4. (a) The average local box counting dimensions (DB) for unmodified LB
biofilm ferning (n = 12) and for unmodified sterile LB ferning (n = 7). (b-f) The local fractal
dimension in (a) is further averaged for ε ≤ 128 where the fractal dimension appears constant for
biofilm. So biofilm DB is 1.82±0.06 (red filled square) and sterile LB DB is 1.27 ± 0.26 (red
unfilled circle). The large standard deviation of the sterile medium fractal dimension (> 0.1)
indicates the sterile plates do not have constant fractal dimension up to box size 128 while the
small standard deviation of the biofilm plates (< 0.1) indicates consistent fractal pattern. The
mean fractal dimension (ε ≤ 128) of the biofilm and the sterile medium samples for: (b) glycerol;
(c) glucose; (d) sucrose; (e) NaCl; and (f) AgNO3 modifications. The shaded region in (b) and (f)
represents concentration range where no biofilm grew on the plates.

Figure S 3.6. Liquid culture of PAO1 inoculated in 10 % NaCl LB medium. After 6 day
incubation: (a) the entire plate was covered in a sheet of NaCl crystals without a sign of biofilm;
(b-c) a closer view of the NaCl sheet through a polarized filter shows no birefringence and no
bacteria, only large NaCl crystals.
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Figure S 3.7. SEM imaging of a gold sputtered surface of unmodified LB biofilm ferning pattern
reveal (a) highly ordered crystalline framework with (b-c) orthogonal branching with long (> 1
mm) branches every 0.5 – 1 mm apart with closely packed (<50 μm) short branches (~ 100 μm)
in between. Additionally, there are void regions throughout the ferns (d-e).

Video S 3.1. Unmodified LB biofilm ferning pattern formation as seen through an inverted light
microscope. The orthogonal morphology fern more than doubled the area of coverage over about
45 minute period. 20150502_1_bf_pao1_drying.mp4
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Table S 3.1. (Part 1/21) The image conversion for ferning pattern analysis. Original plate (45 mm
diameter) photograph is converted to grayscale image then to black and white image. 13.5 mm
square section of the plate is selected for the ferning coverage and fractal analysis. [continued to
the next page]
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Table S 3.1. [continued from the previous page] (Part 2/21) [continued to the next page]
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Table S 3.1. [continued from the previous page] (Part 3/21) [continued to the next page]
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Table S 3.1. [continued from the previous page] (Part 4/21) [continued to the next page]
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Abstract
One of the challenges to rapidly manufacturing flexible electronics is the complexity
involved in printing circuitry from stretchable conductors. Eutectic gallium alloys are typically
used as the conductive material because they have unique high conductivity, self-healing, and
stretchable properties. However, limited 3D printing has been demonstrated by leveraging the
structural stabilization provided by the thin gallium oxide film. Vertical structures are difficult to
print with a liquid metal due to the low viscosity and high surface tension of the gallium alloy,
which easily leads to coalescence. We present here a method to alter the physical structure of the
liquid metal through the incorporation of a conductive nano- or micro-nickel fillers. The resulting
rheological modification of the liquid metal to a paste drastically increases the fluidic elastic
modulus and yield stress, rendering it 3D printable. Further, the modification retains the high
electrical conductivity (3.9 × 106 ± 9.5 × 105 S m-1) and stretchability (over 350 % strain) of pure
liquid metal. The ability to print three-dimensional standing structures using this highly
conductive metal paste opens up new opportunities to manufacture more complex stretchable
electronics.

Keywords: 3D printing, liquid metals, stretchable electronics, rheological modifications, metal
pastes

4.1

Introduction
Liquid metal printing is integral to the development of flexible electronics field which

covers a wide range of products such as electrically conductive fibers,[115] flexible displays,[116]
strain sensors,[117] wearable sensor suits,[118,119] antennae,[120,121] and biomedical sensors.[122]
Additive manufacturing enables fast multi-material fabrication of intricate designs and circuitry
in flexible electronics. Prior attempts at overcoming the intrinsic properties of liquid metal to
enable printing, both through customized printers or material modifications, resulted in materials
and processes mainly suitable for 2D applications.
This paper identifies a novel approach of gallium alloy manipulation which produces a
metal paste material with ideal properties for 3D printing, as demonstrated in Figure 4.1. The
rheological properties of liquid metal will be permanently and quantitatively altered by leveraging
prior liquid metal modification techniques. The rheological modification is the result of mixing
uncoated metal micro or nanoparticles into liquid metal using high energy sonication, which
increases the viscosity and elasticity of the mixture. The resulting paste is highly structured and
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printable, forming filaments that hold their shape without coalescing (Figure 4.1a) to print a
multi-layered structure (Figure 4.1b). Finally, we determine if there is a tradeoff between the
printability and the functionality of the paste as a conductive material.

4.2

Background

4.2.1

Properties of Gallium Alloys and Gallium Oxides

4.2.1.1

Eutectic Gallium Alloys
Gallium and its alloys such as eGaIn or Galinstan (Ga:In 75.5:24.5 wt%; Ga:In:Sn

66.5:20.5:13 wt%) are commonly used in the flexible electronics field due to their low toxicity,
low cost, good conductivity, self-healing ability, and low melting temperature (Ga = 29.8 °C,
eGaIn = 15.7 °C, and Galinstan = 11 °C).[123,124] These alloys have a relatively low viscosity
(eGaIn = 1.82 mPa s; Galinstan = 2.4 mPa s), which allows them to be easily injected into
microchannels to act as conducting wires for flexible electronic systems.[125,126]
Eutectic gallium alloys have a very high surface tension at room temperature, 624 mN m-1
for eGaIn with oxide skin and 435 mN m-1 without oxide skin (in comparison, water-air is 72.8
mN m-1, and mercury-air is 486.5 mN m-1).[125,127] The contact angle of eGaIn with glass is around
153° and with PDMS is around 158°.[128] Similarly, Galinstan has a contact angle of 155° on
PDMS.[128] The effect of this high surface tension is that the liquid metal has a high affinity for
itself and easily coalesces into beads if the material is slightly disturbed, thereby breaking the thin
oxide skin. The printing process highlights the surface tension problem because the ink will
continue to well up at the printer nozzle, sticking to the tip but not wetting to the substrate.

4.2.1.2

Oxidation of Gallium Alloys
One of the characteristics of gallium alloys is the nearly instantaneous oxidation of its

surface when it is exposed to the air, creating a thin (~ 1 nm) passivating oxide layer.[124,129] While
the bulk of the alloy is a low viscosity liquid, the oxide layer adds yield stress to the gallium alloy
that must be surpassed before it can flow freely.[124,130] In addition to providing yield stress, there
is an overall increase in surface wettability as a result of the oxide skin. The contact angle for
eGaIn submerged in hydrochloric acid to remove the skin is 180° but drop to 143° with an oxide
skin, showing this wettability increase.[125] This surface wetting/adhesion of the skin adds to the
flow resistance of the liquid metal.[129,130]
This passivating layer is composed nearly exclusively of gallium oxide, and it is the
dominant structure responsible for its rheological characteristics.[127] Both the yield stress and
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elastic modulus of gallium alloys were found to be a function of the oxide skin.[131] The shear
yield stress of the oxide surface was reported to be 0.35 N m-1 - 0.5 N m-1, dilational yield stress
was 0.63 - 0.77 N m-1, and the elastic modulus was about 10 - 13 N m-1.[127,129–131] A taut/stiff
oxide skin correlated with G′ of about 10 N m-1 while a wrinkled/soft oxide skin correlated with a
lower elastic modulus (~ 2 N m-1) due its ability to accommodate a higher level of deformation by
changing its shape without straining its surface.[131] The oxide skin gives the liquid metal
characteristics similar to soft glassy materials such as emulsions, colloids, foams, and
microgels.[131]
These unique properties of the oxide skin are exploited in our work to make a highly
elastic metal paste. Pastes are defined as a suspension of granular solid blended in a base fluid,
and they fall under the category of jammed materials or soft glassy materials, along with granular
materials, some emulsions, foams, and other complex fluids.[132,133] Therefore, the mixtures
introduced in the present study with the stable suspension of solid particles in the liquid metal
bulk are referred to as metal pastes.

4.2.2

Prior Approaches to Improve Printability
There are a variety of challenges to printing liquid metal due to its complicated material

properties. Previously, these complications were addressed through printer modifications or liquid
metal modifications. The following section elaborates on previous studies and their effort to
improve the printability of liquid metals.

4.2.2.1

Prior Liquid Metal Alloy Printing Techniques
Prior liquid metal printing techniques include direct printing,[128,130,134] enhanced contact

area printing using a porous-tip or a roller-ball,[116,135] and droplet array deposition.[136] The direct
gallium alloy printing process operates in a narrow window of flowrate, gap height, dispense
pressure, and stage speed to prevent LM pooling or discontinuity.[128,134] When the printer tip is
modified for contact printing,[116,135,136] the discontinuity and pooling is largely eliminated as the
stamping process constrained the circuit to a specific area of enhanced contact and the design of
the head prevented the dispension of excess liquid metal. These methods are typically constrained
to 2D designs with very few truly 3D printed structures available.
The initial liquid metal vertical structures were constructed by stacking oxide skin
stabilized liquid metal droplets on top of each other, with the added z-dimension further
tightening the functional printing domain.[124,130] The height of the structures that can be printed
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using this method is constrained by the oxide skin, specifically the capacity of this thin skin to
stabilize layer-upon-layer of the bulk material (currently, the maximum z-print height is about 4
mm).[134] However, the entire bulk material can be stabilized and printed to form much taller
structures, in the centimeter range, using the freeze-printing method.[137] Unfortunately, freezeprinting requires large modification of the printer setup to freeze the printer bed, have extremely
slow print speeds (up to 1 mm s-1) to ensure freezing of the printing front, and makes dual
printing with any other materials, especially thermosets used for stretchable electronics,
difficult.[137]
Other types of low melting point metals have been 3D printed using tin and bismuth
alloys and heated nozzle to dispense the material in a semi-solid phase.[83,84] These semi-solid
alloys have an appearance of a slurry composed of solid microstructures dispersed in the eutectic
phase. The slurry possesses high viscosity and shear thinning property for ease of dispension and
elastic modulus dominant rheology that ensures print fidelity before the material solidifies at
ambient temperature.[83] These rheological characteristics of the slurry are controlled by the
internal microstructures of the material. Likewise, the printer design can be optimized for the
rheology of the material in such a way to modify the microstructures within the slurry.[83]

4.2.2.2

Liquid Metal Modifications
In addition to printer modification, there are a few different methods of modifying liquid

metal to make the construction of soft sensors and liquid metal printing easier. A nano- or
microparticle coated liquid metal droplets, or liquid metal marbles can be made with various
surface properties distinct from the self-healing, high surface tension, and corrosive interior
material.[138] The liquid metal marble concept can be extended to an even smaller scale, when
liquid metal is sonicated into a slurry inside a solvent bath, forming liquid metal droplets with
metal oxide skin (LM/MO spheres).[139,140] The resulting solvent stabilized LM/MO slurry can be
inkjet printed, leaving behind the LM/MO framework after the solvent dries.[141] This LM/MO
deposit has a high resistance compared to liquid metal due to the large oxide interfaces and
microcracks through the solid framework. However, the printed pattern can be induced into a low
resistance liquid state by mechanical sintering (applying enough contact pressure to rupture the
particle coating) allowing the enclosed liquid metal to flow together to form a continuous liquid
phase.[141]
EGaIn bulk liquid was viscosified to improve printability by promoting oxide build-up
through stirring for a prolonged period of time.[116,142] The higher apparent viscosity of the liquid
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metal increased the surface wettability, but it also increased the material resistivity.[122,142] The
resistivity of a viscosified gallium circuit was 44.1 μΩ cm while unaltered gallium was 25.8 μΩ
cm at room temperature.[122] In comparison, the conductivity measured at 310 K of eGaIn was
3.28 × 106 S m-1, Galinstan was 3.14 × 106 S m-1, and gallium was 3.82 × 106 S m-1.[143]
Some liquid metal modification efforts focused on turning the material into a magnetorheological fluid by incorporating metal particles into the liquid metal.[144,145] The surface tension
and the wettability of liquid metal meant that it is hard to mix metal particles into it. In order to
promote wettability, either the particles were coated with liquid metal compatible material like
SiO2 before it was mixed in or the liquid metal was acid treated to remove the oxide skin.[144,145]
Hydrochloric acid removed the oxide layer which helped the particles to integrate into the droplet
of liquid metal without the oxide skin acting as a barrier. The resulting particles are not in a stable
suspension inside the low viscosity fluid. Therefore, the material continues to act like a no yield
stress and high surface tension fluid in the hydrochloric acid. However, as soon as the magnetic
field is applied the particles align and force the mixture into a reversible, jammed, paste-like
state.[145]

4.2.3

Utilizing rheology to aide 3D printing
The rheological analysis of the pastes was used to map the effect of processing conditions

and mixture composition on the properties of the final paste. Rheology provides a method of
characterizing the behavior of the material under various stresses such as shear stress during
extrusion and normal stress during layer-by-layer printing, all relevant for 3D printing
environment.[146] The shear flow rheology (e.g. viscosity) is most relevant to how the material
interacts with the printer through pumping and extrusion, while the oscillation stress rheology
(e.g. yield stress and modulus) applies to the way the printed material interacts with the
environment and to itself.
The ease with which the material can be pumped through the syringe needle can be
characterized by the yield stress and shear viscosity of the material. The existence of the yield
stress means a minimum force must be applied to cause the material to start moving and the shear
viscosity reveals how the material behaves once it starts flowing through the dispenser.[147] For
printing, a shear thinning material is desirable, as a shear thinning material will become less
viscous with increasing shear rates experienced when the mixture is flowing from the reservoir to
the narrow syringe nozzle. The stability of the structure after it is printed on a substrate is a
function of the elastic modulus and the presence of yield stress. The higher elastic modulus
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mixtures hold their printed shape better, and the yield stress ensures the mixture does not start to
flow or spread on the substrate under ambient conditions.[83,146,148]

4.3

Results and Discussion

4.3.1

Rheological properties of the metal paste
The rheological measurements on the samples took place after overnight stabilization,

during which time the G′ was observed to increase for several hours before reaching steady state
(Figure S 4.2). Accelerating the material oxidation through sonication changes the look and feel
of the liquid metal from shiny fluid to foamy fluid as the cavitation bubbles accumulate (Figure S
4.1c-e). The bulk liquid metal starts to get a thicker and pastier consistency as more of the nickel
particles and oxides get incorporated into the mixture (Figure S 4.1f-h).
During sonication, gallium oxide is distributed inside the bulk fluid, instead of being
purely on the exterior of the material. The dispersed oxides act as a support to keep the nickel
particles in suspension, preventing settling during storage. The importance of oxidation during
sonication was proven when the liquid metal sonicated under nitrogen resulted in a lower
rheological property mixture than the same type of material processed exposed to air (Figure S
4.8). The qualitative change in the material is reflected in the quantitative change in the
rheological properties where the paste exhibits elastic dominated (G′), high viscosity (η), and high
yield stress (σy) rheology (Figure 4.2). An even more in-depth look at the rheology results can be
found in Figure S 4.3 - Figure S 4.7.
As the sonication energy is increased from 6 kJ to 24 kJ (0.2 - 0.8 kJ g-1), the average
elasticity (Figure 4.2a), oscillation yield stress (Figure 4.2b), shear yield stress (Figure 4.2c),
along with the viscosity at 1 s-1 (Figure 4.2d) increased for both pure liquid metal and nano-nickel
pastes. There is a viscosifying effect resulting from the addition of metal particles, as the 2 wt%
nano-nickel rheology values are larger than the pure liquid metal values sonicated with the same
energy.
All the paste samples display gel-like, G′ dominated over G″, behavior that is
independent of frequency (Figure S 4.3 - Figure S 4.7). The average G′ increased with sonication
for nano-nickel pastes while the pure liquid metal exhibited a slightly more complicated behavior
(Figure 4.2a). With pure LM, there was an initial drop in G′ with sonication when the taut elastic
skin was broken apart (0 versus 6 kJ sonication) before the oxides built up with continued
sonication resulting in increased G′ in Figure 4.2a. The oscillation yield stress (osc. σy) can be
calculated from the amplitude sweep test (Figure 4.2b) and the shear yield stress (σy) from the
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shear growth test (Figure 4.2c). The σy largely followed the same trend as G′ where the σy
increased with sonication energy. Unsurprisingly, the pastes exhibit shear thinning behavior that
can be modeled as a Power-law fluid between 0.01 - 10 s-1 shear rates (Figure S 4.3 - Figure S
4.7). The Power-law model K-value correspond with the viscosity at 1 s-1, and while the model
parameter values can be found in Table S 4.1, Figure 4.2d is the plot of the measured viscosities
at 1 s-1. The shear rates most relevant to pumping or extruding through a needle would be in the
orders of 103 s-1 range.[147] However, shear rates in this range are not achievable on a traditional
rheometer with this material.
When the sonication energy was kept constant at 12 kJ, but the amount of micro and
nano-nickel particles were increased, the modulus (G′ and G″), yield stress, and viscosity
increased (Figure 4.2e-h). The increase in rheological values is more pronounced for nano-nickel
particles than with microparticles composing the same weight fraction of the mixture. The
discrepancy between micro and nanoparticles indicates that as the number of interacting particles
increase, the sonication impact increases. There is no data for 10 wt% nano-nickel because the
formula solidified shortly after it was made. A detailed rheology results can be found in the
Supplemental Materials (Table S 4.1). In conclusion, a chosen set of rheological properties can be
achieved by adjusting the sonication energy, particle size, and particle amount.
Sonication enables rapid incorporation of particles into the liquid metal. The oxide skin
suspends the metal particles in the low viscosity fluid to form a paste. The same processing
method can be used to formulate a variety of materials, incorporating conductive and nonconductive particles into the liquid metal to form pastes for a wide range of applications.

4.3.1.1

Identifying printable rheological properties
The yield stress values derived from three different methods got averaged together (Table

S 4.4) and plotted against the average elastic modulus values of the pastes (Figure 4.3). The plot
shows a directly proportional behavior up to about 15 kPa G′, but at around 400 Pa yield stress,
the proportionality decreases. The metal paste elastic modulus and yield stress are interdependent
properties because they are the result of the amount of solid inclusions in the liquid metal. The
sources of the solids being the nickel particles added before sonication and gallium oxide created
during sonication. There are three ways the data splits:
i.

Zone I: short sonication and or small solids content mixtures with low G′ (< 3 kPa) and σy
(< 100 Pa);

ii.

Zone II: intermediate G′ (~ 3 - 15 kPa) and σy (~ 100 - 400 Pa) paste;
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iii.

Zone III: long sonication and or high solids content mixture reaching a plateau in σy (~
500 Pa) with increasing G′ (> 15 kPa).

These elastic modulus and yield stress zone boundaries are defined fluidly. The target
material for printing falls in Zone II with G′ of approximately 3 kPa to 15 kPa. The pastes below
the target limit (Zone I), are too fluid-like to print through a continuously extruding system due to
low elasticity and yield stress. Some of the metal paste formulations solidify over time based on
the magnitude of their elastic modulus. The pastes in Zone III with an extremely high G′ typically
solidify in a few days, while higher G′ pastes in Zone II (> 10 kPa) are stable much longer, and
solidify slowly over the course of several months. Other rheological properties that correlate with
Zone II are found in Table S 4.2. Additional information on experimental difficulties including
sample solidification can be found in Supplemental Materials (Section 4.6.7).

4.3.2

Electrical properties of the metal paste
The resistivity and conductivity of 4 wt% nano-nickel mixture sonicated at 0.4 kJ g-1 were

calculated for three 15 cm circuits printed on a glass plate. The detailed dimensions, calculations,
and the electrical properties of each circuit are given in Table S 4.6. The average resistivity of the
material based on the three circuits is 2.68 × 10−7 ± 5.54 × 10−6 Ω m (n = 3) and the average
conductivity is 3.93 × 106 ± 9.50 × 105 S m-1 (n = 3). The electrical properties of the material did
not experience detrimental effects of additional oxidation through sonication due to nickel
addition. The conductivity of nickel at 20 °C is 1.47 × 107 S m-1, [145] which increase the overall
conductivity of the paste and offset the increase in resistivity resulting from the oxide buildup.

4.3.2.1

Electrical response to strain
The electrical data of Ecoflex enclosed metal paste sensor is plotted in Figure 4.4. The

response of the sensor to strain during the ten stretch-relax cycles was measured on the ESM1500. In the ten cycle tests, the sensor was stretched to 200 % engineering strain (ε = 100 ×
(L−Lo)/Lo where L is the total circuit length and Lo is the unstretched length). The sensor
response is plotted as a raw resistance R (in gray) as well as a signal ratio R/Ro (in black), where
Ro is the resistance of the unstretched sensor, Figure 4.4(a). The theoretical resistance ratios (red
line) were calculated based on the assumption of constant material conductivity and that the shape
of the cross-sectional area of the wire does not change with stretching. Therefore, the ideal elastic
conductor response follows the equation R/Ro ∝ λ2 where λ = L/Lo.
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In the cycling test, the sensor signal increased as a function of strain, approximately
quadrupling (black line for signal ratio and gray line for the raw resistance data), though it falls
short of the ideal signal response. The catastrophic failure test (squares) tracked along the same
line as the 200 % strain cycle data. The relative conductivity of the sensor can be calculated as
κ/κo ∝ λ2(Ro/R) where κ is the stretched conductivity and κo is the unstretched conductivity. The

conductivity of the sensor, calculated from the relative conductivity and the known conductivity

of the metal paste (3.93 × 106 S m-1), was plotted (in gray) along with the relative conductivity of
the material (in black) in Figure 4.4(b). The conductivity of the material increased with stretch
despite the increase in resistance from the stretch and reduced cross-sectional area, which
parallels PDMS-Galinstan composite material.[149] For the composite material, the reason for the
increase was thought to be the increased interaction of the metal encapsulated regions during the
stretching and compacting process. A similar explanation is likely for the metal paste, except
instead of high conductivity Galinstan encapsulated in low conductivity PDMS, it is high
conductivity nickel particles encapsulated in lower conductivity Galinstan. The conductivity of
the stretched paste sensor stays between the Galinstan and nickel conductivities (gray dashed
lines), which appear to back up the idea that stretching is causing increased nickel interaction and
as a result, also an increase in conductivity.
There was no signal disruption due to the metal paste stretching, in fact, the sensor failure
occurred only when the Ecoflex tore apart at 352 % strain (Figure S 4.11). The conductivity of
the paste circuit can be restored after the sensor was tightly clamped to squeeze out the material
simply by massaging the material back into the cavity, even a sensor that was torn apart regained
conductivity as soon as the pastes in the separate pieces touch (Video S 4.1). This demonstrates
retention of the self-healing properties of liquid metal in the paste; also the lack of signal
disruption during high strain shows the paste is flexible and stretchable, just like pure liquid
metals.

4.3.2.2

Stacked sensor
Finally, to display the sustained electrical conductivity through the paste circuit under

high deformation, a stacked circuit enclosed in Ecoflex 30 was constructed and tested, Figure 4.5.
The stacked sensor step-by-step construction steps are shown in Figure 4.5(a-d). The LED lights
attached to the sensor stays on under different levels of stretch, Figure 4.5(e-h).
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4.3.3

Flow properties of the metal paste
Qualitative flow characteristics of metal pastes with various formulations were used to

determine the necessary pressures and needle gauges for dispensing each type of paste
(Supplemental Materials, Section 4.6.3). The pastes with rheological properties in mid Zone II
required at least 20 psi of pressure through minimum needle diameter of 0.4 mm while paste in
Zone I can be dispensed at a lower pressure through a smaller needle (Figure S 4.9). The analysis
of the dispensing speeds found the liquid metals dispensed at ~103 mm s-1 speed while low G′
(Zone I) metal pastes dispensed at ~102 mm s-1 and the higher elastic modulus metal paste (Zone
II) dispensed at lower than 102 mm s-1. Overall, the dispensing speeds increased with pressure,
needle diameter, and low elastic modulus (Table S 4.5).
A Zone II metal paste composed of 4 wt% nano-nickel sonicated 0.4 kJ g-1 was used to
print various 3D structures (Figure 4.6). At 20 psi dispensing pressure, these 3D structures were
printed by continually dispensing the metal paste layer-by-layer at a print speed of 50 mm s-1 for
Figure 4.6 (a, c) and 30 mm s-1 for Figure 4.6 (b, d) through 0.84 mm nozzle. The videos of these
3D structures being printed can be found in the Supplemental Materials (Video S 4.2). The 3D
structures are: (Figure 4.6a) a 10 mm tall 20 mm diameter ring; (Figure 4.6b) a 7 mm tall 20 mm
square with a diagonal line; (Figure 4.6c) a 7 mm tall 20 mm diameter spiral; and finally (Figure
4.6d) a 7 mm tall 6-sided star with an edge-to-edge diameter of 20 mm.
The metal paste is 3D (layer-by-layer) printable because of its altered rheological
properties like high elastic modulus and yield stress which allow the dispensed material to retain
its shape during and after extrusion. The metal paste can be used to potentially 3D print even
taller structures than the 7 - 10 mm prints presented in Figure 4.6. The main limiting factor for 3D
printing with pure liquid metals is that only the oxide skin provide structural support for the print.
Therefore, the pure liquid metal structures can easily break apart and coalesce under a small
perturbation of the oxide skin. In contrast, the structural strength of the paste comes from
throughout the material, not just the skin, which ensures the print stays intact indefinitely with a
moderate level of shaking and motion. Even when the material is scraped off of the print plate,
the layer-by-layer definition of the print is visible (Video S 4.3). Only when the printed structure
is pressed, does the paste lose its printed form and its soft texture becomes evident (Video S 4.3).

4.4

Conclusion
The metal paste material created in this paper has demonstrated several features that are

novel in this field: i) it can be made easily and quickly; ii) the structural change in the material is
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permanent; iii) the paste consistency enables layer-by-layer printing of vertical structures through
continuous extrusion; iv) there is larger tolerance for printer setting variations such as extrusion
speed and head gap since this material does not rely on the oxide skin to pin the material to the
substrate and keep its shape; v) the print is structurally stable when exposed to environmental
stresses that would cause typical liquid metal structures to deform and coalesce; vi) the electrical
properties of the paste are comparable to pure liquid metal; and vii) the paste retains self-healing
characteristics. The exact structure of the paste is yet to be determined, therefore it will be a topic
of future exploration. Specifically, how the nickel particles are stabilized in the liquid metal and
how the structure changes as the paste ages. The current assumption is that the gallium oxide
sheets and flakes created through sonication give scaffold-like support for the dispersed particles
and it is the buildup of these oxides over time, as oxygen slowly diffuses into the crevices of the
paste that cause the aging behavior. Due to the spreadable texture, structural integrity, and the
electrical conductivity of the material, application of this paste could potentially be extended to
direct writing conductors and interconnects onto traditionally difficult substrates such as textured
materials and rough surfaces. Therefore, the future work with this material will explore the
compatibility of the paste with complex substrates as well as methods of constructing flexible
electronics through co-extrusion of elastomers and metal pastes and through direct casting 3D
printed metal structures inside elastomers.

4.5

Experimental Section
The metal paste was made by mixing between 0 – 10 % micro and nano-nickel into eGaInSn.

The fluid mixture (30 g sample) was oxidized via mixing and aeration from high energy
sonication with energies from 6 - 30 kJ. The following parameters were controlled to adjust the
rheological properties of the metal paste:
•

Sonication energy which is a value proportional to sonication time and sonicator tip size:
6 kJ - 30 kJ (approximately 2 - 10 minutes of continuous sonication with 3 mm micro-tip)
for 30 g sample or 0.2 to 1 kJ g-1

•

Amount of nickel particles added to Galinstan: 0 - 10 wt%

•

Size of nickel particles: 7 μm or 800 nm diameter flakes

4.5.1

Sample preparation
The nickel particles composing 0, 2, 4, 6, 8, and 10 wt% (of 30 g mixture) were weighed

into a 10 mL glass beaker, and the balance was made up of Galinstan (66.5 Ga, 20.5 In, 13 Sn;
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Indium Corp., USA). Then, the two components were sonicated together on a setup that can be
seen in Figure S 4.1a-b. Two different sizes of nickel particles were utilized: microparticle
powder (Alfa Aesar, USA) and nanoparticle powder (US Research Nanomaterials Inc., USA).
The micro-powder had a bulk density of 1.8 - 2.7 g cm-3 and diameter between 3 - 7 μm, referred
from here forward as micro-nickel. The nano-powder had a bulk density of 2.85 g cm-3 and
diameter of 800 nm, referred from here forward as nano-nickel. After sonication, the samples
were left overnight to stabilize before rheological characterization. The need for sample
stabilization is discussed in Supplemental Materials (Section 4.6.1.1).

4.5.2

Procedure for rheology

All rheological measurements were completed on a Discovery Hybrid Rheometer 3 (DHR3)
at 25 °C (TA Instruments, USA). The upper and lower geometries were 40 mm stainless steel
parallel plates. The rheology tests were carried out on each sample in the following order, with a
detailed description of the tests provided in the Supplemental Materials (Section 4.6.1):
•

Pre-shear for 120 seconds at 1 s-1 to eliminate loading history.

•

A frequency sweep at γ0 = 0.005 from ω ∈ [0.1, 500] rad s-1 was used to determine elastic

(G′) and viscous modulus (G″) of the paste.
•

An amplitude sweep at 1 rad s-1 from γ ∈ [0.0005, 10] was used to determine the linear

viscoelastic region (LVR) of the mixture as well as two versions of oscillation yield stress
(σy).

•

The third version of yield stress (σy) and strain were determined from stress growth test at
10−2 s-1 for 300 seconds with a total deformation of 3 or 300 % strain.

•

A flow sweep from 𝛾𝛾̇ ∈ [0.01, 10] s-1 was used to determine the shear rate dependent
viscosity (η) of the material.

The specific information on rheological processing and calculations are provided in Supplemental
Materials, Section 1.2. These include calculations to derive the average modulus values, the three
different methods of deriving yield stress (flow point (G′ = G″) yield stress, oscillation yield
stress, stress growth yield stress), and the Power-law parameters.

4.5.3

Electrical resistivity measurement
In this study, the resistivity and conductivity of one of the metal paste formulations were

determined as an average of the three replicates of 15 cm circuits printed on a glass plate. The
metal paste was 4 wt% nano-nickel mixture sonicated at 12 kJ for 30 g mixture (0.4 kJ g-1)

101
printed with 0.84 mm inner diameter needle. The metal paste resistance was measured with 4wire (Kelvin) resistance measurement system from Keithley SourceMeter 2450 (Tektronix,
USA). The dimensions of the circuit were measured using a VHX-5000 3D digital microscope
(Keyence, Japan). The dimensions of the circuits were determined from 17.95 ± 0.03 mm section
at the center of each circuit taken to be representative of the entire circuit. The 3D imaging of this
section gives the dimensions such as the height across the entire 18 mm length and the height of
the circuit (Figure S 4.10).

4.5.4

Strain sensor resistance
In order to carry out strain testing, a circuit enclosed in Ecoflex 30 (Smooth-On, USA)

was constructed. The entire sensor was 2 cm wide and 20 cm long with a 15 cm sensing element.
The details of how the sensor was constructed can be found in Supplemental Materials, Section
4.2. The sensor’s electrical response to engineering strain was characterized using a 4-wire
resistance multimeter and an ESM-1500 tension/compression test stand (Mark-10, USA). The
sensor was stretched 30 cm or 200 % engineering strain at 60 mm min-1 rate then brought back
down to its original length at the same rate 10 times. After the cyclic testing, a catastrophic failure
test was carried out by stretching the sensor at the same rate as before (60 mm min-1) until it
ruptured, Figure S 4.11.

4.5.5

3D structure printing
A 4 wt% nano-nickel metal paste was used to print vertical structures using a

commercially available 3D printer (Anet A8, Shenzhen Anet Technology Co., China). The
Ultimus high precision dispenser with a 10 cc syringe barrel and 6.35 mm long general purpose,
blunt end, stainless steel needles with an inner diameter of 0.84 mm were used for all the metal
paste demonstrations. The syringe barrel was attached to the 3D printer with a custom-designed
extruder head (Figure S 4.12).

4.5.6

Stacked sensor fabrication

A 10 cm × 10 cm, stretchable sensor was fabricated from Ecoflex 30 and metal paste. The
step-by-step construction of this stacked sensor is described below, and it is shown in Figure
4.5(a-d) with the schematic of the circuit provided in the inset:
a) A layer of Ecoflex 30 (60 g total) was poured on a glass plate and cured.
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b) The first layer of metal paste circuit was printed on top of this cured surface (Figure
4.5a).
c) Then a couple of millimeter tall pillars were formed by hand using the metal paste and
added to the circuit (Figure 4.5b). Eight pieces of 10 cm copper wires were cut and 1 cm
portions on each end were exposed by burning off the coating. One of the exposed ends
of each copper wire was overlapped with the end of the metal paste circuit.
d) The second layer of Ecoflex 30 was poured on top of the first layer of the circuit (60 g)
which fully submerged the circuit, including the copper wire insert. Only the pillars
protruded slightly over the second layer of Ecoflex.
e) The second layer of the circuit connected the pillars which in turn connected the first
layer of the circuit with the second layer (Figure 4.5c).
f) The final layer of Ecoflex was poured and cured over the second layer of the circuit to
enclose the entire sensor.
g) The cured sensor was cut to 10 cm × 10 cm square.
Finally, LED lights were connected to two ends of the circuit while batteries were connected to
the opposite end to complete the circuit (Figure 4.5e). This stacked sensor was used to
demonstrate electrical conductivity of two-level metal paste circuit under stretch.
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Figure 4.1. Demonstration of the metal paste highly elastic structure and printability. (a) Metal
paste filament is leaving the needle at various times along a print. (b) 3D printed star structure
with an overhanging filament.

Figure 4.2. The rheology data demonstrating the transformation of the liquid metal mixture to a
metal paste. The plots are the average elastic modulus, yield stress derived from the oscillation
amplitude sweep, yield stress derived from the stress growth experiment, and viscosity at 1 s-1 for
samples treated with 6 - 24 kJ sonication energy for 30 g samples (a-d, respectively) and for
samples with nickel weight fraction from 2 - 10 wt% at constant 12 kJ for 30 g samples (e-h,
respectively). The rheological properties increased with sonication and with metal particle
addition. Sonication energy less than 12 kJ (0.4 kJ g-1) appeared to leave pockets of powder
nickel in the paste due to inadequate mixing between the liquid metal and nickel particles.
Therefore, there was no samples of 2 wt% nano-nickel sonicated at 0 and 6 kJ (a-d). 10 wt%
nano-nickel sample solidified after overnight equilibration period so the rheology of the material
could not be measured, as denoted by the * over the bars (e-h).
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Figure 4.3. The value of metal paste elastic modulus correlates with its yield stress. The yield
stress is the average of the results from three methods of determining yield stress and the error
bars are the standard deviation between the methods. The data is split into three zones. Zone II
was found to be most printable due to the moderately high elastic modulus and yield stress. The
pastes that fall within Zone I retained too much of the pure liquid metal properties with low G′
and yield stress. The pastes above the target limit (Zone III) are highly elastic and quickly
solidify, thus unsuitable for stretchable electronics application.
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Figure 4.4. The electrical resistance and conductivity data are plotted over sensor strain ε. (a)
Data in black are the signal ratios while the data in gray are the raw resistances. Stretch-relax
signal of ten cycles were averaged and plotted with the standard deviation over each point (lines).
The ideal sensor signal response, R/Ro ∝ λ2, was plotted as a red line. The break test on the same
sensor shows an ultimate strain on 352 % (squares). (b) The relative conductivity of the sensor
(plotted in black), κ/κo ∝ λ2/(R/Ro), during the stretch-relax cycle is plotted with standard
deviation over each point (line). The conductivity data of the sensor (plotted in gray) were
calculated from the relative conductivity and the initial conductivity (previously found to be 3.93
× 106 S m-1). The horizontal dashed gray lines are the conductivity of nickel and Galinstan. The
break test conductivity reached a maximum of 9.6 × 106 S m-1 and the relative conductivity
reached about 2.5 (squares).
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Figure 4.5. Additive manufacturing of stacked sensor: (a) metal paste circuit printed on cured
Ecoflex sheet; (b) pillars added to the circuit which protrudes over the second layer of Ecoflex;
(c) second layer of circuit connecting the pillars which electrically connects the two layers; and
(d) the final layer of Ecoflex encloses the entire circuit. The stacked sensor is (e) connected to
LED lights and batteries to make two complete circuits. The finished circuit (f) is pulled from the
edges (g-h) demonstrating stretchability. Scale bars represent 2 cm.

Figure 4.6. 3D Printed metal paste structures: (a) a ring 20 mm in diameter and 10 mm in height,
(b) a square 20 mm in width and 7 mm in height, (c) a spiral 20 mm in diameter and 7 mm in
height, (d) a star 20 mm in diameter and 7 mm in height.
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4.6

Supporting Information: Rheological Modification of Liquid Metal for Additive
Manufacturing of Stretchable Electronics
Authors: Uranbileg Daalkhaijav, Osman Dogan Yirmibesoglu, Stephanie Walker, Yiğit Mengüç
4.6.1

Procedure for sample preparation and rheology
The process for preparing metal paste from Galinstan and using the paste for additive

manufacturing is illustrated in Figure S 4.1. A high shear mixing was achieved through an
ultrasonicator (Qsonica Q700, USA) with a 3 mm titanium coated micro-tip, (Figure S 4.1a). The
nickel powder was added to the glass beaker with the Galinstan added on top and the two were
sonicated together (amplitude: 50, time on: 2s, time off: 4s), (Figure S 4.1b). Adding the liquid
metal portion on top of the metal particles limited the amount of nickel particles getting blown
away. The tip was dipped halfway into the beaker during sonication to promote mixing of the
liquid metal and solid powder phases. For the duration of sonication, the sample was stirred with
the tip of the sonicator by moving the beaker around in order to distribute the sonication energy
evenly throughout the sample. Figure S 4.1 (c-h) shows the transformation of pure Galinstan (c)
to a material with a lot of cavitation bubbles (d-e) after sonication. With the addition of nickel,
the liquid metal mixture gets a progressively creamier texture with sonication (f-h).
The rheology was measured after the samples were allowed to stabilize overnight due to the
continuing solidification that occurs after sonication as discussed in Section 4.6.1.1. All the
rheological measurements were completed on a Discovery Hybrid Rheometer 3 (DHR3) from TA
Instruments at 25 ºC. The upper and lower geometries were 40-mm stainless steel plates.
Additional information on pure liquid metal rheology can be found in the previous papers,[127,131]
as well as in this document in Appendix D. The sample was first spread on the lower plate until it
covered the entire surface evenly, then the upper geometry was lowered as it slowly rotated, to
aide in further sample spreading. The upper geometry was lowered until the sample filled the gap
between the upper and the lower plates on all sides. Using this loading method, the gap could not
be kept constant each time because lowering the plate much beyond the initial contact point
exerted large normal force on the upper geometry. The gaps varied between 1000 to 1500 µm
because the amount of mixture scooped onto the plate for each test varied a little and this material
is too thick to pipette exact amounts. The rheology tests are listed below:
•

A pre-shear of 120 seconds at 1 s-1 to eliminate loading history. This prevents the
inevitably variable way of loading the samples onto the rheometer from affecting the
rheology results.
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•

An optional time sweep at 0.5 % strain and 1 rad s-1 was used to track the rheological
changes in the material after sonication.

•

The yield stress and strain were determined from a stress growth test at 10-2 s-1 for 300
seconds with a total deformation of 3 or 300 % strain.

•

An amplitude sweep at 1 rad s-1 from 0.05 – 103 % was used to determine the linear
viscoelastic region (LVR) of the mixture. However, when the raw phase exceeded 150°,
which indicates that the instrument inertia is significantly contributing to the sample
signal, the test was terminated so as not to collect data outside the instrument inertial
limit.

•

A frequency sweep at 0.5 % strain from 0.1-500 rad s-1 was used to determine timedependent response of the sample. The sweep was again terminated if the raw phase
exceeded 150° so that the data was within the instrument inertial limit.

•

A flow sweep from 0.01 - 10 s-1 was used to determine the shear rate dependent viscosity
of the material.

4.6.1.1

Sample stabilization post sonication

The structure of the liquid metal mixture appeared to take hours to stabilize after the end of
sonication and reach steady state. The time-dependent rheological change in the liquid metal
mixture after sonication was measured through a time sweep at constant strain and frequency, as
seen in Figure S 4.2. This transient period was characterized using 30 g of pure liquid metal
sonicated with 36 kJ (Figure S 4.2a) and with 10 wt% micro-nickel particle mixture sonicated
with 12 kJ exposed to air (Figure S 4.2b). The rheology of these samples was measured within 30
minutes after sonication to track the structural changes over a 4-hour period. When the liquid
metal rheology is measured right after sonication, the elastic modulus (G′) increased from about
800 Pa to 1600 Pa. Similarly, the metal paste with 10 wt% micro-nickel saw an increase in elastic
modulus from about 2 kPa, which is about the same as pure liquid metal, to 33 kPa. This
substantial change to the material properties immediately after sonication necessitates the
overnight stabilization time for the mixture before steady state rheological testing and use as
described in the procedure section above.
An attempt was made to prevent the post sonication restructuring from occurring by
storing the sample in nitrogen gas inside an airtight container overnight (Figure S 4.2c). The
mixture composed of 10 wt% micro-nickel particles was sonicated with 18 kJ while exposed to
air. The nitrogen gas was purged into a 15-mL container for about 20 minutes to replace the air
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blanketing the material, then the container opening was tightly wrapped in parafilm. The rheology
tests were carried out as normal the next day, with the sample taken out of the nitrogen-purged
container and exposed to air. The results indicated that there was some restructuring that occurred
during the overnight storage since the modulus at the start of the test was about 9 kPa, much
higher than in Figure S 4.2b with similar mixture that was measured quickly after sonication. This
suggests that the internal air cavities created during sonication were a major contributor to the
rheological change in the mix through oxidation. The elastic modulus ultimately increased to
about 16 kPa, still lower than in Figure S 4.2c. Since it appeared the post sonication evolution of
the material cannot be completely avoided through nitrogen storage, the subsequent material
preparation reverted to air storage and overnight stabilization.

4.6.2
4.6.2.1

Rheology of liquid metal and nickel particle mixtures
Impact of sonication energy
The sonication energy is a function of the amplitude and the duration of sonication. In

Figure S 4.3, all the rheology data gathered from pure liquid metal, without nickel, sonicated with
0 - 36 kJ is shown. For these experiments, the same sonication procedure and amplitude was
applied over the different periods of time (0 - 20 min) until the target sonication energy was
reached. The sonication energy range from 0 to 36 kJ for 30 g samples (0 - 1.2 g kJ-1) and the
symbols representing sonication energy can be found in the legend. The black lines are the linear
regression lines fitted to the log converted y-values at the low and high range of the x-values. The
pink circles represent the crossover or intersection point of the two lines. The data in red are the
unaltered (0 wt% nickel and 0 kJ sonication) liquid metal rheology, the closed symbols represent
the elastic modulus (G′) and the open symbols are the viscous modulus (G″). The plots in Figure
S 4.3a - Figure S 4.3d are derived from the amplitude sweep data at 1 rad s-1. The specific values
of the crossover points and other derived values can be found in Table S 4.1.
Figure S 4.3a shows the elastic and viscous modulus as a function of strain where the G′
= G″ is marked (pink circle). The point where G′ = G″ range from about 20 - 130 Pa modulus and
110 - 140 % strain for this data set and this point is called the flow point. The data in Figure S
4.3b are the elastic modulus from the amplitude sweep fitted to calculate the linear viscoelastic
region (LVR) from the intersection point (pink circles) of the two lines. The line is fitted through
the first 10 data points (on the left) to derive the near flat line and last 10 data points (on the right)
fitted to get the down-sloping line. The LVR is the range where the oscillatory test can be carried
out without destroying the structure of the sample. For all the liquid metal pastes, the LVR
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extends from 0.1 to at least 3 % strain (Figure S 4.3b), which means the modulus stays
independent of strain until the structure of the material starts to break past the LVR region. As the
strain approaches the LVR limit, the nickel-free liquid metal formula experiences strain
overshoot. A strain overshoot is when the viscous modulus increases up to the strain limit before
decreasing after surpassing the limit while the elastic modulus stays constant until decreasing
after the strain limit. A strain overshoot occurs for certain emulsions, pastes, and suspensions
when the micro-structures rearrange or break down, causing increase in G″, before experiencing
large scale restructuring which is when G″ starts to decrease.[150]
When the modulus data from amplitude sweep is plotted over stress (Figure S 4.3c), the
G′ and G″ crossover point at a specific stress correspond with one of the ways of determining the
yield stress. This G′ = G″ crossover value is marked on the plot (pink circle) and the stress where
this occurs range from 50 - 200 Pa. The second method of deriving yield stress and strain is from
the crossover point of the fitted lines through the oscillation stress versus strain values from the
amplitude sweep test, (Figure S 4.3d). The yield stress from the crossover point (pink circle)
ranged from 40 - 230 Pa and the strain ranged from 3 – 7 %. The regression lines are fitted
through the first 10 data points and the last 10 data points that are converted to log values on the
graph.
The frequency sweep at 0.5 % strain shows that the material is G′ dominated, frequency
independent, and gel-like material, (Figure S 4.3e). All the mixtures are highly structured with the
average elastic modulus ranging from 0.5 to 6 kPa, (Figure S 4.3e). In Figure S 4.3f are shown
the flow sweep data plotted as viscosity over shear rate, fitted with a power law model (Equation
1.1). The main parameters from the model are the K-value (flow consistency index) and the nvalue (flow behavior index). The mixtures all had shear thinning property, the viscosity increased
from about 60 Pa s to 340 Pa s at 1 s-1, as the sonication increased. The third method to
determining the yield stress and strain is through the stress growth test at 0.01 s-1. The plot of
stress versus strain where the intercept point of the regression lines (pink circle) correspond with
yield stress and strain. The regression lines are fitted through the logarithmic values of the last 50
data points for the near flat line and through the first 50 data points for the up-slopping line. The
yield stress increased from about 70 to 300 Pa with sonication.
The yield stress values found in Figure S 4.3c, Figure S 4.3d, and Figure S 4.3g, shows
that all the mixtures have a yield stress or an initial stress that has to be applied to the material
before it begins to flow. The sample sonicated for the shortest period has the lowest yield stress
(37 - 65 Pa depending on the type of test), while the sample sonicated the longest has the highest
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yield stress (226 - 302 Pa depending on the type of test). A survey of the various methods of
determining yield stress found that even with non-thixotropic materials, there is a notable
difference in the yield stress values depending on the method used to derive it.[151] However, the
scaling and the trends of the yield stress values tracked the same across the different methods
relative to the properties of the material.[151] Therefore, while the absolute values derived from the
three yield stress determination methods might differ, the material yield stresses relative to each
other would be consistent.
The rheology of the 10 wt% micro-nickel paste shows the same trend of increasing
rheological properties as a function of the length of sonication (6 - 30 kJ), (Figure S 4.4). The
rheological properties of this metal paste were an order of magnitude higher than pure liquid
metal sonicated for the same amount of time (Figure S 4.3), and pure liquid metal without
sonication (red). As expected, the viscosity (Figure S 4.4f), modulus (Figure S 4.4e), and yield
stress values (Figure S 4.4c, Figure S 4.4d, Figure S 4.4g) all increased with sonication
time/energy for the 10 wt% nickel samples. The viscosity of the paste at 1 s-1 ranged from about
400 Pa s to 500 Pa s (Figure S 4.4f) and it is a shear thinning material. The yield stress from the
stress growth test ranged from about 400 Pa to 700 Pa (Figure S 4.4g). The yield stress calculated
from the amplitude sweep stress versus strain intersection point ranged from about 300 Pa to 700
Pa (Figure S 4.4d), while the G′ = G″ point stress value on the modulus versus stress plot range
from about 400 to 600 Pa (Figure S 4.4c). The amplitude sweep test (Figure S 4.4a) shows LVR
up to 4 % strain (Figure S 4.4b), well past the 0.5 % strain at which all the tests were carried out.
The elastic modulus increased from 20 kPa to 34 kPa (Figure S 4.4e) with sonication energy. The
mixtures sonicated over 18 kJ (0.6 kJ g-1) solidified overnight to the point of being un-mixable,
therefore were not tested on the rheometer.

4.6.2.2

Impact of metal particle inclusion
Sonication energy was one way of increasing the solids inclusion in the metal paste. This

is apparent by the increase in elastic modulus with sonication energy with pure liquid metals,
(Figure S 4.3). However, another way to incorporate solids into the mixture is to add micro to
nano-scale metal particles. When micro nickel particles were added to the metal paste mixture,
the elastic modulus was substantially higher indicating a stronger gel/paste formation, (Figure S
4.4). The impact of nickel inclusion in the metal paste was investigated by adding 2 - 10 wt%
micro and nano-nickel flakes into the mixture while keeping the sonication energy constant at 12
kJ. This way only the impact of nickel portion in the mixture can be investigated, isolated from
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sonication impact. Sonication energy was chosen to be 12 kJ because it ensured complete
incorporation of the nickel flakes, without isolated pockets of powder, into the mixture.
The rheological properties increased with metal inclusion when 7 µm nickel particles
were added to the mixture, (Figure S 4.5). The amplitude sweep tests were carried out at 1 rad s-1
(Figure S 4.5a), and the linear viscoelastic region extended up to about 4 – 12 %, (Figure S 4.5b),
much higher than the 0.5 % constant strain for frequency sweep tests. The yield stress determined
from the G′ = G″ crossover point ranged from about 60 - 300 Pa, (Figure S 4.5c). The yield stress
determined from strain versus stress plot show yield stress at the crossover point (pink circle)
ranging from about 40 to 360 Pa, where the stress was increasing with nickel inclusion, (Figure S
4.5d). The stress growth test demonstrated a similar trend, where the yield stress increased with
metal inclusion, from about 70 to 300 Pa, (Figure S 4.5g). The elastic and viscous modulus
increased from about 1.6 kPa to 11 kPa for G′ and from about 50 to 2.8 kPa for G″, (Figure S
4.5e). The flow sweep results indicated the same shear thinning trend with shear rate where the
viscosity at 1 s-1 increased from about 60 to 200 Pa s, (Figure S 4.5f).
When smaller particle size, 800 nm, nickel was added into the mixture, the rheology
showed a similar trend as the 7 µm nickel mixtures, (Figure S 4.6). The sample with 10 wt%
nickel particle solidified during the overnight stabilization period, so the rheology was not tested.
The amplitude sweep test was carried out at 1 rad s-1 (Figure S 4.6a), and the linear viscoelastic
region extended to 6 – 9 %, (Figure S 4.6b). The stress when G′ = G″ ranged from 80 to 450 Pa,
(Figure S 4.6c), while the yield stress from the strain versus stress curve from amplitude sweep
test increased from about 60 to 550 Pa, (Figure S 4.6d). The stress growth test produced similar
yield stress as the amplitude sweep results where the yield stress increased from about 90 to 500
Pa with increasing nickel inclusion, (Figure S 4.6g). The flow sweep test showed shear thinning
behavior with the viscosity at 1 s-1 increasing from about 90 to 300 Pa s, (Figure S 4.6f). The
elastic modulus from the frequency sweep increased from 2 kPa to about 14 kPa for G′ and from
about 200 Pa to 4 kPa for G″ with nickel inclusion, (Figure S 4.6e).
The nano-nickel metal pastes that were sonicated at higher energy than 12 kJ had a
general trend of increasing rheological properties, (Figure S 4.7). The 2 wt% nano nickel samples
sonicated between 12 - 24 kJ, had an increase in average elastic modulus from about 2 kPa to 7.5
kPa, (Figure S 4.7e). The yield stress values from the G′ = G″ intersection (Figure S 4.7c), strain
versus stress fitted line intersection (Figure S 4.7d), and from the stress growth text (Figure S
4.7g) are found to be in 80 - 190 Pa, 60 - 260 Pa, and 90 - 210 Pa respectively, depending on
sonication energy. The viscosity increased from 90 to 170 Pa s at shear rate of 1 (Figure S 4.7f).

113
Metal particle appears to have an enhancing effect on the sonication. As the particles
disperse through sonication, it likely creates additional micro air cavities throughout the mixture,
creating oxide skin enhancing the structural integrity of the paste. Overall, the metal paste
composed of nano-nickel particles on average had larger rheological properties than micro nickel
pastes of the same composition and sonication energy. This is likely due to the larger number of
nickel particles in the nano-nickel mixture that act to amplify the effect of sonication.

4.6.2.3

Sample oxidation during sonication
In order to isolate the effect of oxidation during sonication as a viscosifying force,

nitrogen purged experiments were conducted. For this experiment, pure Galinstan sample in a
beaker was covered with cling-film, purged with nitrogen gas for 15 minutes. Then the sample
was sonicated with 24 kJ while the nitrogen purging continued during sonication. The sample
container was then wrapped in parafilm and stored overnight before testing. The rheology test
took place exposed to air and the results were summarized in Table S 4.1.
The rheological data for a pure Galinstan mixture sonicated in air for 24 kJ was compared
to the same kind of mixture sonicated in nitrogen for 24 kJ, (Figure S 4.8). The G′ and G″ of the
air mix was double that of the nitrogen mix, about 1.7 kPa versus 0.9 kPa for G′ and 90 Pa versus
30 Pa for G″, (Figure S 4.8). The yield stress of the air mix was between 70 to 100 Pa
(depending on the method) while the yield stress of the nitrogen mix ranged from 40 to 70 Pa
(depending on the method). The viscosity of the nitrogen sonicated sample was much lower than
the air sonicated sample (about 80 Pa s versus 150 Pa s). The nitrogen sonicated sample results
indicate that the oxidation caused by sonication is the key to building the structure of the metal
paste. When oxidation was prevented by purging with nitrogen, all the main rheological
properties such as modulus, yield stress, and viscosity are dramatically lower than when the
sample was in air.

4.6.2.4

Summary

Table S 4.1 presents a comprehensive list of metal paste properties, some measured directly and
others calculated from the rheology data.
A. Material Processing
•

Energy [kJ]: This is the sonication energy applied to the mixture.

•

Weight [%]: This is the nickel particle weight % in the metal paste mixture.

•

Size [µm]: This is the size of nickel particles added to the mixture.
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B. Frequency Sweep
•

Gap [µm]: The gap length is kept constant by the instrument throughout the experiment. The
gap length is measured automatically by the rheometer by first zeroing the upper geometry
onto the lower plate, then covering the lower plate with the sample and lowering the upper
geometry onto the sample until all sides of the upper geometry is evenly in contact with the
sample.

•

G′ave [Pa] and G″ave [Pa]: The G′ and G″ values are the mean of the frequency sweep data over
the entire frequency (ω) range of the test.

C. Amplitude Sweep
•

LVR [%]: The linear viscoelastic region can be determined from the intercept point of two
regression lines through the G′ data, one line modeling the high modulus region and the
second line modeling the flow region where the G′ drops with strain.

•

G′ [Pa] and Strain [%] (γ): From the typical G′, G″ over strain plot, the flow strain or the
strain when G′ = G″ and this crossover modulus can be determined.

•

Stress [Pa] (σy): The point where G′ = G″ over stress gives the flow stress value which is one
of the methods of determining yield stress.

•

Yield [Pa] (σy) and Yield [%] (γy): When the amplitude sweep stress and strain values are
plotted, the yield stress and strain values can be derived from the intersection of the two
regression lines, first line through the first 10 data points of increasing stress with strain and
the second along the last 10 data points of constant stress with strain. This is the second
method of determining yield stress.

D. Stress Growth
•

Yield [Pa] (σy) and Yield [%] (γy): This is the third method of determining yield stress and
strain. From the stress growth experiment, yield stress versus strain values can be determined
same as with the amplitude sweep data. Two regression lines are drawn through the first 50
data points to model the stress increase with strain and through the last 50 data points where
stress stays constant with strain.

E. Flow Sweep
•

η (1 s-1) [Pa s]: The viscosity of the metal pastes at 1 s-1 listed. The flow sweep show shear
thinning behavior and the different metal pastes show approximately the same shear thinning
slope.

•

K [Pa sn] and n [-]: When the flow sweep data are fitted to a power law model, the viscosity
as a function of shear rate relationship can be linearized. The intercept of the model is the K-
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value or the consistency index which is the modeled viscosity at 1 s-1. The slope of the model
is the n-value, or the flow behavior index describing the degree of shear thinning (n < 1),
shear thickening (n > 1), or Newtonian (n = 1) behavior demonstrated by the materials.

4.6.3

Identifying the printing region
Based on the data from the printing region highlighted in Figure 4.3 (Zone II) and the rest

of the corresponding data gathered from Table S 4.1 here, limits for G′, G″, yield stress, and
viscosity at 1 s-1 were outlined in Table S 4.2. These limits are not hard-set values, it is meant to
give the approximate range of values for the printing paste. The samples whose rheological
properties were below the lower limit retain too much of the properties of pure liquid metal such
as high surface tension and tends to have some phase separation between foamy layer, liquid
layer, and solid particles settling. The samples whose rheological properties were above the upper
limit tends to have characteristics that were too hard and granular, no longer displaying the level
of malleable, self-healing properties that are needed for printing.
Based on the criteria in Table S 4.2, the minimum sonication energy required to reach this
target for 0.8 and 7 µm nickel from 0 to 10 wt% is listed in Table S 4.3. This table can be used to
make liquid metal paste with the rheological properties in the target region given different
parameters. No higher nickel wt% was tested due to tendency for amounts to completely solidify,
such as with 10 wt% 0.8 µm nickel sonicated for 0.4 kJ g-1 (12 kJ for 30 g metal paste). From the
possible combination of options in Table S 4.3, the list can be further slimmed down by selecting
for options with lowest sonication energy (12 kJ), reducing the amount of oxides, which has
insulating properties, to minimum needed to produce a homogeneous mixture. Additionally,
extended sonication of high solids mixture such as this quickly heats up and wears away the
sonicator tip. Therefore, as minimizing sonication time is preferable, formulas with 4 - 8 wt%, 0.8
µm nickel sonicated with 0.4 kJ g-1, or 6 - 10 wt% 7 µm nickel sonicated with 0.4 kJ g-1 are
identified as best choices from production and printing point of view moving forward.

4.6.4

Metal paste extrusion properties
The metal paste properties like the yield stress, particle jamming, and density greatly

affect the dispensing behavior of these material during printing. This means that there is certain
range of conditions that has to be met for the paste to dispense out of the syringe. Summary of the
mean yield stress values and the material density is presented in Table S 4.4. Though there are
three different yield stress values given for each material, all the methods agreed in order of
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magnitude. The density of the material was measured by conventional water displacement
method: 2 - 5 grams of liquid metal mixture was dropped into a known weight of DI water, the
resulting weight difference accounts for the material weight and the resulting volume difference
accounts for the volume of water the material displaced. In order to determine the conditions
under which the material can be dispensed through a syringe needle, a test was carried out to
qualitatively and quantitatively characterize the metal paste flow through different gauge needles
at different pressures.

4.6.4.1

Extrusion characteristics of metal paste
Seven different types of liquid metal and metal pastes were tested to characterize the

dispensing profile in the contour plot, (Figure S 4.9). Three of the materials were pure liquid
metal without nickel addition:
•

Figure S 4.9a: unaltered liquid metal sample with G′ = 1483 Pa (Zone I);

•

Figure S 4.9b: 12 kJ sonication sample with G′ = 530 Pa (Zone I);

•

Figure S 4.9c: 18 kJ sonication sample with G′ = 948 Pa (Zone I).

And four of the samples were nickel particle mixtures (metal pastes):
•

Figure S 4.9d: 2 wt% 800 nm nickel particle mix with G′ = 1920 Pa (Zone I);

•

Figure S 4.9e: 4 wt% 800 nm nickel particle mix with G′ = 8461 Pa (Zone II);

•

Figure S 4.9f: 4 wt% 7 µm nickel particle mix with G′ = 1889 Pa (Zone I);

•

Figure S 4.9g: 6 wt% 7 µm nickel particle mix with G′ = 7522 Pa (Zone II).
The dispensing characterization was done using Ultimus V high precision dispenser

(Nordson EFD, USA), in a 10 cc syringe barrels, with Optimus 12.7 mm general purpose, blunt
end, stainless steel needles. To determine the conditions of metal paste dispensation, pressures up
to 50 psi was applied to the material and needles ranging in diameter from 0.15 - 0.84 mm were
used. The metal paste was packed into the syringe with needle gauges ranging from 18 (0.84 mm)
to 30 (0.15 mm), then dispensing tests were conducted by applying 5, 10, 20, 30, 40, and 50 psi of
air pressure to the syringe. Each material, needle gauge, and pressure combination were tested for
several seconds to qualitatively characterize the flow behavior, and each condition at which the
data were collected were marked with a red cross. The qualitative descriptions of the flow,
separates the material dispension into four groups: good flow, when the flow is continuous and
the diameter of the flow is equal to the diameter of the needle (white); unstable flow, when the
flow is intermittent and/ or the diameter of the flow is larger than the needle (light gray); droplet
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flow, when the flow is discontinuous liquid metal droplets (dark gray); and no flow, when
nothing came out through the needle (black).
The pure liquid metal materials dispensed at 5 psi through needle diameter ranging from
0.15 mm to 0.84 mm. The sonicated liquid metals (Figure S 4.9b and Figure S 4.9c) experience
some unstable and droplet flow at low pressures and small needle diameters. The 2 kPa metal
pastes that are mixtures of liquid metal and low weight percent nickel particles (Figure S 4.9d and
Figure S 4.9f) had little to no flow at P < 10 psi and for needle diameters less than 0.2 mm. At
low pressures P < 20 psi and small needle diameters less than 0.4 mm, the there was more
unstable and droplet flow through the needle. For the high elastic modulus (8 kPa) mixtures
(Figure S 4.9e and Figure S 4.9g), P ≤ 20 psi and needle diameter 0.2 mm had little to no flow.
The qualitative behavior of the flow out of the needle reveal that pure liquid metal,
regardless of sonication can be dispensed out at as low as 5 psi through the 0.2 mm needle. The
high elastic modulus (Zone II) metal pastes on the other hand can only be dispensed at 20 psi or
higher using needle diameter 0.4 mm or larger, while low elastic modulus (Zone I) paste can be
dispensed at slightly lower pressure of 10 psi. For all the metal paste mixtures with G′ between 2
- 8 kPa, the flow was stable at P ≥ 20 psi through nozzle diameters ≥ 0.4 mm.
4.6.4.2

Extrusion speeds of metal paste
The speed at with the liquid metal and metal paste mixtures dispensed from the needle

were approximated by videotaping the dispension of the materials at a specific pressure through a
specific needle gauge for 3 seconds or more. The mixture that was dispensed out in that period
was weighed and the exact time period of the length of dispension was retrieved from the video.
The mass flowrates of the mixtures were converted to volumetric flowrate by using the density
values, then the volumetric flowrate was converted to dispense speeds by dividing by the crosssectional area of the needle. The experimental results can be found in Table S 4.5. The materials
used in this test is the same as in the previous experiment: a pure liquid metal without sonication;
pure liquid metal with sonication; nano-nickel metal paste; and micro-nickel metal paste.
Based on the previous dispension characterization tests, pressure of 20, 30, 40, and 50 psi
and needle diameter of 0.41, 0.61, and 0.84 mm were tested. Unsurprisingly, pure liquid metal
with no sonication had the highest dispense speeds and the pure liquid metals that were sonicated
had slightly lower dispense speeds (103 mm s-1). The metal pastes had slower dispense speeds
than the pure liquid metal samples. The samples with lower elastic modulus and lower nickel
inclusion had higher dispense speeds (102 - 103 mm s-1) than metal pastes with higher elastic
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modulus (10 - 102 mm s-1). For each material, it was the higher the applied pressure and needle
diameter, the higher the dispense speeds. The mixtures had issues with particle jamming and
clogging occurring in the syringe at the barrel/ needle interface. The jamming occurs when the
nickel particles and oxide flakes in the material start to pack at the barrel/ needle interface as
pressure is applied to the material. This creates a gradient when the low viscosity, high density
portion leaves the mixture first, leaving the remaining mixture that is lower density and higher
elastic modulus.

4.6.5
4.6.5.1

Electrical properties of metal paste
Resistivity and conductivity calculations
Four 15 cm long circuits were printed on a glass plate at 20 psi at 30 mm s-1 using 4 wt%

nano-nickel paste, (Figure S 4.10). The Ultimus dispenser with 10 cc syringe barrel and 6.35 mm
blunt end needles were used for the circuit printing. The 4-wire (Kelvin) resistance of the 15 cm
long circuits, seen in Figure S 4.10a, was measured over the linear section at the 90º bend while
the current was provided from the 1 cm extensions at the bend. An approximate dimensions of the
circuit was measured using VHX-5000 and 17.95 ± 0.03 mm section at the center of the circuit
was imaged through 3D stitching for all 4 circuits as seen in Figure S 4.10a. The 3D imaging
allows the measurement of the dimensions of the circuit. To measure the width, the height of 9
spots perpendicular to the circuit was measured, and an example of a measurement across one
spot on circuit 1 is presented in Figure S 4.10b. Then the width was calculated by the gap distance
between the two red circles. Then, for each circuit, the 9 width measurements across the 18 mm
span were averaged. The height of the printed circuit was calculated by averaging the height
measurements across the length of the 18 mm circuit as seen in Figure S 4.10c.
The dimensions of the circuit and the electrical properties of the materials for each circuit
is listed in Table S 4.6. The cross sectional area of the circuit is calculated as a trapezoid, where
the first base is the width, the second base is 90 % of the width, and the height is the average
circuit height. This area and the circuit length were used to calculate the resistivity and the
conductivity of the material. The average resistivity of the four circuits was 4.04 × 10-7 ±
2.41×10-7 Ω m and the average conductivity of the circuits was 3.25 × 106 ± 1.43 × 106 S m-1.
However, the circuit 4 appeared to be an outlier due to the fact that the section of the circuit that
was measured through the 3D microscope was not representative of the circuit as a whole.
Therefore, the circuit 4 data was excluded and after recalculations, the average resistivity was
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2.68 × 10-7 ± 5.54 × 10-6 Ω m (n = 3) and the average conductivity was 3.93 × 106 ± 9.50 × 105 S
m-1 (n = 3).

4.6.5.2

Strain sensor testing
A simple circuit was constructed from metal paste enclosed in Ecoflex 30 (Smooth-On,

USA). The metal paste circuit was directly printed on top of a sheet of cured Ecoflex and the
copper wire connections inserted into the ends of the metal paste to complete the circuit. The
second layer of silicone enclosing the circuit was poured directly over the circuit soon after
mixing with planetary centrifugal mixer ARE-310 (Thinky, Japan). Once the second layer was
cured the circuit was cut to shape out of the sheet.
The entire sensor had 15 cm sensing element that is single line with t-shaped ends that are
2 cm lines perpendicular to the main line. At the t-shaped ends, the thin copper wires were
overlaid with the metal paste. The sensor electrical response to engineering strain was
characterized using 4 wire resistance multimeter and ESM-1500 tension/ compression test stand
(Mark-10, USA). Figure S 4.11 shows still images from the two types of strain tests: (a) strain
cycling test where the sensor was stretched (200 %) and relaxed (0 %) 10 cycles and (b) a
catastrophic failure test where the sensor was stretched until it broke at 352 %.

4.6.6
4.6.6.1

3D Printing with metal paste
3D printer setup with custom extruder head
The metal paste was printed using the setup presented in Figure S 4.12a with a custom

design extruder head to hold the 10 cc barrel (Figure S 4.12b). An addition of manual z-axis
control in the extruder head helped change and set the initial gap height between the tip of the
nozzle and the print surface. The CAD files (AUTODESK Inventor Professional 2017) and
the .STL files for 3D printing are provided in the link below. The extruder head was 3D printed
using Connex2 Objet350 (Stratasys, USA).
•

https://grabcad.com/library/custom-design-extruder-head-for-anet-a8-1

The metal paste can be 3D printed (Video S 4.2), shows structural integrity (Video S 4.3), and
demonstrates self-healing properties (Video S 4.1).

4.6.7

Experimental difficulties
In any research, there are difficulties with some aspects of the study that takes time and

many failed iterations to resolve and some cases are not resolved fully as it will require resources
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beyond what is available at the time. Too often, these problems are glossed over with little
discussion of the iterations, failures, and unresolved issues that may leave the readers with an
impression of the work that lacks depth and complexity. This makes any replications or
continuations of the work problematic as the new researchers often have to walk through the
same pitfalls, losing time, or do not have a clear idea of why certain things are done the way they
are instead of an alternative. These issues can range from having difficult material behavior, the
natural variability of the samples, imperfect experimental setup limited by equipment, non-ideal
testing procedure for a novel material. This section will discuss major issues encountered in this
study along with possible solutions that can be explored in the future.

4.6.7.1

Continuously evolving nature of the material
The metal paste requires well over four hours after it is sonicated to structurally stabilize,

as seen by the rheological data. There is evidence that the structural change continues to occur for
long term, at least for high elastic modulus pastes, displayed by pastes > 10 kPa solidifying over
several month time frame or pastes > 30 kPa solidifying overnight. Even though the materials
used to characterize the dispensing and electrical properties of the material were under 10 kPa at
the time the rheology was measured, these mixtures were several months old by the time it was
used. Therefore, the rheology of these pastes might have changed from when the mixture was
made and measured to the time when various experiments were carried out. Currently there is no
measurement of the long term change to the rheology of the material under 10 kPa and there is no
obvious change in the material texture. Unfortunately, this material is pricey, about $97/ 50
grams,[152] therefore it would become extremely costly to discard mixtures and make new ones for
every single test.

4.6.7.2

Variability of the material based on equipment wear
There appears to be some variability in the product outcome based on the wear and tear of

the sonicator tip. New tip typically produce focused pressure flux/ acoustic field from the flat
surface of its tip, creating cavitation bubbles from the bottom of the tip. However, as the high
solid mixture quickly wears away the titanium coated tip (5 - 10 uses before tip stops working),
the erosion creates uneven surface features that ends up producing cavitation bubbles on the sides
of the tip instead of just the flat bottom. The eroded tips have shown to produce pastes that are
higher elastic modulus than the new tips. An example of this difference can be seen on 10 wt%
micro-nickel mixture sonicated 12 kJ that had G′ of 32 kPa when it was first made with older tip
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with a lot of surface topography, but the next time a same mixture was made with a newer tip
without pitting, G′ was 11 kPa. Each tip is worth $310,[153] therefore it would be unfeasible to
replace the tip after only one or two uses in order to reduce variability between batches.

4.6.7.3

Material gradation during printing
During the course of printing and dispensing the metal paste, a change in the behavior of

the paste was identified. There was a noticeable change in the consistency of the paste being
dispensed out of the syringe. The first part of the dispensate was visibly of lower viscosity and
lower elastic modulus than subsequent materials from the same batch of material loaded into the
syringe. The gradual increase in material viscosity and elastic modulus as more of the loaded
batch was dispensed out, indicated a gradient forming in the material where the high density and
low viscosity liquid phase exits the syringe first, while the lower density and higher viscosity
phase further up the syringe barrel comes out later. Often times the needle becomes clogged and
upon inspection of the syringe barrel, there is a densely packed paste in the syringe barrel and
needle interface. This change in packing density and clogging occurring during pressure
application to the material correspond with particle jamming behavior observed in other fields
such as oil drilling, grain storage in silos, and chemical processing in fluidized bed.[154] Similar
clogging behavior was observed during 3D printing of semi-solid bismuth tin slurry due to
packing of solid microstructures and dendrites at the printer nozzle.[83] This problem was
mitigated by installing a grooved spindle into the nozzle-reservoir complex that pre-sheared the
material in addition to the pressure driven flow used to print the material. From microscopic
imaging of the printed filaments, pre-shearing broke apart the dendritic structures into smaller
block structures that was less likely to accumulate at the nozzle tip and cause clogging.[83] A
future iteration of the metal paste printer will be incorporating this spindle/ mixer design into the
head that will pre-shear the paste and reduce the particle packing and jamming behavior inside
the reservoir.
Jamming occurs when the particles in a soft solid material forms force chains along the
compressional direction,[155] in the case here, that would be along the length of the syringe as the
barrel piston pushes down on the paste. Jammed colloid can be modeled by a network of force
chains in a bulk of spectator particles.[155] When the orientation of the stress changes, the old force
chain is abandoned and new one forms in response. Under affine assumption, the effect of a force
acting globally directly translate on a local level. However, this assumption break down as the
material approach jamming.[156] Diverse range of materials such as foams, emulsions, colloidal
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suspensions, and granular media can experience jamming.[156] Unfortunately, jamming is a
complex problem that is still prevalent in natural and industrial processes.[157] A study of granular
materials flowing under gravity such as through silos revealed that there are three flow regimes:
dilute flow, dense flow, and jammed.[157] The probability of jamming can be described in terms of
the probability of forming stable jamming arch along the restriction area. A study of particle
jamming across 2D restriction modeled with spherical disks showed that particle diameter to
restriction diameter is the determining parameter for the probability of jamming.[157]
In the present printing system, several frequent printing problems were identified to be
same as those that plague others working with suspended solids, such as the cement industry. The
most common flow problem was the formation of a cohesive arch when particles pack together
near the outlet to form an obstruction.[158] The metal paste material experienced
arching/bridging/clogging fairly regularly. Another flow issue happens when an inner channel of
flow forms in the dispensing system with stagnant material packing the sides of the channel, also
known as ratholing.[158] When ratholing was observed, lower viscosity liquid metal would quickly
dispel out of the syringe while a visible layer of densely packed particles formed on the sides of
the barrel. Considering that the nickel particles and in some sense even the oxide flakes are
suspended in the liquid metal phase, when the cohesive arches formed some of the liquid phase
essentially filtered/ drained out of the solid phase under pressure. In some cases, there was erratic
flow caused by the alternating between ratholing and arching. In the cement industry the erratic
flow can occur due to flow obstruction failures caused by ambient vibrations, or flow aid devices
such as air cannon or vibrator.[158] With the metal paste, the flow obstructions can be disrupted by
replacing the needle tip with a fresh one, applying higher pressure, and quickly dispensing some
material without a needle to remove obstructions.

4.6.7.4

Material testing limitations
In order to measure the density of the metal pastes, the paste had to be submerged in

water and the displacement volume of the water was measured to determine density. Since the
paste might form small enclosed pockets of water, the material cannot be recovered after the test,
therefore about 2 g of sample was used for each test and there were no replicates for each
measurement. On average, there was less than 1 mL of volume displacement and this
displacement was measured from a graduated cylinder by eye so this method gave variable
results. A gas pycnometer would have given more accurate, automated reading of the material
volume without destroying the sample. Unfortunately, we lacked access to this instrument so had
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to make arrangements with what was available. However, the proximity of the density of pure
liquid mental calculated using the water displacement method (6.1 g mL-1) to reported liquid
mental density (6.4 g mL-1)[126] indicates that densities obtained in this study were likely slight
underestimates of the true densities.
The small level of uncertainty in the density calculation as well as the jamming and
gradient formation mentioned previously makes the dispense speed measurements difficult. In
order to accurately measure the dispensing speed, the material being dispensed needs to be fairly
homogeneous and come out of the nozzle at the same speed given constant pressure for the
duration of the dispensing period. However, due to the gradient formation in the material, what is
being dispensed in the beginning is the lower viscosity/ elastic modulus mixture and the mixture
becomes more viscous/ higher elastic modulus over time. The gradient does not necessarily form
in a repeatable way, so when the same mixture is being utilized to test dispensing speeds at
multiple pressures and tip sizes, there could be inconsistency between the results. This means the
mass flowrate of the mixture is an average of various consistency mixes exiting the needle tip.
Additionally, the density is required to convert the mass flowrate to volumetric flowrate which is
further converted to print speed. The offset in the density measurements would result in offset in
the speed calculation as well.

Figures and Tables

124

Figure S 4.1. Liquid metal processing and printing setup. (a) Sample sonication setup and (b) a
diagram of the gallium alloy and nickel mixture in a cooling bath. Pictures of pure Galinstan
without sonication (c), after 2 (d) and 4 (e) minutes of sonication. Pictures of Galinstan and nickel
paste after 2 (f), 4 (g), and 6 (h) minutes of sonication exposed to air.
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Figure S 4.2. Rheological time sweep at 0.5 % strain and 1 rad s-1 of liquid metal mixtures in the
4 hours right after sonication. (a) Pure liquid metal sonicated with 36 kJ almost doubled in
modulus over 4-hour period. (b) Liquid metal mixture with 10 wt% micro nickel particle
sonicated with12 kJ saw more than 15 times increase in initial value of the elastic modulus in 4
hours. (c) Liquid metal with 10 wt% micro nickel was sonicated with 18 kJ and the mixture was
stored under nitrogen blanket overnight before testing. There is about 100 % increase in modulus
over the 4 hours.
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Figure S 4.3. Summary of the rheology test results for pure liquid metal with no nickel, and
sonicated for different lengths of time (represented by sonication energy). The sonication energy
range from 0 to 36 kJ, symbols representing the sonication energy can be found in the legend. For
(a), (c), and (e) closed symbols are elastic modulus (G′) and open symbols are viscous modulus
(G″). Black lines represent the linear regression lines fitted to the logarithmic values at the low
range and high range of x-values. The pink circles represent the crossover or intersection point of
the two lines. The plotted data in red are unaltered liquid metal, no nickel addition and no
sonication. (a)-(d) The amplitude sweep at 1 rad s-1: (a) G′, G″ versus strain % where the G′ = G″
is marked (pink circle); (b) G′ versus strain % with the intersection of the regression lines used to
calculate the limit of the linear viscoelastic region (LVR); (c) G′, G″ versus stress plot where G′ =
G″ is marked (pink circle); and (d) stress versus strain plot where the intersection of the
regression lines mark the yield stress and strain (pink circle). [Continued to the next page.]
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Figure S 4.3. [Continued from the previous page.] (e) The frequency sweep plot of G′, G″ over
frequency at 0.5 % strain. (f) The flow sweep data plotted as viscosity over shear rate, which was
used to fit regression lines for power law model. (g) Stress growth at 0.01 s-1 producing plot of
stress versus strain where the regression line intercept point marks the yield stress and strain (pink
circle).
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Figure S 4.4. Summary of rheology test results for liquid metal with 10 wt% micro-nickel, and
sonicated for different sonication energy. The sonication energy range from 0 to 18 kJ, symbols
representing sonication energy is found in the legend. For (a), (c), and (e) closed symbols are G′
and open symbols are G″. Black lines represent the linear regression lines while the pink circles
represent the intersection point of the two lines. The data in red are unaltered liquid metal, no
nickel and no sonication. (a)-(d) The amplitude sweep at 1 rad s-1: (a) G′, G″ versus strain %
where the G′ = G″ is marked (pink circle); (b) G′ versus strain % with the intersection of the
regression lines used to calculate the limit of the linear viscoelastic region (LVR); (c) G′, G″
versus stress plot where G′ = G″ is marked (pink circle); and (d) stress versus strain plot where
the intersection of the regression lines mark the yield stress and strain (pink circle). [Continued to
the next page.]
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Figure S 4.4. [Continued from the previous page.] (e) The frequency sweep plot of G′, G″ over
frequency at 0.5 % strain. (f) The flow sweep data plotted as viscosity over shear rate, which was
used to fit regression lines for power law model. (g) Stress growth at 0.01 s-1 producing plot of
stress versus strain where the regression line intercept point marks the yield stress and strain (pink
circle).
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Figure S 4.5. Summary of rheology test results for liquid metal with micro-nickel (7 µm)
sonicated for 12 kJ. The nickel addition ranging from 0 - 10 wt%, symbols representing nickel
wt% can be found in the legend and for (a), (c), and (e) closed symbols are elastic modulus (G′)
and open symbols are viscous modulus (G″). Black lines represent the linear regression lines
fitted to the low range and high range of x-values. Pink circles represent the crossover or
intersection point of two lines. The plotted data in red are unaltered liquid metal, no nickel
addition and no sonication. (a)-(d) Amplitude sweep at 1 rad s-1: (a) G′, G″ versus strain % where
the G′ = G″ is marked (pink circle); (b) G′ versus strain % with the intersection of the regression
lines used to calculate the limit of the linear viscoelastic region (LVR); (c) G′, G″ versus stress
plot where G′ = G″ is marked (pink circle); and (d) stress versus strain plot where intersection of
the regression lines mark the yield stress and strain (pink circle). [Continued to the next page.]
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Figure S 4.5. [Continued from the previous page.] (e) Frequency sweep plot of G′, G″ over
frequency at 0.5 % strain. (f) Flow sweep data plotted as viscosity over shear rate which was used
to fit regression lines for power law model with K (consistency index) and n-values were
determined from the model. (g) Stress growth at 0.01 s-1 test producing plot of stress versus strain
where the regression line intercept point marks the yield stress and strain (pink circle).

132

Figure S 4.6. Summary of rheology test results for liquid metal with nano-nickel (800 nm)
sonicated for 12 kJ. The nickel addition ranging from 0 - 8 wt%, symbols representing nickel
wt% can be found in the legend and for (a), (c), and (e) closed symbols are elastic modulus (G′)
and open symbols are viscous modulus (G″). 10 wt% nickel data is not present because the
sample solidified quickly after sonication. Black lines represent the linear regression lines fitted
to the low range and high range of x-values. Pink circles represent the crossover or intersection
point of two lines. The plotted data in red are unaltered liquid metal, no nickel addition and no
sonication. (a)-(d) Amplitude sweep at 1 rad s-1: (a) G′, G″ versus strain % where the G′ = G″ is
marked (pink circle); (b) G′ versus strain % with the intersection of the regression lines used to
calculate the limit of the linear viscoelastic region (LVR); (c) G′, G″ versus stress plot where G′ =
G″ is marked (pink circle); and (d) stress versus strain plot where intersection of the regression
lines mark the yield stress and strain (pink circle). [Continued to the next page.]
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Figure S 4.6. [Continued from the previous page.] (e) Frequency sweep plot of G′, G″ over
frequency at 0.5 % strain. (f) Flow sweep data plotted as viscosity over shear rate which was used
to fit regression lines for power law model with K (consistency index) and n-values were
determined from the model. (g) Stress growth at 0.01 s-1 test producing plot of stress versus strain
where the regression line intercept point marks the yield stress and strain (pink circle).
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Figure S 4.7. Summary of rheology test results for liquid metal with nano-nickel (800 nm). The
nickel addition ranging from 2 - 4 wt% sonicated 12 - 24 kJ, symbols representing nickel wt%
can be found in the legend and for (a), (c), and (e) closed symbols are elastic modulus (G′) and
open symbols are viscous modulus (G″). Black lines represent the linear regression lines fitted to
the low range and high range of x-values. Pink circles represent the crossover or intersection
point of two lines. The plotted data in red are unaltered liquid metal, no nickel addition and no
sonication. (a)-(d) Amplitude sweep at 1 rad s-1: (a) G′, G″ versus strain % where the G′ = G″ is
marked (pink circle); (b) G′ versus strain % with the intersection of the regression lines used to
calculate the limit of the linear viscoelastic region (LVR); (c) G′, G″ versus stress plot where G′ =
G″ is marked (pink circle); and (d) stress versus strain plot where intersection of the regression
lines mark the yield stress and strain (pink circle). [Continued to the next page.]

135

Figure S 4.7. [Continued from the previous page.] (e) Frequency sweep plot of G′, G″ over
frequency at 0.5 % strain. (f) Flow sweep data plotted as viscosity over shear rate which was used
to fit regression lines for power law model with K (consistency index) and n-values were
determined from the model. (g) Stress growth at 0.01 s-1 test producing plot of stress versus strain
where the regression line intercept point marks the yield stress and strain (pink circle).
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Figure S 4.8. The major changes in the rheological properties of liquid metal were the result of
gallium oxidation. This is demonstrated by this experiment where pure liquid metal with no
nickel particle addition was sonicated under nitrogen gas purge (white bar) and compared to the
same type of sample that was sonicated exposed to air (light gray bar) for the same duration
adding up to 24 kJ of sonication. Elastic modulus (G′), viscous modulus (G″), stress (σ), and
viscosity (η) values for the sample sonicated under nitrogen purge is much lower than the sample
purged with air. The values are comparable to the sample that was sonicated for the half of the
amount of energy. Even though the samples were purged with nitrogen gas before and during the
sonication, they were exposed to air during rheological measurement, allowing oxidation to take
place. Therefore, it is highly probable that the initial rheological properties of the nitrogen purged
sample would likely be lower than the amount measured here.
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Figure S 4.9. Liquid metal dispensing profile for needle gauge 18 - 30 (diameter 0.84 - 0.15 mm) as the pressure is increased from 5 to 50 psi.
Pure liquid metal with no nickel addition: (a) no sonication sample with G′ ≈ 1.5 kPa, (b) 12kJ sonication sample with G′ ≈ 0.5 kPa, and (c) 18
kJ sonication sample with G′ ≈ 1 kPa. Liquid metal with nickel particle mixtures sonicated with 12 kJ: (d) 2 wt%, 800 nm nickel sample with
G′ ≈ 2 kPa; (e) 4 wt%, 800 nm nickel sample with G′ ≈ 8 kPa; (f) 4 wt%, 7 µm nickel sample with G′ ≈ 2 kPa; and (g) 6 wt%, 7 µm nickel
sample with G′ ≈ 8 kPa.
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Figure S 4.10. Resistance testing of four 15 cm metal paste circuits: (a) circuit layout printed on
glass plate with 17.95 ± 0.03 mm (n = 4) sections at the center of each circuit imaged through 3D
stitching; (b) the 3D scanning allowed measurement of the circuit width which was calculated as
the gap between the two red circles and (c) the height.
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Figure S 4.11. Still images from the videos of strain testing of enclosed metal paste Ecoflex
sensor: (a) strain cycling test where the sensor is stretched up to 200 % and (b) a catastrophic
failure test where the sensor was stretched to 352 % before the sensor broke.
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Figure S 4.12. (a) Metal paste printer setup with the Ultimus high precision dispenser seen on the
left. (b) 3D printed custom design extruder head with an attached 10 cc barrel.
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Table S 4.1. Summary of the rheology results for the metal paste mixtures. Material processing:
sonication energy, nickel weight percent, and particle size used to make the paste (N/A - pastes
made using only liquid metal, no nickel added). Frequency sweep at 0.5 % strain: rheometer plate
gap height, calculated average G′ and G″. Amplitude sweep: calculated LVR value from G′
versus strain plot linear fit intersection point; G′, G″ versus strain plot used to get the flow point
(G′ = G″) G′ value and the strain where these values intersect; G′, G″ versus stress plot used to get
the stress where G′ = G″ is determined; plot of stress versus strain from amplitude sweep data is
used to determine the yield stress and strain using linear fit intersection point. Stress growth:
stress versus strain plot was used to calculate the yield stress and strain from the intersection point
(N/A - missing data). Flow sweep: the measured viscosity at 1 s-1, plot of viscosity versus shear
rate was used to make power law model fit which gives K (consistency index) and n-value.
[Continued to the next page.]
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Material Processing

Frequency Sweep (0.5 % strain)
G′, G″ v. ω

Stress Growth (0.01 s-1)

Amplitude Sweep (1 rad/s)

Flow Sweep

Sonication

Nickel

G′ v. γ

G′, G″ v. γ or σ (G′ = G″)

σ v. γ

Energy

Weight

Size

Gap

G′ave

G″ave

LVR

G′

γ

σy

σy

γy

σy

σ v. γ
γy

η (1 s-1)

K

n

[kJ]

[%]

[µm]

[µm]

[Pa]

[Pa]

[%]

[Pa]

[%]

[Pa]

[Pa]

[%]

[Pa]

[%]

[Pa s]

[Pa sn]

[-]

0

0

N/A

1100

1483

32

6.6

28

147.8

59

40

2.7

70

7.7

62

62

-0.02

6

0

N/A

1300

593

15

12.7

24

164.6

56

37

5.8

66

7.8

63

64

-0.024

12

0

N/A

1400

530

20

12.7

28

144.6

56

38

7.1

65

8.8

61

62

-0.032

18

0

N/A

1350

948

33

10

35

136.9

69

54

5.6

77

6.8

134

131

-0.121

24

0

N/A

1200

1651

89

7.6

42

144.9

85

73

4.6

103

7.8

147

160

-0.029

30

0

N/A

1400

6298

308

3.3

127

107

192

226

3.6

302

7.8

337

216

-0.017

36

0

N/A

1100

1827

52

11.2

31

205.3

90

68

6.7

66

7.8

56

60

-0.011

6

10

7

1650

20019

6051

6.2

988

27.5

384

411

3.8

414

6.2

402

381

-0.041

12

10

7

1700

32141

9993

7.4

1558

27.4

605

755

5.6

712

6.5

511

532

-0.037

18

10

7

1500

33752

10130

4

1054

29

432

336

2.7

N/A

N/A

424

448

-0.08

12

2

7

1500

1568

52

10.6

31

135

59

42

5.8

70

5.6

62

62

-0.021

12

4

7

1400

1889

128

11.5

39

142.8

79

66

6.6

95

8.8

81

79

-0.035

12

6

7

1450

7522

940

3.6

208

69.1

203

198

3.2

212

6.6

189

189

-0.015

12

8

7

1300

8749

1461

5

198

79.8

224

223

3.8

243

7.2

193

194

-0.021

12

10

7

1400

10912

2732

9.3

468

45.9

304

355

7.4

298

5.2

191

198

-0.022

12

2

0.8

1300

1920

167

9.1

41

135.4

79

59

5

87

7.3

89

87

-0.027

12

4

0.8

1300

8461

1296

6.4

317

65.2

292

354

6.2

310

10.7

191

197

-0.024

12

6

0.8

1150

14253

3550

5.9

559

42.5

336

362

5.2

334

3.7

310

288

-0.01

12

8

0.8

1100

13344

3881

9.4

853

37

446

554

12.1

484

4.8

281

301

-0.031

18

2

0.8

1050

2705

329

9.4

51

138

100

94

6.7

132

12.6

108

101

-0.027

24

2

0.8

1300

7487

647

5.3

130

101.8

187

262

4.4

209

6

166

163

-0.036

18

4

0.8

Power law

1400

6667

1273

5.2

144

81.7

167

142

3.4

171

5.4

151

156

-0.04

Minimum

1050

530

15

2.1

24

13.6

56

37

2.7

65

1.6

56

60

-0.121

Average

1334

8396

1963

7.8

316.1

100.4

205

216

5.4

215

7.2

191

188

-0.033

Maximum

1700

33752

10130

12.7

1558.1

205.3

605

755

12.1

712

12.6

511

532

-0.01

1150

853

29

9

32

129.4

59

42

4.8

71

7.1

77

67

-0.014

24 (in N2)

0

N/A
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Table S 4.2. Rheological properties and limits corresponding with metal paste printing region
(Zone II). At less than the lower limit, the formula is too liquid and higher than the upper
limit, the formula is too solid. The values are approximate limits.
Property
Lower limit Upper limit
3000
15000
G′ave [Pa]
400
4000
G″ave [Pa]
100
400
σy [Pa]
-1
150
400
η at 1 s [Pa s]

Table S 4.3. Minimum sonication energy per gram of mixture required to meet the limits of
the parameters described in Table S 4.2.
Nickel
[wt%]
0
2
4
6
8
10

0.8 µm
[kJ g-1]
>>1
0.8
0.4
0.4
0.4
<0.4

7 µm
[kJ g-1]
>>1
>0.4
>0.4
0.4
0.4
0.4
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Table S 4.4. Using the data from the three different methods of determining material yield
stress, the mean yield stress and strain values along with the standard deviation were
calculated for each type of material. The density of each material was calculated using a
simple water displacement method.
Sonication
Energy
[kJ]
0
6
12
18
24
30
36
6
12
18
12
12
12
12
12
12
12
12
12
18
24
18

Nickel
Weight
[%]
0
0
0
0
0
0
0
10
10
10
2
4
6
8
10
2
4
6
8
2
2
4

Yield Stress
Size Mean St. Dev.
[µm] [Pa]
[Pa]
N/A 56
15
N/A 53
15
N/A 53
14
N/A 67
12
N/A 87
15
N/A 240
57
N/A 75
13
7
403
17
7
690
77
7
384
68
7
57
14
7
80
14
7
204
7
7
230
11
7
319
31
0.8
75
15
0.8
319
32
0.8
344
16
0.8
495
55
0.8
109
21
0.8
219
38
0.8
160
16

Yield Strain
Mean St. Dev.
[%]
[%]
5.2
3.5
6.8
1.4
8
1.2
6.2
0.8
6.2
2.3
5.7
3
7.2
0.8
5
1.7
6.1
0.6
2.7
5.7
0.1
7.7
1.5
4.9
2.4
5.5
2.4
6.3
1.6
6.1
1.6
8.4
3.2
4.5
1.1
8.4
5.2
9.7
4.1
5.2
1.2
4.4
1.5

Density
[g mL-1]
6.1
6.1
5.8
5.1
4.5
5.1
5.8
5.9
6.4
6.3
5.2
4.7
4.9
4.7
6.4
4.1
5.6
6.3
6.2
4.4
4.9
5.9
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Table S 4.5. The dispensing test in Figure S 4.9 shows that all the mixtures had some form of flow at pressures 20 psi. Therefore, in order to determine
print speeds for liquid metal, needle gauges 18 (0.84 mm), 20 (0.61 mm), and 22 (0.41 mm) at 20 to 50 psi was tested. Samples that were used to
characterize the print speed were: pure gallium alloy without sonication, two gallium alloy samples with sonication, two nano-nickel paste samples, and
two micro-nickel paste samples. The nickel content, sonication energy, and the average elastic modulus of the material are given above the table. The mass
flowrate (F) and print speed (v) of each material is listed for the different needle diameter (D) and dispensing pressure (P).
Pure GaInSn

GaInSn w/ sonication

Paste w/ nano-Ni

Paste w/ micro-Ni

Nickel (wt%)

0

0

0

2

4

4

6

Sonication (kJ g-1)

0

0.4

0.6

0.4

0.4

0.4

0.4

G′ (Pa)

1483

530

948

1920

8461

1889

7522

D

P

F

v

F

v

F

v

F

v

F

v

F

v

F

v

[mm]

[psi]

[g s-1]

[mm s-1]

[g s-1]

[mm s-1]

[g s-1]

[mm s-1]

[g s-1]

[mm s-1]

[g s-1]

[mm s-1]

[g s-1]

[mm s-1]

[g s-1]

[mm s-1]

0.41

20

2.99

3723

1.5

1960

1.61

2382

1.08

2004

0.06

81

0.39

632

0.04

59

0.41

30

3.94

4900

1.9

2486

2.13

3144

1.05

1960

0.06

85

0.45

729

0.03

38

0.41

40

4.54

5646

2.46

3217

2.68

3972

1.45

2700

0.06

80

0.6

969

0.02

31

0.41

50

5.12

6367

3.59

4685

3.78

5591

1.78

3308

0.12

165

0.74

1190

0.23

349

0.61

20

6.95

3907

3.97

2345

3.47

2316

1.05

884

0.05

28

0.42

310

0.11

76

0.61

30

8.32

4677

5.65

3331

5.69

3804

2.21

1856

0.17

104

0.77

564

0.09

62

0.61

40

9.94

5583

7.19

4244

7.08

4732

5.37

4512

0.19

116

1.16

849

0.12

85

0.61

50

11.09

6231

8.37

4936

8.51

5687

6.23

5235

0.27

167

2.08

1517

0.23

158

0.84

20

14.88

4410

8.5

2644

8.29

2921

5.36

2377

0.07

22

2.02

779

0.04

16

0.84

30

19.59

5804

12.03

3742

13.01

4586

8.5

3768

0.25

81

2.89

1113

0.12

43

0.84

40

24.23

7178

15.28

4754

14.06

4956

12.83

5688

0.58

186

6.74

2600

0.22

80

0.84

50

25.5

7555

18.94

5894

19.42

6845

16.17

7167

0.38

124

6.45

2488

0.21

75
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Table S 4.6. Properties of the four metal paste circuits. All the circuits were 150 mm long, with
the widths of the circuits ranging from about 1000 to 1700 µm, while the heights of the circuits
vary from about 330 to 1300 µm. The resistance of the circuits was all just under 100 mΩ. The
resistivity of the material was calculated by assuming the cross sectional area of the circuit as a
trapezoid. The conductivity was the inverse of the resistivity.
Dimensions
Circuit L
Wave
#
[mm] [µm]
1
150
1003
2
150
1122
3
150
1105
4
150
1679

Electrical Properties
Have Resistance Resistivity
[µm] [Ω]
10−7 [Ω m]
332
0.09
1.9
518
0.08433
3.1
542
0.08
3.04
1273 0.06
8.12

Conductivity
106 [S m-1]
5.27
3.22
3.29
1.23

Video S 4.1. Demonstration of the self-healing properties of the metal paste. A video showing the
self-healing properties of the metal paste through two different demonstrations: 00:00 to 00:23
shows an intact Ecoflex sensor being clamped down, causing it to lose conductivity, then the
sensor is un-clamped and the sensor is massaged until the paste heals and conductivity returns;
00:24 to 00:39 shows a torn Ecoflex sensor regaining conductivity anytime the sensor ends touch.
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fadmt.201700351&
attachmentId=2189476710

Video S 4.2. A video of the vertical structures shown in Figure 4.5 being printed: at timestamp
00:00, 20-mm diameter ring was printed; at 00:28, 20 mm diameter spiral was printed; at 00:50,
6-sided star was printed; and at 01:04, 7-mm tall square with a diagonal line was printed.
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fadmt.201700351&
attachmentId=2189476712
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Video S 4.3. Structural integrity of the metal paste. This videos show the pasty texture of the mix
and how it still exhibit structural integrity after perturbation: at timestamp 00:00, a printed square
structure is scooped up with the wall still intact; at 00:04, the spiral structure was pressed,
showing the paste is still soft creamy material; at 00:09 metal paste is dispensed out onto a plate,
showing the retention of filament structure during extrusion.
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fadmt.201700351&
attachmentId=2189476713
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CONCLUSIONS
Soft materials such as pastes, surfactants, polymers, and gels pervade our everyday life

from cosmetics, foods, and medicine to our own bodies. Soft matter has both solid and viscous
properties, which means it has complex flow behavior exhibiting traits of both portions. The
characterization of these materials through rheology allows us to understand its behavior under
various environmental and processing conditions and use this information to manipulate the
material to perform different functions. In this dissertation, I introduced rheological
characterization methods for biofilms and a method of modifying liquid metals. These two
systems seem extremely different due to source (biological versus metallic), function (protection
of bacteria versus conductive material), and potential application of the study on the material
(treatment of infection versus 3D printing stretchable electronics). However, the materials have
some similarities: both materials have the properties of low viscosity liquids but they transform
into complex structured materials that exhibit gel-like rheological behavior.
Pseudomonas aeruginosa generates thick mucus-like biofilm, which is one of its most
important virulence factors, allowing it to persist in extremely hostile environments. This is the
reason P. aeruginosa persists in immunocompromised patients such as CF and burn victims as
well as being a major cause of nosocomial infections. The microbial biofilm is a weak colloidal
hydrogel made up of biopolymers and bacterial clusters. It is difficult to measure the rheology of
a bacterial biofilm because of the inherent variability in bacterial expression controlling the
biofilm development resulting in a heterogeneous material. Additionally, getting sufficient
volume of undisturbed biofilm for the rheometer testing is difficult, especially since the fragile
gel signal from the biofilm structure is notoriously difficult to measure accurately and
reproducibly.
Chapter 2 introduces a method of culturing P. aeruginosa biofilm in the lab environment
and measuring the rheology of the biofilm in a non-destructive way. This method gets
reproducible measurement of the complex rheological parameters like modulus and yield stress
that directly correlate with the strength of the biofilm in the face of external stresses. This
technique can expand from P. aeruginosa to other bacterial cultures to study their biofilm and
investigate the effect of biofilm treatments. Outside of the wastewater treatment field, bacterial
biofilms are a major complication. In the industry, biofilm is an expensive contamination and in
the medical field, biofilm is a dangerous infection. While there are many anti-microbial treatment
options for planktonic cultures, there are not as many options for treating sessile or biofilm
cultures that actually dominate outside of the sterile control of the lab. The biofilm actually
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protects the bacteria from the conventional anti-microbial treatments. Therefore, having a reliable
method of measuring the strength of the biofilm allows for the identification of effective
technique of disrupting the biofilm first before attacking the bacteria using conventional
treatments.
This technique was used to study the impact of nutritional composition on the strength of
the biofilm in Chapter 3. The carbon source, concentration, and osmotic strength affect the
biofilm strength. The rheology, which is the measure of the molecular structure in the biofilm,
also correlates with the crystallization of the material. Therefore, the coverage and complexity of
the ferning pattern correlates with the biofilm strength. The analysis of the biological fluid
ferning pattern supplements other medical diagnosis to identify infections and physiological
changes in the human or animal host. However, the current method of analysis is qualitative and
subjective, so the quantitative methods of ferning analysis introduced in Chapter 3 can be applied
toward the diagnostic field as well.
Eutectic gallium alloys (liquid metals), can self-heal (regain functionality or “heal” from
a break or a crack) and they are stretchable, the qualities which make them great as a conductive
material for soft sensors. However, they also have high surface tension (comparable to its much
more toxic counterpart, mercury) and low viscosity (about twice the viscosity of water), which
makes liquid metals challenging to print, especially when it comes to printing vertical
arrangements. The process of 3D printing relies on the internal structure of each layer of a
filament to hold up the subsequent layers on top. Unfortunately, the only source of structural
stability for liquid metals comes from its nanometer thick oxide skin. Therefore, the continuous
extrusion of the liquid metal requires precise control of the gap between the nozzle and the
surface in addition to a very smooth print surface. Even with the ability to control these
parameters, only short, often unstable structures can be made by stacking small oxide-stabilized
droplets on top of each other. 3D printing has streamlined many processes, but there is still a
barrier to rapidly manufacturing stretchable electronics. The barrier is in part due to the
difficulties involved in printing liquid metals.
The work in Chapter 4 describes the process of modifying the gallium alloy from a low
viscosity liquid to a high viscoelasticity paste by sonicating metal particles into the liquid. The
process is fast, reproducible, and safe. Analysis of the metal paste shows the material has retained
the electrical conductivity, stretchability, and self-healing ability of the unaltered liquid metal but
it is highly structured, making the paste ideal for 3D printing and printing complex electrical
interconnects. The process of material modification was dictated by the rheological behavior of
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the altered product. The final product was designed to be a shear thinning, relatively elastic
material with a yield stress, which means the material extrudes at mechanically achievable shear
rates and holds its structure once it is printed. The material properties open up other opportunities
for this paste to be used on rough and textured surfaces as well as the possibility of co-extrusion
of the paste with elastomers for direct printing stretchable electronics. These stretchable
electronics easily integrates into dynamic environments that regularly experiences large strains
and torques such as textiles and wearable electronics that can conform to a human body.
Rheological techniques allow us to understand the soft materials around us but it is also
an invaluable tool for material design as well. While material characterization is important, the
ultimate goal is to make this deeper understanding an actionable information. In the case of
bacterial biofilms, it would be important to design some new removal techniques for persistent
biofilms or methods for disrupting the biofilm enough to improve the efficacy of traditional antimicrobial agents. My dissertation identifies a method of approaching the problem from the
rheological perspective, specifically how we can identify effective treatment options through its
quantitative impact on the biofilm strength. For additive manufacturing, many different nontraditional materials can be designed with flow properties optimized for 3D printing, which would
further expand the utility of the 3D printing technology. My work in chapter 4 produces a
material that is rheologically optimized for 3D printing which provides an attractive alternative to
requiring users to optimize their printers for the inherent rheological properties of the material.
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APPENDIX A: RHEOLOGY OF AGED MILLER LYSOGENY BROTH MEDIUM

Abstract
Rheological behavior of protein and surfactant solutions are dependent on parameters
such as the surface activity of the proteins, protein concentration, molecular interaction, and aging
of the surfactant or protein layer. The lysogeny broth (LB) is a standard, nutrient-rich, growth
medium used to culture bacteria. This medium is composed of a rich array of biological
components such as DNA and protein fragments from the yeast extract component of the mixture.
Low viscosity biological fluids have complex flow behavior that is significantly affected by the
proteins, DNA, and lipids. Many of these proteins and macromolecules have been shown to have
weak interactions at the liquid-air interface that result in a non-Newtonian rheological response
from the interface. The bulk rheology confirms that LB medium has Newtonian bulk behavior on
the order of magnitude of water. However, interfacial rheology measurements reveal viscoelastic
surface property caused by the molecular interactions that build up over time and slowly reforms
after disruption of the surface.

Keywords: interfacial rheology, Miller lysogeny broth, surface protein

6.1
6.1.1

Introduction
Liquid Bacterial Medium and Lysogeny Broth (LB)
For any microorganism to thrive, it needs nutrients that fulfill its biosynthesis and its

energy requirement under optimum growth conditions including temperature, pH, and gas
concentration. Bacterial cultures need water, a carbon source, a nitrogen source, and trace salts
for growth. Some cultures can be grown on a simple, chemically defined, synthetic medium.[159]
A simple medium is only possible if the precise nutritional need of the organism is identified. A
complex medium is made of digests and extracts of ingredients like yeast and casein with inexact
amounts of chemicals. A complex or undefined medium is easy to prepare, and they are
commonly used when the nutrient requirements of the culture is not fully understood.[159,160]
The lysogeny broth is a complex and non-selective medium; many different types of
bacteria can grow on non-selective medium. Lysogeny broth was formulated by Giusseppe
Bertani in 1951 to optimize Shigella growth, but it has since become the standard for growing
many bacterial cultures.[161] Lysogeny broth is composed of: 1 % tryptone (source of amino
acids); 0.5 % yeast extract (source of vitamins, amino acids, nitrogen, and carbon);[162] and 1 %
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NaCl (provides osmotic balance).[101] Yeast extract is made from baker’s yeast (Saccharomyces
cerevisiae) grown to a high concentration and then exposed to high temperature or osmotic shock,
killing the yeast and starting autolysis of the cells through the yeasts own enzymes.[160,162,163] The
resulting extract solution is further filtered and spray-dried into a powder.[162] Proteins make up
the most significant component of the powdered yeast extract at 62.5-73.8 wt%.[162] The average
molecular weight of the yeast extract is 438 Daltons with 59.1 % of the total under 300
Daltons.[163]
Due to its high bio-molecule content, some previous studies found that lysogeny broth
has weakly viscoelastic characteristics. The interfacial rheology of LB measured using a bicone
disk geometry at an oil-liquid interface exhibited viscoelastic behavior, reportedly caused by
protein-protein interactions.[44] LB medium has a variety of surface-active molecules that can
form elastic modulus dominated viscoelastic networks.[44] Over the course of 30 hours of
stagnancy, proteins in the LB medium rearranged to form an interfacial layer with constant
elasticity.[45] In contrast, the glucose medium M9 did not show any elastic properties, as it lacks
interacting components.[45]

6.1.2
6.1.2.1

Proteins with Complex Rheological Properties
Bulk protein rheology
The rheology of bovine serum albumin (BSA), a globular blood protein found dissolved

in the plasma, measured using both cone-and-plate geometry and a double-gap geometry, showed
shear-thinning behavior in the 1-103 s-1 shear rate range.[164] There was an increase in nonNewtonian response with an increasing concentration of BSA.[164] Immunoglobulins are protein
antibodies used widely for diagnostics and treatment of immune deficiencies.[165] The rheological
characterization of two types of immunoglobulin G (IgG) using the cone-and-plate and the
double-gap methods showed a similar behavior as the BSA where the shear-thinning behavior
became more pronounced with increasing interface area-to-volume ratio. At a critically high
protein concentration, the conformational restrictions prevented protein interaction, resulting in
the return to Newtonian behavior. These bulk results emphasize the dominance of interfacial
properties in protein rheology.

6.1.2.2

Interfacial protein rheology
Immunoglobulins have been shown to form interfacial layers from the protein-protein

interactions. The protein-protein interactions are affected by the air-liquid interface area-to-
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volume ratio, protein type, resting time, and protein concentration.[165] The effect of high IgG
concentration on protein interaction was measured through a time-sweep test using a bicone
geometry.[165] At the start of the experiment, all of the protein solutions only measured a viscous
modulus (G″s), representing the dominance of liquid properties for the material. For protein
solutions within a narrow concentration range, the elastic modulus (G′s), representing the solidlike properties at the interface, built up to dominate over time. In this range, the protein
concentration is high enough to interact and form a monolayer, but it is also low enough to allow
protein folding and conformational changes to occur, facilitating interaction. Similarly, the
interfacial viscosity of BSA measured using the DWR, increased as the film formed over 5
minute period at the interface.[164] BSA concentration higher than 50 mg mL-1 did not increase the
interfacial viscosity, indicating 50 mg mL-1 is the point of saturation of BSA adsorption at the
interface.[164]
Proteins and biopolymers tend to spontaneously adsorb to interfaces from the bulk
solution to lower their free energies.[166] Proteins result in increased surface elasticity and
viscosity, but they do not dramatically decrease the surface tension like surfactants.[166,167]
Important parameters that effect interfacial rheology are conformation of the protein, type of
interface, composition of the media, method of formation of the film, and the type of interactions
at the surface.[168] Interfacial rheology is especially crucial in the food industry as the mechanical
properties of the proteins, surfactants, and emulsions play a significant role in production,
stability, and texture of food and pharmaceutical products.[167,168,171,172] The adsorbed film of
protein network can be viewed as two-dimensional gel interacting through hydrogen bonds,
hydrophobic bonds, electrostatic bonds, and some covalent bonds that form over time as the
protein configuration changes, revealing secondary and tertiary structure that facilitate additional
bonding sites.[167,170]

6.1.2.3

Objective

In a number of rheological studies, lysogeny broth is used as the growth medium for bulk
and interfacial bacterial cultures.[44,45,96] There is typically no consideration of the rheological
contributions from the medium. As the research into bacterial rheology grows, there needs to be a
better understanding of the effect of the medium on the rheological measurements. Therefore, the
objective of this study is to characterize the rheology of the LB medium to be able to separate the
rheological effect of the medium from the bacterial culture or biofilm rheology in the future
studies.
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6.2

Materials and Methods

6.2.1

Characterizing the Properties of Lysogeny Broth (LB) Medium
For our medium, dehydrated lysogeny broth (BD Difco, USA) was dissolved in heated

reverse-osmosis water. The final concentration of the medium was 10 g L-1 tryptone, 5 g L-1 yeast
extract, and 10 g L-1 sodium chloride. The medium was autoclaved for 30 minutes to sterilize
before use and stored in the refrigerator at 4 °C in between use. The sterile LB medium used
during these tests was about three months old. The surface tension of the medium was measured
using a Krüss K10ST tensiometer to be 56.7 mN m-1.

6.2.1.1

Rheological Measurements
All rheological tests were on the Discovery Hybrid Rheometer 3 (DHR3) rotational

rheometer (TA Instruments, USA). Both bulk and interfacial rheological measurement techniques
were used to characterize the properties of the LB medium, as described in the following sections.

6.2.1.2

Characterizing the Bulk Rheology of LB

The bulk LB rheology was measured with cone-and-plate (CP) geometry (d = 60 mm, 1°) and
cup-and-bob (CB) geometry (d = 28 mm). The tests were at 25 °C, except for the temperature
sweep tests. Two minute pre-stress of 0.1 Pa was applied before every test to erase loading
history and disrupt the surface protein interaction. All rheology tests, except for the time sweep,
included two minutes of soak time between the pre-stress step and the actual test.
•
•

Flow sweep: 𝛾𝛾̇ ∈ [1, 103] s−1, to measure viscosity of the bulk solution

Amplitude sweep: at ω0 = 0.1 rad s-1, γ ∈ [10-3, 1], to determine the linear viscoelastic

region (LVR)
•

Frequency sweep: at γ0 = 0.01, ω ∈ [0.05, 102] rad s-1, to determine rate-dependent

structure of the sample
•

Stress sweep: τ ∈ [10-3, 1] Pa, test terminated when 𝛾𝛾̇ ≥ 50 s-1, to determine if yield stress

existed
•

Temperature sweep: at 𝛾𝛾̇ 0 = 102 s−1, T ∈ [5 °C, 50 °C] by 2 °C interval, to determine the
temperature dependence of the sample viscosity

•

Time sweep: Δt = 1 hr at γ0 = 0.01 and ω0 = 0.1 rad s-1, to measure the structural
reformation of the bulk
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Following the time sweep, a frequency sweep, amplitude sweep, and stress sweep tests with the
same conditions as above were carried out without pre-stress to determine the impact of shortterm aging on the LB medium surface properties.

6.2.1.3

Characterizing the surface interaction of LB

The surface-active properties of the LB medium were measured using the double wall ring
(DWR) geometry (d = 71 mm). The experiments were at room temperature, around 22 - 25 °C.
The pre-stress of 0.1 Pa described in the previous section corresponds to a shear rate of about 100
s−1. So a pre-shear of 100 s−1 was applied for two minutes before every test to remove loading
history and to disrupt the surface-protein interaction. All tests, except for the time sweep,
included two minutes of soak time between the pre-shear step and the actual test. The following
set of rheology tests took place:
Flow sweep: 𝛾𝛾̇ ∈ [1, 103] s−1, to measure the surface shear viscosity

•

Amplitude sweep: at ω0 = 0.1 rad s-1, γ ∈ [10-3, 1]

•
•

Frequency sweep: at γ0 = 0.01, ω ∈ [0.05, 102] rad s-1

•

Time sweep: Δt = 2 hrs at γ0 = 0.01 and ω0 = 0.1 rad s-1

•

Stress sweep: τ ∈ [10-3, 1] Pa, test terminated when 𝛾𝛾̇ ≥ 50 s-1

Directly following the time sweep, a frequency sweep, amplitude sweep, and stress sweep tests
with the same conditions as described above were carried out without the pre-shear step to
determine the impact of short-term aging on the LB surface properties.

6.3

Results and Analysis

6.3.1
6.3.1.1

Sterile Lysogeny Broth Rheological Characteristics
Oscillation Time Sweep
The two-hour oscillation time sweep after the pre-shear using DWR (Figure A 6.1a)

shows the surface elastic modulus (G′s) and viscous modulus (G″s) grow with time (n = 3). While
the time sweep after pre-stress using CB (Figure A 6.1b) shows the bulk elastic (G′) and viscous
(G″) modulus are unchanging with time (n = 3). For the CP geometry, the pronounced effect of
evaporation on the small sample size prevented a time sweep measurement. The bulk rheology of
the lysogeny broth was measured using the CB geometry. So for the bulk sample, the average G′
is about 3.4 mPa while G″ is about an order of magnitude less. However, the bulk viscoelasticity
is so weak or non-existent that the data deviation between runs is high. The average interfacial G′s
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of the LB increased from 1 to 7 mPa over the two hours, but over half of the increase occurred
within the first 20 minutes of stagnation. Therefore, the bulk LB material has little to no
viscoelasticity while the surface forms a distinct viscoelastic layer.

6.3.1.2

Oscillation Amplitude Sweep
The amplitude sweep test was carried out on the LB medium immediately after the pre-

stress or pre-strain, before the time sweep, and after the time sweep. Figure A 6.1c is the average
amplitude sweep test result of the DWR geometry before (square) and after the two-hour time
sweep (diamond). The two hour time sweep was long enough time for the surface structure to
reform and stabilize (Figure A 6.1a). The modulus immediately following the pre-shear (6
mPa.m) is two times lower than the modulus after the time sweep (12 mPa.m). Since the
experiments progress over a period of 40 minutes while the interfacial structure is reforming, the
pre-sheared sample modulus gradually increases as the strain increases from 0.001 to 0.04. The
interfacial rheology measurement of 100 mg L-1 ovalbumin using a bicone geometry showed
weakly structured protein film (G′s ~ 0.03 Pa.m) that starts to deform at a strain of 0.05;[173]
comparable to the LB medium. Similarly, 10 - 200 mg mL-1 BSA solution developed elastic
dominated rigid interface (G′s ~ 0.01 Pa.m) that started to flow at strain of 0.05 to 0.1.[164]
Figure A 6.1f is the average amplitude sweep test result using CP and CB geometries.
The amplitude sweep test was carried out using the CB geometry before (triangle pointing up)
and after the one-hour time sweep (triangle pointing down). There is very little change in the CB
amplitude sweep results before or after time sweep. The data from the CP geometry (circle) is on
the same order of magnitude as the CB geometry. The linear viscoelastic region of the bulk LB
medium extends to the strain of about 0.015. It is worth noting the large error bars on the data due
to the various ages of the LB medium. These results are consistent with the initial hypothesis that
the bulk properties will show mostly Newtonian characteristics, but when the surface properties
are isolated from the bulk, through the DWR tests, the viscoelastic property at the interface will
be highlighted.

6.3.1.3

Oscillation Frequency Sweep
The frequency sweep tests were carried out before and after the time sweep. The

frequency sweep of the medium surface using DWR before and after the time sweep shows gellike behavior where the elastic modulus is dominant over the viscous, G′s(ω) > G″s(ω),
throughout the frequency range (Figure A 6.1d). The elastic and viscous modulus is lower before
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the time sweep, after the surface was just pre-sheared, than after the time sweep, when the system
had two hours to rebuild its surface layer. The modulus doubled after the two-hour time sweep,
from 10 mPa.m to 19 mPa.m (at 1 rad s-1). These results are the same order of magnitude as
bovine serum albumin and sorbitan tristearate at the air-liquid interface in previous
studies.[164,173,174] The bulk frequency sweep results (Figure A 6.1g) show no difference before and
after one-hour time sweep. These experiments further confirm that the bulk property of the
sample can be drastically different from its interface due to the protein build up.

6.3.1.4

Shear Flow Sweep
The flow sweep of the LB interface measured with DWR geometry (Figure A 6.1e)

shows shear-thinning behavior consistent with previous studies of a similar medium.[165] The
viscosity started to increase slightly at high shear rates (> 300 s−1) from the inertial effects and
other flow instabilities. When the flow sweep was extended to lower shear rates for one of the
runs, the shear-thinning trend continued at the same rate down to 0.1 s−1 (data not shown).
The average bulk shear viscosity measured using CP and CB geometries (Figure A 6.1h)
shows typical Newtonian fluid behavior. Error bars over triplicate trials for average CB and CP
geometries are on the order of 10−5 Pa.s (n = 3), which is difficult to see on the graph. The CB
data only extends to 100 s−1 because the inertial effects of the geometry become too large and the
apparent viscosity starts to increase as a result of higher shear rates. The average viscosity of the
bulk LB medium is 1 ± 0.02 mPa.s, which is approximately the same viscosity as water. So, while
the bulk LB solution is a Newtonian fluid, a weak interaction of the protein components at the airliquid interface causes shear-thinning behavior.

6.3.1.5

Stress Sweep

The bulk LB medium had no yield stress. However, the LB medium interface has small
yield stress (0.7 ± 0.2 mPa.m) before time sweep and higher yield stress (1.1 ± 0.1 mPa.m) after
the two hour time sweep. The presence of the low yield stress after the pre-shear, before the time
sweep, indicates substantial reformation of the surface protein layer during the two minute soak
time.

6.4

Conclusion
Lysogeny broth is a complex medium that is rich in nutrients and proteins. This protein-

rich medium exhibit rheological behaviors similar to other surface active protein solutions such as
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bovine serum albumin and immunoglobulins. The LB medium ages with not only time but also
possibly due to aeration and temperature cycling. This aging behavior is demonstrated by the
increase in surface viscosity and elasticity over several weeks of storage and use. The proteinprotein interaction at the surface can be disrupted with shearing, but it reforms over several hours
to form an elastically dominated surface. The bulk properties of the LB medium is purely
Newtonian. Even the surface property of LB is Newtonian before the aging effects of time,
temperature cycling, and aeration. LB medium is typically made in several hundred milliliters to a
few liter batches. Laboratories would repeatedly use the same batch of medium over many
experiments, spread out over weeks to months. During that period, the sterile bottle can expect to
be exposed to aeration processes (shaking, mixing, pipetting) and temperature cycling (fridge to
the room). These aging processes cause protein build-up and interaction at the air-liquid interface
that has measurable viscoelasticity that is not typically accounted for in the burgeoning biofilm
rheology research. This study demonstrates the importance of accounting for the contribution of
the medium to the rheological measurement of bacterial biofilm.

6.5

Future works: Determining the impact of long-term aging on the properties of LB
While there is evidence of surface aging over a short period due to protein-protein

interaction, the nature of the medium aging during a regular use period is unknown. Even though
the medium is stored in a closed bottle in the refrigerator at 4 °C for much of the time, it is taken
out to room temperature, and the bottle opened many times during this period. A freshly made LB
medium or one that was stored without use had Newtonian behavior while medium that was
being regularly used had non-Newtonian behavior.
Factors like temperature cycling, adsorption time, ionic strength, are all shown to increase
surface protein adsorption and increase the surface elastic modulus. However, lipid or surfactant
addition, increase in temperature, and high strain rates result in a reduction in surface elastic
modulus.[166,170] The most relevant condition to study for the LB medium is the temperature
cycling from cold to warm and back to cold, which emulates the medium movement from the
refrigerator (4 °C) to the room (~25 °C) then back to the refrigerator. To test the aging of the
medium, the rheology of the freshly made LB medium would be compared against batches of LB
that are aged by temperature cycling, and several months old batches of LB that was stored in the
refrigerator the entire time and never used. These tests would help distinguish the effects of aging
purely due to time from the effects of aging due to use.
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6.6

Appendix A Supplemental Materials: Rheology of Aged Miller Lysogeny Broth Medium
During the extended time sweep of four hours, no change in modulus was observed in the

bulk sample measured with CB geometry (Figure A 6.2). The DWR trial extended over eight
hours, and the results show an increase in modulus over the first six hours, from about 1 mPa to a
maximum of 12 mPa. Data beyond six hours was drastically affected by evaporation; as the LB
level decreases, the surface tension pulls down on the ring. The surface modulus trend suggests
that the protein-protein interactions continue to rebuilds over a long period after the surface is
sheared and the structure destroyed. These surface viscoelastic effects are too weak to be
measured by geometries designed for bulk testing like CB, therefore the bulk elastic modulus was
constant around 3.5 mPa. The viscosity of the LB medium gradually decreases with increasing
temperature (Figure A 6.3). This is due to the temperature dependence of viscosity described by
models like the Arrhenius model. As the temperature of the sample increases, the kinetic energy
of the molecules increase and the interaction of the molecules decrease, resulting in the
appearance of a reduction in viscosity.

Figures and Tables
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Figure A 6.1. The sterile LB medium average oscillation time sweep: (a) of the interface using
DWR geometry (n = 3) and (b) of the bulk using CP geometry (n = 3). (c-h) The rheology of the
sterile LB medium using three different geometries (DWR, CP, and CB), before and after the
time sweep: (c,f) the amplitude sweep, (d,g) frequency sweep, and (e,h) flow sweep. (c-e) The
rheology of the interfacial layer disrupted by pre-shear and its reformation after time sweep. (f-h)
The rheology of the bulk LB medium disrupted through pre-stress and after time sweep using CB
and CP geometries. The plots are average data points with standard error bars that are relative
errors to ensure symmetric error bars over the log data (n ≥ 3).
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Figure A 6.2. Extended oscillation time sweep at a strain of 0.01 and 0.1 rad s-1: (a) eight-hour
time sweep with DWR geometry and (b) four hour time sweep with CB geometry.

Figure A 6.3. Temperature sweep using CP (blue circle, n = 3) and CB geometry (orange triangle,
n = 3) where the standard deviation is plotted as a relative error to ensure symmetric error bars.
This temperature range covers the LB medium storage temperature in the fridge at 4 °C to the
incubation temperature at 37 °C.
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APPENDIX B: RHEOLOGICAL CHANGES IN ALGAL SLUDGE
CHARACTERISTICS WITH SUSPENSION CONCENTRATION

Abstract
Nutrient contamination can cause toxic algal blooms in lakes and rivers, but algae can also be
turned into biodiesel. During the algal biodiesel production process, the raw effluent from the
photo-bioreactor or algal raceway is successively concentrated to a level adequate for chemical or
mechanical extraction of the oils and lipids. Based on the photo-bioreactor culture of Cyclotella,
each concentration step of the algal sludge changes its rheological response considerably.
Therefore, when processing the algal sludge, we must take into account the increasing interaction
between the diatoms resulting in non-Newtonian viscoelastic behavior. The rheology will help
determine the optimum handling method for the concentrated sludge.

7.1

Background
Rapid increase in global consumption of fossil fuels are releasing 27 billion tons of carbon

dioxide and other greenhouse gasses that cause global warming into the atmosphere each
year.[40,176] This rate is almost three times higher than the capacity of the natural system to absorb
carbon dioxide.[176] There are three methods to reduce this buildup of atmospheric carbon dioxide:
1) reduce fossil fuel use; 2) remove carbon dioxide from atmosphere; 3) prevent carbon dioxide
from entering the atmosphere in the first place by utilizing it before it is released.[177] Even with
global treaties on the subject, such as the Kyoto protocol, it has been difficult to make a dent in
the increase in the global carbon emission rate. Therefore, it is important to look at technologies
that can utilize carbon dioxide in another process, effectively acting as another carbon sink,
similar to the oceans and the trees.
Biofuels are one of the leading sources of alternate energy available. It could be regarded
as renewable since it comes from biomass that can be regrown after harvest. Many different types
of fuel can be produced from biomass including ethanol, methanol, biodiesel, and gaseous fuels
like hydrogen and methane.[178] Biofuels are typically made from food crops like corn, sugar cane,
soybeans, and palms.[179] This causes a dilemma where vast ecosystems in South America and
Asia are being destroyed to make room for farmlands devoted to biofuel crops or the output from
farms producing food crops are used to make biofuel.[179] Converting rainforests and grasslands to
produce biofuel creates an enormous carbon debt. More carbon dioxide is released into the
environment due to burning and biomass decay from the land clearing than is saved by replacing
fossil fuel with biofuel.[179]

169
Algae are diverse group of photoautotrophic microorganisms, that use sunlight as their
energy source and carbon dioxide as their carbon source and thrives on high nutrient, nitrogen
and phosphorus rich, conditions.[180] While algae can refer to macroalgae which are multicellular,
plant-like organisms like seaweed, this work will use algae interchangeably with microalgae
which are the unicellular microscopic organisms.[181] These organisms can be an environmental
hazard such as the blue-green algae proliferation in waters near farmlands, and even a human
health hazard such as the algal toxins that accumulate in shellfish and poison people who
consume it.[182] However, algae can also produce starches and lipids that can be further processed
to make a variety of different biofuels like hydrogen gas, ethanol, and biodiesel. Depending on
the type, algae can contain up to 80 % oil by dry weight and commonly contains 20-50 % oil
which can be harvested and converted to biodiesel.[41,182] The top three types of microalgae for
biofuel production are: 1) diatoms (Bacillariophyceae) that are distinct from the other microalgae
through their silica encasing; 2) green algae (Chlorophyceae); 3) golden algae
(Chrysophyceae).[181] Cyclotella diatoms seen in Figure A 7.1 are used in this study. Algae can
convert energy from the sun to chemical energy more efficiently than other plants. It can fix
carbon dioxide from the atmosphere (360 ppmv) and can utilize a highly concentrated off-gas
from industrial processes (150,000 ppmv).[40] Algae offers a solution to the land use and food
diversion problem of conventional biomass; algae takes smaller amount of land to produce the
same amount of biodiesel as food crops like corn (< 1 % land required for corn) and even high
yield oil crop like palm (10 % land required for palm).[41]
Part of the reason why algal biofuel is not currently cost-effective is that it is cultivated
from the raceways and tubular photoreactors as a dilute suspension that requires further
mechanical or chemical concentration and separation steps. A schematic of the algal biodiesel
production process in Figure A 7.2 shows the concentration of the solids in the algal slurry from
about ≤ 1 % in the cultivation stage in the photo-bioreactors and raceways to < 10 % after the
primary dewatering step to > 10 % after secondary dewatering step. These energy-intensive
harvesting steps are responsible for as much as 30 % of the total cost of algal biodiesel
production.[182,183] An open system like a raceway is an economical large-scale algal biofuel
production method. The photoreactors are more costly, than raceways but it is much easier to
maintain high-yield monoculture in the closed system.[40]
A significant portion of the algal biofuel production energy is due to pumping the slurry for
harvesting. The pumping effectiveness of the slurry can be calculated using the algal rheology
data. The algal slurries of Nannochloris sp. or Chlorella vulgaris have Newtonian fluid behavior
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at low concentrations (< 20 kg m-3), while at higher concentrations (> 60 kg m-3) the slurry
exhibited shear thinning.[184] The diatom Phaeodactylum tricornutum continued to show
Newtonian behavior at all levels.[184] At concentrations below 10 kg m-3, the viscosity of all the
algal slurries was 1.1 × 10-3 Pa s, barely higher than water. While at 80 kg m-3, C. vulgaris
viscosity was 3.5 × 10-2 Pa s, Nannochloris sp. was 3.3 × 10-3 Pa s, and P. tricornutum viscosity
increased to 2.7 × 10-3 Pa s.[176] Harvesting dilute raw slurries from raceways and even tubular
photoreactors resulted in low harvest efficiency. However, the shear thinning property of
concentrated C. vulgaris resulted in higher pumping effectiveness.[184]

7.2

Methodology

7.2.1

Algae
A sample of Cyclotella slurry was obtained from Altan Ozkan’s algal photo-bioreactor

experiment after the primary sedimentation step from Dr. Greg Rorrer’s lab (CBEE, Oregon State
University). The original (1X) algal slurry was concentrated to 1.5X, 2X, 3X, 4X, and 10X
concentration by centrifuging and removing excess supernatant. The amount of solids in the
slurry was determined from drying the slurry in an oven at 60 °C. Pictures of the Cyclotella
diatoms seen in Figure A 7.1, were taken with Nikon Eclipse Ti-S inverted microscope using 40X
objective.

7.2.2

Rheology

The rheology tests were carried out on DHR-3 (TA Instruments, USA) using a cup and bob
geometry. The rheology tests are as follows:
•
•
•
•
•
•

7.3

Flow sweep: 𝛾𝛾̇ ∈ [0.1, 103] s-1

Stress sweep: τ0 = 10-3 Pa increased by 10-3 Pa increment to 10 s-1
Temperature cycle: T ∈ [10, 40] °C and T ∈ [40, 10] °C at 𝛾𝛾̇ = 100 s-1

Oscillation time sweep: γ0 = 0.02 and ω0 = 5 rad s-1 for 10 - 60 minutes
Frequency sweep: ω ∈ [0.05, 100] rad s-1 at γ0 = 0.01, test terminated at raw phase > 150°

Amplitude sweep: γ ∈ [10-3, 1] ω0 = 0.1 rad s-1
Results and analysis

A tabulated summary of the rheological results (Figure A 7.3) of each concentration
(supernatant to 10X) of the Cyclotella sludge as well as the percent solid mass of the slurry is
provided in Table A 7.1. While the cell-free supernatant behaved as a Newtonian fluid, all of the
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algal slurries were shear thinning fluids (Figure A 7.3a), consistent with the previously mentioned
algal sludge studies.[184] The viscosity (η) of the sludge at 103 s-1, shear rate corresponding with
pumping, increased from 0.007 Pa s at 1X concentration, slightly higher than the supernatant
(0.004 Pa s), to 0.203 Pa s at 10X concentration (Table A 7.1). Similarly, the yield stress (τy) of
the slurry increased with the concentration from 0.034 Pa at 1X to 3.356 Pa at 10X (Table A 7.1).
The supernatant did not have yield stress. During the temperature sweep (Figure A 7.3b), the
viscosity of all the samples slightly decreased as during the ramp up at 100 s-1 (1X: 0.009 Pa s at
10 °C to 0.005 Pa s at 40 °C). The viscosity of the supernatant was the same during temperature
ramp down, but the effect of evaporation was more obvious for the algal slurries, as the viscosity
during ramp down was higher for all the slurries.
From the amplitude sweep tests (Figure A 7.3c), the linear viscoelastic region (LVR)
appears to extend past a strain of 0.01 for all the samples. The flow point (crossover point of G′
and G″ values) extended past strain of 1 for up to 2X concentration and decreased to 0.05 for the
10X slurry. The crossover strain of the supernatant was 0.16. The frequency sweep shows
elastically dominant, gel-like behavior (Figure A 7.3d). The viscoelasticity of the slurry
corresponds with the concentration; the elastic modulus of the slurry at 1 rad s-1 increased from
0.071 Pa at 1X concentration to 299.4 Pa for 10X concentration, over 3 orders of magnitude
increase when the dry weight increased from 4.3 % to 11.3 % (Table A 7.1). In summary, all the
rheological properties (η, τy, G′, G″) increased with increasing concentration and solid content
(Figure A 7.4).

7.4

Discussion
Global demand for an alternate source of energy is increasing, and one of the leading

alternatives to petroleum is biofuels. The main controversy surrounding the increased production
of biofuels is the diversion of food crops for energy. Algae has come to the attention of
researchers as good source material for biofuels due to their high productivity per acre of land,
environmental durability, and ability to utilize low quality or non-potable water. The feasibility of
algal biofuel is dependent on the ability to produce concentrated, high lipid content, and durable
culture. One of the barrier to making algal biofuels economical is that algae is cultivated as a
dilute suspended biomass. Over 30 % of the energy use occurs during the harvesting stage when
the dilute slurry is pumped into primary and secondary dewatering tanks where the slurry is
concentrated to over 10 % dry solids.
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The algal sample tested in this experiment was from a photo-bioreactor settled sludge, so
the dry solids were over 4 %. As the sludge was concentrated up to 11 % solid, the rheology of
the slurry dramatically changed. The viscosity of the material at a high shear rate corresponding
with pumping and the yield stress increased by nearly two orders of magnitude while the viscous
and elastic modulus increased by almost four orders of magnitude at 11 % solid concentration.
The increase in viscoelasticity of the slurry correspondingly increases the energy required to
pump and centrifuge the slurry. Future work on relating rheological properties of the algal slurry
with the power requirement for pumping, centrifuging, and processing the sludge would be
beneficial for helping this budding industry refine their algal selection and processing steps.

Figures and Tables

Figure A 7.1. Microscopic images of Cyclotella diatoms (10-20 µm diameter).
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Figure A 7.2. Schematic of the algal biofuel production process. The cultivation takes place in an
open raceway or a photo-bioreactor. The algal slurry harvesting requires a few dewatering steps
to get high enough solid content for the extraction step. The algal oil extraction can be done either
using chemical solvents or using a mechanical press.[40,182,185,186]
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Figure A 7.3. Rheology of the concentrated algal slurry from cell-free supernatant of the slurry to
10X concentration of the original (1X) slurry. (a) Flow sweep 𝛾𝛾̇ ∈ [10-4, 103] s-1 show shear
thinning behavior of the algae while the cell-free supernatant acts Newtonian. (b) Temperature
sweep of the slurries show a very little change in viscosity at 100 s-1 as the temperature increases
to 40 °C then down to 10 °C. (c) Amplitude sweep (ω0 = 0.1 rad s-1, γ ∈ [10-3, 1]) of the slurries
show at ≤ 4X concentration, G′ and G″ crossover point is at a strain > 0.1 while at 10X
concentration the crossover point is at a strain < 0.1. (d) The frequency sweep (γ0 = 0.01, ω ∈
[0.05, 100] rad s-1) shows G′ dominant, frequency independent behavior by all of the slurries. The
tests terminated before 100 rad s-1 when raw phase exceeded 150°.
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Figure A 7.4. Summary of the algal rheology as a function of the dry algal mass. All the
rheological properties, yield stress (diamond), elastic modulus (filled square), viscous modulus
(open square), and viscosity (purple circle), increased with increasing concentration (1X to 10X)
or increasing dry mass (4 % to 11 %).

Table A 7.1. Summary of the algal concentration rheology results and the dry mass content of
each concentration. The dry mass was determined from drying out the samples in an oven. The
supernatant did not have measurable solid mass. The viscosity (η) is from the flow sweep at 103 s1
shear rate, the yield stress (τy) is from the stress sweep experiment, and the elastic (G′) and
viscous (G″) modulus at 1 rad s-1 from the frequency sweep.
[Algae]
factor
Supernatant
1
1.5
2
3
4
10

Dry mass
[%]
na
4.28
4.55
4.89
5.41
5.97
11.31

η @ 1000 s-1
[Pa s]
0.004
0.007
0.008
0.010
0.016
0.028
0.203

τy [Pa]
none
0.034
0.075
0.149
0.317
0.543
3.356

G′ @ 1 rad s-1
[Pa]
none
0.071
0.235
0.672
3.166
10.71
299.4

G″ @ 1 rad s-1
[Pa]
none
0.051
0.134
0.335
1.313
3.782
104.9
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APPENDIX C: RHEOLOGY OF FIBRIN FORMATION THROUGH FACTORS
AFFECTING THE CONTACT ACTIVATION PATHWAY

Abstract
Formation of fibrin in re-calcified plasma sample was initiated with ellagic acid and
polyphosphate (polyP) treatments and inhibited with anti-factor XI antibodies (1A6) which acts to
inhibit the intrinsic pathway in coagulation and corn trypsin inhibitor (CTI) treatments. Untreated
re-calcified plasma gelled through fibrin formation in about 5 minutes. Adding initiators to the
plasma did not accelerate the fibrin formation drastically, but it did weaken the fibrin strength as
the maximum strain hardened elastic modulus for solely initiator treated samples were lower than
the control samples. The inhibitor-treated plasma had delayed fibrin formation as expected and
resulted in less strain hardening fibrin. However, plasma that was treated with initiator and
inhibitor combination produced fibrin that stiffened to about the same extent with ellagic acid and
to a higher degree with polyphosphate than the non-treated control samples.

8.1

Dependence of fibrin formation on CaCl2 concentration and temperature

8.1.1

Procedure

All the plasma samples were various three or more individual’s pooled samples from Dr.
Owen McCarty’s lab at OHSU. All rheology tests were carried out on DHR-3 rheometer (TA
Instruments, USA) using a 20 mm aluminum plate upper geometry. As soon as calcium was
added to the plasma on the bottom plate, the geometry was lowered to 400 micron gap. The
rheology tests were:
1)
2)
3)

8.1.2

Flow peak hold: 𝛾𝛾̇ = 103 s-1 for 30 seconds to mix plasma and treatments
Oscillation time sweep: γ0 = 0.02 and ω0 = 10 rad s-1 for 20 minutes

Frequency sweep: ω ∈ [1, 600] rad s-1 at γ0 = 0.02

CaCl2 concentration
The rheology of fibrin formation initiated with calcium chloride concentrations between 13

to 20 mM was tested at 25 °C. During the time sweep (Figure A 8.1a), fibrin formation started
around 4 minutes and reached a plateau around 7 minutes for all concentrations of CaCl2. The
CaCl2 concentration between 13 - 20 mM made little difference for fibrin formation start times.
After 20 minutes of time sweep, a frequency sweep of the resulting fibrin gel was measured
(Figure A 8.1b). All the CaCl2 concentrations produced fibrin gels that are frequency independent
and G′ dominant. Overall, CaCl2 concentration did not affect the strength or G′ value of the gel.
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These G′ values are similar to the elastic modulus of 3 mg mL-1 fibrinogen coagulation result
from Wufsus et al.[187]

8.1.3

Incubation temperature

The effect of temperature on the fibrin formation was tested at 25 and 37 oC. The fibrin
formation was initiated with 13 mM CaCl2. According to the time sweep data (Figure A 8.2), at
37 °C the fibrin formation started at around 1 minute instead of 4 minutes for 25 °C. Fibrin
formation at 37 °C reached steady state in about 3 minutes while 25 °C reached steady state in
about 7 minutes. Both temperatures reached the same steady state modulus.

8.2

Effect of plasma treatment on the rheology of the fibrin formation

8.2.1

Procedure

All the plasma samples were three or more individual’s pooled blood samples that were
subsequently centrifuged to retrieve the plasma. Treatment was added to the citrated plasma and
incubated for 10 minutes while the upper geometry spun to mix the solution. Then the initiator
was added to the mix and incubated for 2 minutes while the upper geometry spun to mix the
solution. To start fibrin formation, 83 mM CaCl2 was added to the citrated plasma mix to make
13 mM CaCl2 in the solution, and the rheology tests began immediately after this re-calcification.
All rheology tests were carried out on DHR-3 rheometer (TA Instruments, USA) using a 20 mm
aluminum plate upper geometry with a 400 micron gap. The tests were at 25 °C and carried out in
the following order:
4)

Flow peak hold: 𝛾𝛾̇ = 100 s-1 for 10 seconds to mix plasma and treatments

5)

Oscillation time sweep: γ0 = 0.02 and ω0 = 5 rad s-1 for 10 - 60 minutes

6)

Frequency sweep: ω ∈ [0.1, 10] rad s-1 at γ0 = 0.02

7)

8.2.2

Oscillation amplitude sweep: γ ∈ [10-3, 2] by increments of 0.02 at ω0 = 5 rad s-1
Results and Analysis
The different plasma treatments carried out in this study are listed in Table A 8.1. Figure A

8.3 time sweep shows the fibrin forming over time. The fibrin formation trends can be grouped in
three clusters: 1) the control tests (Figure A 8.3a, d, g) took about 5 minutes to start forming; 2)
the initiator/ treatment combination tests (Figure A 8.3e, f, h, i) and CTI inhibited HEPES control
(Figure A 8.3c) took 7 - 12 minutes to start; and 3) the 1A6 inhibited HEPES (Figure A 8.3b)
took just over 20 minutes to start. After the time sweep, the frequency sweep of the resulting
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fibrin gel show an expected G′ dominant, frequency independent behavior for all the treated
samples (Figure A 8.5b). There were some differences in the value of the elastic modulus of the
fibrin gels. While the magnitude of the elastic modulus can vary due to the normal sample
variability, the behavior of the samples was the same. This variation is most likely due to the
variability of the plasma samples used during the testing. The amount of fibrin and how it
interacts with the treatment can vary between individuals and even day-to-day for the same
individual. Therefore, the absolute value of the elastic modulus is not considered to result from
the effect of the treatments. The amplitude sweep tests of all the fibrin samples show strain
hardening behavior (Figure A 8.4). The strain hardening is characterized by the increase in elastic
modulus above the strain of 0.1. Table A 8.1 lists the strain at which the sample starts to strain
harden and the strain when the maximum G′ is reached. The control samples (Figure A 8.4a, d, g)
started to strain harden around γ ~ 0.2, while the A16 and CTI treated samples (Figure A 8.4b, c,
e, f, h, i) started to harden at lower strain.
The normalization was necessary to account for the donor-to-donor as well as sample-tosample variability in the same donor plasma. The time sweep data was normalized to the
maximum G′ (Figure A 8.5a). There is a lag period in fibrin formation, and then the normalized
elastic modulus builds up quickly over time and reaches steady state. The time to reach 10 % of
the maximum G′/ G′max ratio or 0.1 is listed in Table A 8.1, and these values can be considered to
be the time the fibrin started forming. The initiators did not speed up the start of fibrin formation
dramatically from the HEPES control (4.7 min) as the coagulation time for polyP treated plasma
was 3.8 minutes, and the ellagic acid treated plasma was 5.2 minutes. Treating the plasma with
inhibitors delayed the fibrin formation time by over 5 minutes with CTI and over 15 minutes with
1A6. The tests where inhibitor/ initiator combination treatments were applied, the initiator’s
ability to counteract the effects of an inhibitor was measured. The ellagic acid treatment was able
to reduce the inhibitory effect of 1A6 treatment by reducing the time to start fibrin formation to 9
minutes and 7 minutes for CTI treated plasma. The polyP initiator cut the fibrin formation time
after inhibitor treatment to 11.1 minutes for 1A6 treatment and 8.3 minutes for CTI treatment.
CTI seems to be less affected by the two initiators compared to the 1A6 treatment that saw almost
50 % reduction in coagulation time delay with the addition of each initiator.
Figure A 8.5c shows the strain hardening behavior on a linear x and y-axis. The G′ was
normalized to the first data point at the strain of 0.001. Materials that exhibit strain hardening
becomes stiffer as higher strain is applied to it. The fibrin fibers align as it is stretched, making
the material stiffer. At large strains the stretched fibrin strands start to break causing the strain
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softening seen after the maximum is reached.[188] The elastic modulus increased linearly starting
around strain of 0.1 (Table A 8.1), reaching its maximum normalized modulus around strain of 1
- 1.2 before the normalized modulus began to decrease as the fibers started to break. The values
of the maximum normalized G′ is listed in Table A 8.1. The stiffness of the fibers, represented by
the maximum normalized G′ was highest for test 8 (16.1) and lowest for test 3 (11.7). Samples
treated solely with an inhibitor (tests 2, 3) as well as exclusively ellagic acid treated samples (test
4) had the much lower stiffness than the HEPES control (test 1) sample (13.2, 11.7, 11.9, and
15.4 G′ respectively). The inhibitor and ellagic acid treated plasma fibers (tests 5 - 6) and
inhibitor and polyP treated plasma produced stiffer fibrin (tests 8 - 9) than the HEPES treated
control samples (tests 1 - 3). The plasma samples treated with polyP and either 1A6 or CTI form
fibrin strands that stiffen to a higher extent than the control HEPES samples (16.1, 15.9, and 15.4
respectively). The CTI treated plasma generated fibrin with the lowest maximum G′ or stiffness
while the 1A6 treatment produced the stiffest fibrin under strain.

Figures and Tables

Figure A 8.1. (a) Time sweep (ω0 = 10 rad s-1, γ0 = 0.02) G′ (filled) and G″ (open) of fibrin
formation in plasma with calcium chloride concentrations from 13 - 20 mM. (b) Frequency sweep
(γ0 = 0.02) G′ (filled) and G″ (open) of the coagulated fibrin gel.
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Figure A 8.2. Time sweep (ω0 = 10 rad s-1, γ0 = 0.02) G′ (filled) and G″ (open) of fibrin formation
in plasma with 13 mM calcium chloride. The standard deviations are converted to relative errors
to produce symmetric error bars over the log scale (n = 3).
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Figure A 8.3. Oscillation time sweep (ω0 = 5 rad s-1, γ0 = 0.02) G′ (filled) and G″ (open) data for
all treatments: (a – i) test 1 – 9 respectively. The standard deviation is converted to relative errors
to produce symmetric error bars over the log scale (n ≥ 3).
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Figure A 8.4. Amplitude sweep (ω0 = 5 rad s-1) G′ (filled) and G″ (open) data for all treatments: (a
– i) test 1 – 9 respectively. The standard deviation is converted to relative errors to produce
symmetric error bars over the log scale (n ≥ 3). All the plasma samples display strain hardening
behavior.
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Figure A 8.5. (a) Oscillation time sweep (ω0 = 5 rad s-1, γ0 = 0.02) G′ data normalized to the
maximum G′ for all treatments. The inset is the close-up of the first 15 minutes when most of the
treatments coagulate. The standard error bars are converted to relative errors to produce
symmetric error bars over the log scale (n ≥ 3). (b) Frequency sweep (γ0 = 0.02) G′ (filled) and G″
(open) data for all treatments show frequency independent gel-like behavior. (c) Amplitude
sweep (ω0 = 5 rad s-1) G′ data normalized to the initial G′ for all treatments. The linear scale
provides a closer look at the strain hardening properties of the fibrin.
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Table A 8.1. Summary of the rheological properties of plasma fibrin formation. The treatment
and initiator combination for each test applies to all subsequent labels with these test numbers.
From the time sweep test, the average time to reach 0.1 from the [G′/G″max] ratio for each
treatment is determined (n ≥ 3). From the amplitude sweep test, the values of the strain when the
G′ starts to increase and when the maximum G′ is reached as well as the normalized maximum G′
for each test are calculated.
Test
1
2
3
4
5
6
7
8
9

Plasma Preparation
Treatment
Initiator
HEPES
1A6
CTI
HEPES
1A6
CTI
HEPES
1A6
CTI

HEPES
HEPES
HEPES
Ellagic acid
Ellagic acid
Ellagic acid
PolyP
PolyP
PolyP

Time Sweep
[G′/G′max ]=0.1
±St. Dev. [min]
4.7 ± 1.1
20.3 ± 3.0
11.1 ± 2.1
5.2 ± 0.5
9.0 ± 1.2
7.0 ± 1.3
3.8 ± 0.5
11.1 ± 2.6
8.3 ± 2.0

Start strain
hardening [-]
0.21
0.16
0.15
0.19
0.15
0.17
0.19
0.15
0.15

Amplitude Sweep
G′max strain
Normalized
[-]
[G′/ G′0]max
1.12
15.4
1.17
13.2
0.98
11.7
1.02
11.9
1.15
15.1
1.02
14.5
1.08
14.3
1.30
16.1
1.12
15.9
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APPENDIX D: INTERFACIAL RHEOLOGY OF GALLIUM OXIDE ON THE
SURFACE OF EUTECTIC GALLIUM INDIUM ALLOY

Abstract
The interfacial rheology of pure eutectic gallium indium was characterized using shear and axial
oscillation technique. For the shear rheology analysis, both bulk and interfacial measurement
techniques were used. The double wall ring measurement of the oxide layer is in agreement with
the adjusted parallel plate results from this and other rheological studies. The shear flow tests
show the gallium oxide skin has: i) elastic modulus of about 10 N m-1 and a viscous modulus over
an order of magnitude lower; ii) G′ and G″ crossover point was between a strain of 0.1 to 1 with
the linear viscoelastic region (LVR) extending to the strain of 0.03; iii) the oxide layer yields
around 0.3 N m-1; and iv) the oxide shear thins from about 1.3 x 105 N s m-1 at 10-6 s-1 to 0.03 N s
m-1 at 10 s-1. The axial oscillation tests show the gallium oxide during compression has: i) strain
hardening behavior starting at the strain of 0.04; ii) the G′ was still about 10 N m-1 and G″ was
about an order of magnitude less; and iii) at frequencies higher than about 6 rad s-1 (1 Hz) the
oxide skin started to break down.

9.1

Background
Eutectic gallium indium alloy (75 % gallium, 25 % indium) is a highly conductive liquid

metal with a melting point of 15.7 °C.[124] Research into eGaIn would benefit the wearable
electronics and soft sensors field.[118] A flexible/ stretchable sensor requires accurate measurement
of the high-frequency stimuli. However, very few studies looked at how the liquid metal responds
to the stress and strain of the sensor, especially with regards to the stretching and compression
motion of the liquid metal. One of the characteristics of eGaIn is the nearly instantaneous
oxidation of its surface when it is exposed to air, creating a thin (~1 nm) passivating layer
composed exclusively of gallium oxide.[124,129] While the bulk of the alloy is the low viscosity
Newtonian fluid (1.82 x 10-3 Pa s),[125] the dominant structure responsible for its rheological
characteristics is the oxide skin at the interface.[127] This oxide skin causes this material to have
yield stress that must be surpassed before the liquid can freely flow.[130]
The alloy structure changes drastically with exposure to air, and the stretching of the sensor
exposes more surface for oxidation. Therefore, the objective of this work is to characterize the
eGaIn interface using: 1) bulk rheology method; 2) interfacial rheology method; 3) and axial
oscillation method. A bulk rheological method can be used to describe the interfacial properties
of eGaIn. A detailed description of the conversion calculations can be found in Dickey et al.
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(2008) and Larsen et al. (2009) papers.[127,131] Bulk eGaIn with oxide layer being compressed
result in the oxide film experiencing dilation as the oxide skin extends outward with compression.
This axial oscillation testing best emulates the stretch of the soft sensors when it is being worn.

9.2

Procedure
Eutectic gallium indium alloy (Indium Corporation, USA) was used for all the rheological

tests. No special care was taken to prevent an oxide layer from forming such as and acid
immersion, and the tests took place at room temperature (22 - 25 °C). All tests were conducted on
DHR-3 rheometer (TA Instruments, USA) using 40 mm parallel plate geometry (PP) for the bulk
and axial oscillation tests (Figure A 9.2a). The interfacial rheology tests were carried out with 71
mm platinum coated double wall ring (DWR) in Delrin trough (Figure A 9.2b). For the parallel
plate tests, the sample volume was about 1-2 mL, enough to give full contact between the upper
and lower plates. The geometry gap was 1000 μm for the shear rheology tests and 1900 μm for
the axial oscillation tests. The interfacial rheology tests using the DWR method needed about 15
– 20 mL of eGaIn sample. The ring was positioned at the gallium oxide interface.

9.2.1

Shear rheology tests

The following rheological tests were carried out in order using the parallel plate geometry
and DWR geometry:
1. Amplitude sweep: γ ∈ [10-3, 10] ω0 = 1 rad s-1

2. Frequency sweep: ω ∈ [0.05, 100] rad s-1 at γ0 = 0.02, test terminated at raw phase > 150°
3. Flow sweep: 𝛾𝛾̇ ∈ [10-6, 10] s-1

9.2.2

Axial oscillation rheology tests

In contrast to the shear rheology tests, where the plate oscillates side-to-side radially, in the
axial oscillation tests, the plate moves up and down according to the set frequency and strain.
This type of motion most closely resembles the compressional forces that the liquid wires might
experience in the flexible sensors mentioned previously. The axial oscillation rheology tests are
described below:
1. Amplitude sweep: γ ∈ [0.0005, 0.05] (displacement ∈ [1, 100] μm), ω0=0.63 rad s-1

2. Frequency sweep: ω ∈ [0.063, 100] rad s-1 at γ0=0.0053 (displacement of 10 μm)
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9.2.3

Converting the bulk measurements into interfacial values
The surface property of the eGaIn dominates over the bulk property, so the bulk values

measured using parallel plate method was converted to surface properties according to the
conversion factor detailed in Equation A 9.1 – Equation A 9.5.[127,131] The torque reading of the
bulk sample measurement (M) can be broken down to elastic (G′) and viscous (G″) component of
the sample (Equation A 9.1). The torque is dependent on the radius of the plate (r), strain (γo), and
frequency (ω). The surface torque (Ms) properties can be broken down into elastic and viscous
components (Equation A 9.2).
𝑀𝑀 =

𝜋𝜋𝑅𝑅 3
𝛾𝛾 (𝐺𝐺′ sin(𝜔𝜔𝜔𝜔) + 𝐺𝐺′′𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔))
2 𝑜𝑜

𝑀𝑀𝑠𝑠 = 2𝜋𝜋𝑅𝑅 2 𝛾𝛾𝑠𝑠 (𝐺𝐺𝑠𝑠′ sin(𝜔𝜔𝜔𝜔) + 𝐺𝐺𝑠𝑠′′ 𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔))

Equation A 9.1

Equation A 9.2

With eGaIn, the solid oxide skin or the purely surface component is vastly dominant over the
liquid metal bulk portion. The bulk can be assumed to contribute little to the torque signal, so the
measurement is of just the surface (Equation A 9.3). Using this assumption, the elastic and
viscous component of the bulk measurement can be converted to the surface modulus (Equation
A 9.4 - Equation A 9.5).
𝑀𝑀𝑠𝑠 = 𝑀𝑀

𝛾𝛾𝑠𝑠 = 𝛾𝛾𝑟𝑟=𝑅𝑅 = 𝛾𝛾𝑜𝑜

𝐺𝐺𝑠𝑠′ sin(𝜔𝜔𝜔𝜔) + 𝐺𝐺𝑠𝑠′′ cos(𝜔𝜔𝜔𝜔) =
𝐺𝐺𝑠𝑠′ =
9.3
9.3.1

𝑅𝑅
𝐺𝐺′ sin(𝜔𝜔𝜔𝜔)
4

𝑅𝑅
(𝐺𝐺′ sin(𝜔𝜔𝜔𝜔) + 𝐺𝐺′′𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔))
4
𝐺𝐺𝑠𝑠′′ =

𝑅𝑅
𝐺𝐺′′ cos(𝜔𝜔𝜔𝜔)
4

Equation A 9.3
Equation A 9.4

Equation A 9.5

Results and Analysis
Shear rheology
After the bulk rheology properties were converted to surface properties (Equation A 9.1 –

Equation A 9.5), the data from the PP geometry and the DWR geometry were consistent with
each other (Figure A 9.1). The plot of the amplitude sweep test shows an elastically dominated
(G′ > G″) behavior between the linear viscoelastic region (LVR) of 0.001 to 0.03 strain (Figure A
9.1a). After eGaIn starts flowing (γ ≥ 0.03), the G″ increases to reach its maximum value before
decreasing with strain. Between strain of 0.1 to 1 the G′ and G″ crossover occur where the
structure breaks down and becomes G″ dominated. As seen from the frequency sweep test, the
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elastic modulus is about 10 N m-1, and the viscous modulus is less than 1 N m-1 (Figure A 9.1b).
The data shows a gel-like frequency independent behavior. The oscillation stress component of
the amplitude sweep test demonstrates approximate yield stress (τy) of 0.3 N m-1 (Figure A 9.1c).
The oscillation stress increases in the LVR as the oxide layer resist deformation, and once the
oxide layer yields, the material flows freely with no further increase in stress. The oscillatory
stress plateau value of 0.3 N m-1 is comparable with previous studies that found the oxide skin
yielded around 0.3 – 0.5 N m-1.[127,131] The flow sweep reveals a classic shear thinning behavior,
reaching about 0.03 N s m-1 at the highest tested shear rate (Figure A 9.1d). The shear thinning
occurs after the oxide layer yields, and at increasing shear rates the gallium oxide flakes flow past
each other causing shear thinning. At the same time, the shearing breaks the oxide skin, exposing
more eGaIn liquid to oxidation creating more gallium oxide flakes (Figure A 9.2 [Center]). After
the experiment, a significant amount of solid flakes were left behind on the plate or accumulated
at the interface (Figure A 9.2 [Right]).

9.3.2

Axial oscillation rheology
The axial oscillation test results were converted to interfacial properties using Equation A

9.1 – Equation A 9.5 (Figure A 9.3). The amplitude sweep results show a LVR between strain
from 0.0005 to 0.02 (Figure A 9.3a). Past the LVR (γ ≥ 0.02), the material appears to strain
harden as the elastic and viscous modulus values increase. The strain hardening effect may be
caused by the buildup of the oxide flakes as the skin breaks and reforms at larger compressive
amplitudes. The frequency sweep shows a E′ dominant behavior up to about 6 rad s-1 (Figure A
9.3b). The surface elastic modulus was about 10 N m-1, and the viscous modulus was more than
an order of magnitude lower, similar to the shear rheology results. However, at a higher
frequency (ω > 6 rad s-1) the E′ values quickly dropped while the E″ value started decreasing at 1
rad s-1 (raw phase > 150° at ω > 50 rad s-1). The axial oscillation tests indicate that the oxide skin
at a high compression amplitude experiences strain hardening while high-frequency deformation
prevents the skin from reforming as fast as the deformation.
The rheological characteristics of eGaIn were dependent on the shear history of the
material.[131] Larsen describes a “stiff” state versus “soft” state of the skin where the stiff state is
taught and shiny while the soft state looks dull and wrinkly. The material in the stiff state held
internal stresses due to pre-shear and other handling conditions while in the soft state there were
no longer residual stresses due to large oscillation. The current study also saw similar
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morphologies of the oxide skin where this layer started out shiny and even but became dull and
wrinkly after large amplitude oscillatory testing (Figure A 9.2).
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Figure A 9.1. The eGaIn interfacial rheology values determined using PP method (blue) and
DWR method (orange). (a) The amplitude sweep (γ ∈ [10-3, 10] at ω0 = 1 rad s-1) plot of the G′s
(filled square) and G″s (open square). (b) Frequency sweep (ω ∈ [0.05, 100] rad s-1 at γ0 = 0.02)
showing G′s dominated frequency independent curve. (c) The oscillation stress over strain curve
from the amplitude sweep test. (d) The flow sweep test (𝛾𝛾̇ ∈ [10-6, 10] s-1) plots the eGaIn
interface viscosity over shear rate.
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Figure A 9.2. (a) The bulk shear rheology and axial compression rheology measured with parallel
plate (PP) geometry. (b) The interfacial shear rheology measured with double wall ring (DWR) in
Delrin. [Left] Before shearing, the oxide skin is in its stiff and shiny state but as it starts getting
sheared, the skin breaks. [Center] At the joint where the oxide layer breaks, the exposed eGaIn is
oxidized, creating flakes of oxide. [Right] When the bulk PP test sample was syringed out, there
was a large amount of oxide flakes left on the plate. In the DWR test, the flakes resulted in a
thick, dull-looking oxide build-up at the interface.

Figure A 9.3. The axial oscillation test result from (a) amplitude sweep test (γ ∈ [0.0005, 0.05] at
ω0 = 0.63 rad s-1) and (b) frequency sweep test (ω ∈ [0.063, 100] rad s-1 at γ0 = 0.0053).
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10 APPENDIX E: SCANNING ELECTRON MICROSCOPY (SEM) IMAGES OF
METAL PASTE
10.1 Summary
The paste mixtures were made from eutectic gallium indium tin alloy (66.5 Ga, 20.5 In,
13 Sn) and micro-nickel particles (average particles diameter 3 - 7 μm). All the nickel mixtures
analyzed here had 10 wt.% nickel, and the manufacturing of the metal paste was described in
detail previously.[189] The samples were analyzed with an environmental SEM at (FEI Quanta
600F Environmental SEM, OSU Electron Microscopy Facility) under low vacuum, at room
temperature, on aluminum stubs covered with carbon tape. Figure A 10.1 contains the SEM
images of eight different metal paste samples, pure liquid metal (LM) sonicated for 6 – 30 kJ and
liquid metal with micro-nickel particles sonicated between 6 to 18 kJ. All the pastes were
smeared into a thin film on top of the carbon tape for this analysis. As a result of the smearing,
the gas bubbles trapped in the paste becomes visible (Figure A 10.1b, c, e, f, h at 1 mm scale)
along with the cavities created by popped bubbles (Figure A 10.1a, b, d, f, g at 1 mm scale). The
bubbles appear to be 0.2 - 0.5 mm in diameter. The bubble is covered with a combination of sheer
oxide skin (dark region) and pockets of gray liquid metal (Figure A 10.1b, d, e, f at 100 μm
scale). While a closer look at the sonicated pure liquid metal samples only shows wrinkles of the
thin oxide (Figure A 10.1a-e at 10 μm scale), the liquid metal and nickel paste shows protrusions
of nickel particles through the oxide skin (red arrows in Figure A 10.1f-h at 10 μm scale).
Figure A 10.2 provides a further analysis of the Figure A 10.1h nickel and liquid metal
paste. The nickel inclusions in the mixture are prominently protruding through the skin (Figure A
10.2a-c), showing a lot of nickel flakes in the micron size range. One of the air bubbles in the
sample (Figure A 10.2d-f) is perfectly spherical except for a large flake on top of it (Figure A
10.2d). There is a cavity in the middle of the sphere (Figure A 10.2e). The cavity indicates the
bubble has burst, but the shape of the bubble is intact due to the elasticity of the oxide skin. The
entire bubble is covered with oxide, liquid metal, and nickel mixture (Figure A 10.2f). Another
bubble in the mixture (Figure A 10.2g-i) is intact, with no cavities, even though portions of the
bubble is covered with an extremely thin layer of pure oxide (Figure A 10.2h-i).
The same paste (LM + 10 % micro-nickel sonicated 18 kJ) was analyzed using an
electron dispersive spectroscopy (EDS) which measures the amount of different elements that are
found in the image region (Figure A 10.3). This patch of the material has a mostly sheer center
region with the bulky gray part to the bottom and protruding particles to the top (Figure A 10.3a).
The EDS analysis compiles the coverage of C, O, Ni, Ga, In, and Sn in the image into one image
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showing the distribution of the different elements in that section of the material (Figure A 10.3b).
The results confirm that the entire region, including the shear area, is covered with gallium and
oxygen or gallium oxide. The area to the bottom appears to be a GaInSn alloy with concentrated
regions of oxide, judging by the distribution of gallium, oxygen, indium, and tin. The particles
protruding through the skin at the top are nickel particles covered in GaInSn alloy as seen by the
detection of nickel, gallium, indium, and tin in that area.
The previous analysis was on a thin smear of the paste, so an additional SEM analysis of
bulk metal paste was made. The paste was 4 % nano-nickel liquid metal mixture sonicated at 12
kJ. A chunk of the paste was placed on a carbon tape for analysis. Some attempts were made to
analyze the internal structure of the paste by milling into the paste using a focused ion beam SEM
(FEI Helios Dual Beam FIB with cryo, CAMCOR at University of Oregon) at low temperature
(<< 0 °C) so the paste is in a solid form during milling. The cryogenic milling was not successful;
no indentation or signs of milling appeared on the surface of the material despite many attempts.
The reason the material could not be milled might be: 1) the beam is a gallium beam, and this
material is mostly gallium, and 2) the beam is causing localized melting that instantly refills the
holes made by the milling process. Currently, there is no way of imaging and analyzing the
internal structure of the paste in the bulk form.
Since the milling was unsuccessful, three sites on the surface of the bulk paste were
analyzed (Figure A 10.4a, c, e). The results of the surface analysis of the metal paste did not
reveal anything unexpected. The samples had uneven surface topography, so certain sections
where the EDS is black is where the beam did not reach and therefore was not analyzed (Figure A
10.4b, d, f). Once the carbon signal from the carbon tape is subtracted, the gallium, indium, and
tin are in right proportions to each other. An even layer of oxygen was present on the surface
from the gallium oxide. According to the EDS, there is nickel in the mixture, but there is no sharp
protrusion of the particles on the surface. The smearing brought the nickel particles to the surface
in the previous samples, but in this bulk sample, it is entirely immersed in the liquid metal phase
under the surface.
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Figure A 10.1. SEM images of metal pastes at different magnification scales (1 mm, 100 μm, and
10 μm). (a-e) SEM images of pure liquid metal paste made at different sonication energies: (a) 6
kJ, (b) 12 kJ, (c) 18 kJ, (d) 24 kJ, and (e) 30 kJ. [continued on the next page]
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Figure A 10.1. [continued from the previous page] (f-h) The liquid metal and 10 % nickel
mixtures sonicated for (f) 6 kJ, (g) 12 kJ, and (h) 18 kJ. In the nickel mixtures, the nickel flakes
protrude through the oxide skin at some spots (red arrows).
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Figure A 10.2. Liquid metal 10 % micro-nickel mixture sonicated 18 kJ (same sample as Figure
1h). (a-c) Micro-nickel particles protrude through the oxide skin. (d-f) Examination of one of the
bubbles in the sample (d) at closer magnifications. (g-i) A closer look at the surface topography
of a different bubble (d).
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Figure A 10.3. EDS analysis of the liquid metal 10 % micro-nickel mixture sonicated 18 kJ. (a)
The region of the sample that was analyzed. (b) The distribution of carbon, oxygen, nickel,
gallium, indium, and tin in the imaging section.
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Figure A 10.4. SEM-EDS analysis of the liquid metal 4 % nano-nickel mixture sonicated 12 kJ
under cryogenic condition. Three sites on the same sample were analyzed on the SEM (a, c, e).
Distribution of carbon, oxygen, nickel, gallium, indium, and tin in each site along with the
atomic % of each element was determined through EDS (b, d, f). (a-b) Site 1 [continued on the
next page]
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Figure A 10.4. [continued from the previous page] (c-d) Site 2 [continued on the next page]
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Figure A 10.4. [continued from the previous page] (e-f) Site 3
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11 APPENDIX F: PSEUDOMONAS AERUGINOSA CREEP-RECOVERY TESTS
11.1 Summary
The viscoelastic characteristic of the biofilm can be empirically modeled as a series of
springs and dashpots, representing elastic and viscous property of the material, respectively
(Figure A 11.1a). There are many different models composed of springs and dashpots in series
and parallel like Maxwell model, Kelvin-Voigt model, Jeffreys model, and Burgers model. For
example, Burgers model starts with a spring so after the stress is applied, the strain curve has an
immediate elastic deformation (γ1), then there is a spring and dashpot in parallel which means
there is delayed viscoelastic deformation (γ2), followed by a dashpot which produces a purely
viscous deformation (γ3). After the stress is taken away, the material reforms to the extent of its
elastic component (γe) and the unrecovered strain represents the viscous component (γv). This was
used in some older experiments, seen listed in Table 2.1, to determine G′ and G″.
Some creep-recovery tests were carried out on the PAO1 biofilms (Figure A 11.1b-c). The
PAO1 biofilm samples were prepared according to the description in Chapter 2. All
measurements were using 40-mm stainless steel plate at 25 °C on DHR-3 rheometer (TA
Instruments, USA) as described in Chapter 2. The creep recovery test settings are:
•

Creep: apply 0.1 µN m torque for 5 minutes

•

Recovery: apply 0 torque for 10 minutes

When the small torque was applied for 5 minutes, an instantaneous increase in strain resulted
from the elastic property (Figure A 11.1b). The instantaneous strain is followed by a viscoelastic
creep response, where the strain increases slowly over time, modeled by a combination of springs
and dashpots in parallel. When the load is taken off after 5 minutes, an instantaneous recovery
occurs, another purely elastic response. Followed lastly by a slow recovery as a result of the
elastic and viscous property of the biofilm acting together, modeled by the springs and dashpots
in parallel. Another component calculated during the creep-recovery test is the compliance
(Figure A 11.1c). The compliance is a reciprocal of the modulus value, so an increase in
compliance means a decrease in modulus.
The biofilm’s recovered compliance is slightly smaller than the compliance, indicating
there is an increase in the biofilm modulus, possibly as a result of sample drying during testing.
The biofilm drying could explain the tendency to measure strain less than zero at the tail end of
the recovery phase (Figure A 11.1b). Four-element Burgers model previously had good
agreement with creep data.[50,51] A property of the viscoelastic material that is not taken into
account by the Burgers model is the creep ringing. Creep ringing is a common occurrence with
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biopolymers as a result of a combination of instrumental inertial and material elastic effects.[190]
The viscoelastic property of the material, along with the ringing response was found to be best
modeled through Jeffreys model.[49,191] For PAO1 biofilm samples the ringing lasted for nearly 20
seconds and some useful information can be derived from fitting the ringing data into models.
Modeling was not done in this data because all the information that can be gained through springdashpot modeling can also be derived directly from oscillatory rheology tests.

Figures and Tables

Figure A 11.1. (a) Viscoelastic behavior of a material can be modeled as a series of springs and
dashpots. The springs represent the elastic component while the dashpot represents the viscous
component. Burgers model is one of the popular models depicting the behavior of a viscoelastic
material during creep-recovery test. Some creep-recovery tests were carried out on PAO1 (n ≥ 3).
(b) The average strain versus time plot with standard deviation bars shows distinctly viscoelastic
response with (inset) creep ringing phenomenon in the first 20 seconds of torque application. The
ringing is out of phase between the creep ringing and the recovery ringing. (c) The average
compliance and the recovered compliance data with (inset) creep ringing of the compliance data.

