
ABSTRACT 

VALLABHUNENI, SRAVANTHI. Slippery Surfaces: Design & Applications. (Under the 

direction of Dr. Arun K. Kota). 

 

Slippery surfaces (i.e., surfaces that display high mobility with liquid droplets) have 

gained significant attention for their advantages in a wide variety of applications like self-

cleaning, drag reduction, enhanced condensation, fouling resistance, biomedical implants etc. 

Slippery surfaces can be broadly classified as: i) textured slippery surfaces, wherein the 

underlying substrate is rough (both surface texture and surface chemistry play a critical role in 

obtaining slipperiness); and ii) non-textured slippery surfaces, wherein the underlying substrate 

is non-textured (surface homogeneity plays a critical role in obtaining slipperiness). Depending 

on wettability (i.e., hydrophilicity or hydrophobicity), slippery surfaces can prove to be 

extremely beneficial for specific practical applications. In this work, we delve into the design 

principles of slippery surfaces and emphasize their potential for various applications relevant to 

thermofluidics and biofluidics. Utilizing textured slippery surfaces (i.e., superomniphobic 

surfaces), we demonstrated: i) on-demand, remote and lossless manipulation of biofluidic 

droplets by developing biofluid manipulators for minimizing the risk of exposure to healthcare 

workers and clinical laboratory personnel. Using our biofluid manipulators, first, we 

demonstrated in-plane (simultaneous and sequential) transport and mixing of liquid droplets, as 

well as out-of-plane grip, transport, and release of liquid droplets and later, highlighted their 

potential for colorimetric assays and blood coagulation assays by manipulating biofluids, 

including blood and virus; and ii) enhanced chemical shielding on soft robots for retaining their 

functionality and performance under corrosive liquid environments. Using our superomniphobic 

coatings, first, we demonstrated excellent chemical resistance with corrosive acids and solvents. 

Later, we highlighted the practical utility of superomniphobic soft robots by fabricating soft 



pneumatic robots (gripper, fish, and jellyfish) and liquid crystal elastomeric and magnetic 

actuators and showing no surface damage while functioning in acidic environments or in the 

presence of solvents. In relevance with non-textured slippery surfaces, we designed a novel class 

of slippery hydrophilic (SLIC) surfaces and elucidated the underlying physics for slipperiness. 

Utilizing SLIC surfaces, first, we demonstrated their excellent performance in condensation heat 

transfer highlighting their potential for thermofluidic applications. Second, we demonstrated 

their exceptional fouling resistance highlighting their practical utility for novel open miniaturized 

fouling-free lab-on-a-chip platforms. Third, we investigated the interaction of blood components 

(fibrinogen, platelets & leukocytes) on SLIC surfaces by studying fibrinogen adsorption and 

platelet & leukocyte adhesion to demonstrate their potential for blood-contacting medical 

devices. Overall, our insights from the fundamental design principles of slippery surfaces and 

their applications will have significant implications in multiple fields ranging from 

thermofluidics to biofluidics.  
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OVERVIEW 

Slippery surfaces are surfaces that display high mobility with liquid droplets. Such 

surfaces have gained significant attention for their advantages in a wide variety of applications 

like self-cleaning, drag reduction, enhanced condensation, fouling resistance, biomedical 

implants etc.1,2 This is because slippery surfaces enable easy droplet sliding (i.e., high droplet 

mobility) due to low surface adhesion, which is highly desirable in several applications in 

thermofluidics and biofluidics. For example, in condensation heat transfer, slipperiness is 

essential for condensate removal to expose the underlying solid surface for further nucleation. 

This facilitates sustainable dropwise condensation resulting in enhanced condensation heat 

transfer.3,4 As another example, slippery surfaces are exceptional for self-cleaning applications.1 

This is because when liquid droplets impinge on a slippery surface with contamination or dirt, 

they roll-off/slide past the surface carrying the contamination or dirt from the surface leaving it 

clean. Yet another example, slippery surfaces are extremely useful for marine applications such 

as boat hulls and submarines. In marine applications, slippery surfaces reduce skin friction (i.e., 

liquid drag) and consequently, increase fuel efficiency.5,6 Slippery surfaces can also prevent 

fouling (i.e., buildup of algae and other marine organisms), which further helps in the speed and 

maneuverability of the structure. This is also applicable to biomedical implants and other 

medical devices (e.g., stents, catheters, blood storage containers etc.), where biofouling (i.e., 

adsorption of blood proteins and adhesion of blood and blood components) is highly 

undesirable.7,8 

Slippery surfaces can be broadly classified as: i) textured slippery surfaces, wherein the 

underlying substrate is rough (both surface texture and surface chemistry play a critical role in 

slipperiness); and ii) non-textured slippery surfaces, wherein the underlying substrate is non-
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textured (surface homogeneity plays a critical role in slipperiness). In this dissertation, we delve 

into the design principles of such textured and non-textured slippery surfaces and emphasize 

their potential in multiple applications of thermofluidics and biofluidics. 

In chapter 1, we review the fundamentals of wettability and slipperiness on solid 

surfaces. We also discuss the design criteria for obtaining slipperiness using textured and non-

textured surfaces. In chapter 2, we discuss the application of textured slippery surfaces for on-

demand, remote, and lossless manipulation of biofluids, which can potentially reduce manual 

operations and minimize exposure time to infectious biofluids and consequently, minimizing 

their risk of exposure to clinical laboratory personnel and healthcare workers. In chapter 3, we 

discuss the potential of textured slippery surfaces in the chemical shielding of soft robots to 

retain their functionality and performance under corrosive liquid (e.g., acids, bases, solvents etc.) 

environments. In chapter 4, we discuss the design principles of an emerging class of slippery 

hydrophilic (SLIC) surfaces and demonstrate their potential for relevant applications in 

thermofluidics and biofluidics. In chapter 5, building on our prior work on SLIC surfaces, we 

discuss the fabrication of slippery surfaces using polymeric substrates (silicone rubber, 

polyurethane, polycarbonate) and investigate the interaction of blood with such surfaces for 

developing fouling resistant biomedical devices. In chapter 6, we discuss the contributions of our 

work to fundamental science and applied science and emphasize their prospects and implications 

in thermofluidic and biofluidic applications. 
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CHAPTER 1. FUNDAMENTALS OF WETTING AND SLIPPERINESS 

1.1 Introduction 

Slippery surfaces (i.e., surfaces that display high mobility with liquid droplets) have 

gained significant attention for their advantages in a wide variety of applications like self-

cleaning, drag reduction, enhanced condensation, fouling resistance, biomedical implants etc.1,2 

This is because slippery surfaces enable easy droplet sliding (i.e., high droplet mobility) due to 

low surface adhesion, which is highly desirable in several applications in thermofluidics and 

biofluidics. Depending on the surface wettability (i.e., hydrophilicity or hydrophobicity), 

slippery surfaces can prove to be extremely beneficial in specific practical applications. For 

example, in condensation heat transfer, slippery hydrophilic surfaces display higher efficiency 

with aqueous liquids because the hydrophilicity enables higher droplet nucleation and 

slipperiness enables quick condensate remove facilitating sustained dropwise condensation. 

However, slippery hydrophilic surfaces are not slippery towards non-aqueous low surface 

tension liquids (e.g., solvents and hydrocarbon oils like hexadecane) and are inefficient in 

condensation heat transfer with such low surface tension oils. For condensation heat transfer with 

low surface tension oils, slippery oleophilic surfaces (which are typically hydrophobic) can 

render high efficiency. In this chapter, we review the fundamentals of wettability and 

slipperiness and discuss the underlying principles for designing slippery surfaces (textured and 

non-textured). Utilizing these design principles, we discuss the fabrication of slippery surfaces 

and emphasize their potential for several practical applications in the following chapters. 

1.2 Contact angle 

The primary measure of wetting of a liquid droplet on a non-textured (i.e., smooth) solid 

surface (see Fig. 1.1) is the Young’s contact angle 𝜃𝑌, given by Young’s equation:9 
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cos 𝜃𝑌 =
𝛾𝑠𝑣 − 𝛾𝑠𝑙

𝛾𝑙𝑣
                                                                (1.1) 

Here, 𝛾𝑠𝑣, 𝛾𝑠𝑙 and 𝛾𝑙𝑣 are the solid surface energy, the solid-liquid interfacial tension, and the 

liquid surface tension, respectively. Typically, a solid surface is classified as hydrophilic, when it 

displays 𝜃𝑌 < 90° and hydrophobic, when 𝜃𝑌 > 90° with water. Similarly, a solid surface is 

classified as oleophilic, when it displays 𝜃𝑌 < 90° and oleophobic, when 𝜃𝑌 > 90° with oils. 

 

Figure 1.1. Young’s contact angle. A Schematic depicting the Young’s contact angle 𝜃𝑌 

displayed by a liquid droplet on a non-textured solid. 

As evident from Eq. 1.1, Young’s contact angle 𝜃𝑌 increases with increasing liquid 

surface tension 𝛾𝑙𝑣 and decreases with increasing solid surface energy 𝛾𝑠𝑣. This implies that 

liquids with high surface tension 𝛾𝑙𝑣 (e.g., water) will display higher 𝜃𝑌 and surface chemistries 

with low solid surface energy 𝛾𝑠𝑣 (e.g., fluorocarbons and hydrocarbons) will display higher 𝜃𝑌. 

1.3 Contact angle on a textured solid 

When a liquid droplet contacts a textured solid surface, it displays an apparent contact 

angle 𝜃∗. Apparent contact angle 𝜃∗ depends on the two configurations a liquid droplet can adopt 

on a textured solid: i) the Wenzel state10 and ii) the Cassie-Baxter state11. In the Wenzel state, the 

liquid completely wets the solid surface (see Fig. 1.2a), whereas in the Cassie-Baxter state, the 

texture traps air pockets resulting in a composite solid-liquid and liquid-air interface (see Fig. 

1.2b). Cassie-Baxter state is preferred to obtain high apparent contact angles 𝜃∗. 

In the Cassie-Baxter state, the apparent contact angle 𝜃∗ displayed by a liquid is a 

weighted-average between 𝜃𝑌 (i.e., local contact angle displayed by the liquid) and 𝜋 (i.e., 
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contact angle displayed by the liquid in air). The apparent contact angle 𝜃∗ is calculated using 

Cassie-Baxter relation:11 

cos 𝜃∗ = 𝑓𝑠𝑙 cos 𝜃𝑌 + 𝑓𝑙𝑣 cos 𝜋                                                       (1.2) 

Here, 𝑓𝑠𝑙 and 𝑓𝑙𝑣 refer to area fractions of solid-liquid interface and liquid-air interface, 

respectively, below the liquid droplet. As evident from Eq 1.2, larger area fraction of liquid-air 

interface 𝑓𝑙𝑣 will result in higher apparent contact angles 𝜃∗. 

 

Figure 1.2. Droplet configurations on a textured solid. (a) & (b) Schematics depicting liquid 

droplets in Wenzel state and Cassie-Baxter state, respectively, on a textured solid surface. 

1.4 Contact angle hysteresis 

The primary measure of slipperiness on a solid surface is contact angle hysteresis Δθ, 

which is defined as the difference between the advancing contact angle 𝜃𝑎𝑑𝑣 and the receding 

contact angle 𝜃𝑟𝑒𝑐 displayed by a liquid droplet.6,12 Advancing contact angle 𝜃𝑎𝑑𝑣 is the 

maximum contact angle and receding contact angle 𝜃𝑟𝑒𝑐 is the minimum contact angle displayed 

by a liquid droplet at the advancing and trailing edges, respectively, while sliding past a solid 

surface (see Fig. 1.3). 

Contact angle hysteresis Δθ arises from the physical inhomogeneities (i.e., surface 

roughness) and chemical inhomogeneities (i.e., non-uniformity in surface chemistry) on a solid 

surface.6,13,14 Typically, a smooth solid surface (e.g., polished silicon wafers) displays low 

physical inhomogeneity and a surface with uniform surface chemistry displays low chemical 
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inhomogeneity. Physically, contact angle hysteresis Δθ indicates the energy dissipated by a 

liquid droplet while sliding on a solid surface.15-17 Low contact angle hysteresis Δθ indicates low 

adhesion between the liquid and solid, which further results in high mobility of liquid droplets on 

a solid surface. 

 

Figure 1.3. Advancing and receding contact angles. A schematic depicting the advancing 

contact angle and the receding contact angle displayed by a liquid droplet (blue) while sliding on 

a tilted solid surface. 

1.5 Roll-off/Sliding angle 

Another measure of slipperiness on a solid surface is roll-off/sliding angle ω, which is 

defined as the minimum tilt angle of a solid surface relative to horizontal required for a liquid 

droplet to start sliding or rolling off on a solid surface (see Fig. 1.4). The roll-off or sliding angle 

can be estimated by balancing work done in adhesion against the work done under gravity using 

Furmidge relation as:18 

sin 𝜔 =
𝛾𝑙𝑣𝑤(cos 𝜃𝑟𝑒𝑐 − cos 𝜃𝑎𝑑𝑣)

𝜌𝑔𝑉
                                                     (1.3) 

Here, ω is the roll-off/sliding angle, 𝛾𝑙𝑣 is the liquid surface tension, 𝑤 is the width of a liquid 

droplet at triple-phase contact line perpendicular to its motion, 𝜃𝑟𝑒𝑐 is the receding contact angle, 

𝜃𝑎𝑑𝑣 is the advancing contact angle, 𝜌 is the density of the liquid, 𝑔 is the acceleration due to 

gravity, and 𝑉 is the volume of the liquid droplet. As evident from Eq. 1.3, low contact angle 
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hysteresis (i.e., low Δθ) results in low roll-off/sliding angles (i.e., low ω), which further enables 

high mobility of liquid droplets on a solid surface. 

 

Figure 1.4. Roll-off/sliding angle. A schematic depicting the roll-off/sliding angle of a liquid 

droplet (blue) on a solid surface. Here, 𝐹𝑎𝑑ℎ and 𝐹𝑔 refer to the adhesion force and the 

gravitational force, respectively. 

1.6 Slipperiness on textured surfaces 

In the past two decades, textured slippery surfaces have been fabricated using two 

approaches, both of which rely on fluid-film lubrication.19 The first approach employs super-

repellent surfaces, which use texture to trap air pockets at the solid-liquid interface, reducing the 

solid-liquid interfacial area and inducing slip at the liquid-air interface.20 The second approach 

employs lubricant-infused surfaces, which use texture to trap pockets of a liquid (immiscible 

with the contacting liquids) on the solid surface, reducing the solid-liquid interfacial area and 

inducing slip at the liquid-liquid interface.21 In this dissertation, we primarily focus on super-

repellent surfaces and their applications for lossless droplet manipulation and enhancing 

chemical resistance of soft robots. 

Super-repellent surfaces can be broadly classified as superhydrophobic and 

superomniphobic. A surface is considered superhydrophobic if it displays extreme repellency 

towards high surface tension liquids like water, whereas a surface is considered superomniphobic 

if it displays extreme repellency towards virtually any liquid, irrespective of surface tension, 
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viscosity, polarity, pH, etc. Typically, super-repellent surfaces display apparent contact angles 𝜃∗ 

> 150° and contact angle hysteresis Δθ < 10° or roll-off angles ω < 10°.6,12 Superhydrophobic 

surfaces can be fabricated by imparting low solid surface energy with surface texture that can 

result in the Cassie-Baxter state with high liquid-air interfacial area. However, superomniphobic 

surfaces require a special texture called re-entrant texture (see Fig. 1.5) to maintain the Cassie-

Baxter state, especially with low surface tension liquids (e.g., hydrocarbon oils like hexadecane). 

Typically, re-entrant textures consist of convex textures like inverse trapezoids, or features with 

undercuts or overhangs (see Fig. 1.5). For example, surface textures obtained by coating with 

spherical particles and non-spherical particles with undercuts or overhangs can offer re-entrant 

texture; when such surface textures are imparted solid surface energy via fluorocarbon surface 

chemistries, they can render the surface superomniphobic (explained in-detail in the following 

chapters). 

 

Figure 1.5. Cassie-Baxter state with high & low surface tension liquids. (a) & (b) Schematics 

depicting Cassie-Baxter state with high surface tension liquid (𝜃𝑌 > 90°) without re-entrant 

texture and with low surface tension liquid (𝜃𝑌 < 90°) with re-entrant texture, respectively, on a 

surface with low solid surface energy. 

1.7 Slipperiness on non-textured surfaces 

Despite the appeal of the textured slippery surfaces (i.e., super-repellent surfaces & 

lubricant-infused surfaces), they are prone to lose slipperiness due to damage of texture, 

depletion of air via dissolution or external pressure, or depletion of lubricant via evaporation or 
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repeated use.22,23 Non-textured (i.e., smooth), all-solid, slippery surfaces mitigate such texture-

related concerns with textured slippery surfaces. Non-textured, all-solid slippery surfaces can be 

fabricated by covalently grafting brushes (i.e., tethering oligomers or polymers to surfaces) at a 

sufficiently high grafting density 𝜎 on to smooth solid surfaces (see Fig. 1.6). 

 

Figure 1.6. Non-textured slippery surface. A schematic depicting a liquid droplet on a smooth 

solid surface covalently grafted with oligomeric brushes (blue). 

Non-textured and all-solid surfaces can display slipperiness when contact angle hysteresis 

𝛥𝜃  (i.e., the difference between advancing contact angle 𝜃𝑎𝑑𝑣 and receding contact angle 𝜃𝑟𝑒𝑐) 

is low. Low contact angle hysteresis 𝛥𝜃 can be achieved when a surface has low physical and 

chemical inhomogeneities. Non-textured surfaces with very low surface roughness (e.g., silicon 

wafers and glass coverslips) display low physical inhomogeneity. High grafting density 𝜎 leads 

to low chemical inhomogeneity. However, most non-textured, all-solid, slippery surfaces are 

hydrophobic. Non-textured, all-solid, slippery hydrophilic (SLIC) surfaces are rare and 

challenging to fabricate. In our work, we focus on elucidating the design principles of an 

emerging class of SLIC surfaces and their potential for thermofluidic and biofluidic applications 

in the following chapters.  
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CHAPTER 2. ON-DEMAND, REMOTE AND LOSSLESS MANIPULATION OF 

BIOFLUID DROPLETS 

2.1 Introduction 

Exposure to infectious agents (e.g., pathogens like bacteria, viruses etc.) present in non-

Newtonian or active biofluids (e.g., blood, saliva, urine etc.) poses a severe risk to clinical 

laboratory personnel and healthcare workers,24-26 resulting in hundreds of millions of hospital-

acquired and laboratory-acquired infections each year.24,27-29 The recent global outbreaks of 

epidemics and pandemics (e.g., HIV/AIDS, MERS-CoV, Ebola, SARS-CoV-2 etc.) and the 

increased exposure of clinical laboratory personnel and healthcare workers to the highly 

infectious specimens, further emphasizes this risk. Novel technologies that can mitigate such risk 

by reducing manual operations and minimizing exposure time through remote and automated 

handling of infectious biofluids are indispensable.30,31  

In this work, we present biofluid manipulators, which allow on-demand, remote and 

lossless manipulation of a wide range of liquids, including biofluids (e.g., blood). Our biofluid 

manipulators are designed by integrating thermo-responsive soft actuators with superomniphobic 

surfaces (i.e., surfaces that are extremely repellent to virtually all liquids) through a simple and 

versatile multi-layer design. While prior reports have engineered soft manipulators that can 

maneuver solid objects,32-34 there are no reports of soft manipulators that can maneuver biofluid 

droplets. Furthermore, while there are several reports on droplet manipulation methods (e.g., 

electric fields, magnetic fields, light, heat, sound, guiding tracks, and surface patterning),35-41 

they suffer from one or more of the following shortcomings – liquid loss or single-use or in-

plane movement only or expensive fabrication or non-portable or not on-demand. For example, 

electric field induced droplet manipulation (e.g., electrowetting based) techniques suffer from 
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expensive fabrication costs/methods (e.g., photolithography) and liquid losses, and do not allow 

out-of-plane droplet manipulation.42,43 Magnetic field induced droplet manipulation techniques 

suffer from expensive fabrication costs/methods (e.g., photolithography) or liquid losses or 

dispersion of magnetic particles in the liquid that can result in contamination.44,45 Light induced 

droplet manipulation techniques suffer from liquid losses and do not allow out-of-plane droplet 

motion.46,47 Heat induced droplet manipulation techniques can damage biofluids and suffer from 

liquid losses.36,48 Sound based techniques like acoustic tweezers suffer from expensive 

fabrication/methods (e.g., photolithography and complex transducer arrays) or low spatial 

resolution and/or require skilled labor.41,49 Surface patterning-based droplet manipulation 

techniques suffer from expensive fabrication costs/methods (e.g., photolithography), liquid 

losses and do not allow on-demand manipulation.37,38  

Utilizing our biofluid manipulators, we overcome these shortcomings and demonstrate 

in-plane (simultaneous and sequential) transport and mixing of liquid droplets, as well as out-of-

plane grip, transport, and release of liquid droplets. While simultaneous in-plane manipulation of 

droplets enables automation of simple single-step processes, sequential in-plane manipulation 

enables automation of multi-step processes, which involve sequential mixing of droplets at 

different time intervals. The out-of-plane manipulation enables automation of more sophisticated 

processes that require pickup, transport, and release of droplets across hurdles or obstacles on the 

surface. Furthermore, to illustrate the practical utility of our manipulators, we demonstrate on-

demand, remote and lossless manipulation of biofluid droplets, including blood and virus 

replicons. We envision that our biofluid manipulators will not only reduce manual operations and 

minimize exposure to infectious agents, but also pave the way for developing inexpensive, 
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simple, and portable robotic systems, which can allow point-of-care operations, particularly in 

developing nations. 

2.2 Biofluid manipulators for on-demand and remote manipulation 

To achieve on-demand and remote manipulation of liquid droplets, we fabricated 

manipulators by embedding a heterochiral twisted and coiled actuator (TCA)50-52 between softer 

and stiffer elastomer layers. We used a heterochiral TCA because it can be easily fabricated with 

commercially available materials, it can be remotely actuated (i.e., elongated due to thermally 

induced untwisting) on-demand by Joule heating with a low voltage (< 5 V), it does not require 

additional bulky hardware, and it generates appreciable and reversible elongation,50 which can 

generate considerable forces (about 100 times larger than a human muscle of same mass and 

length).51  

2.2.1 Fabrication of heterochiral twisted-and-coiled actuators (TCAs) 

 

Figure 2.1. Twisted and coiled actuator (TCA). A Schematic illustrating the elongation of a 

TCA () by applying a voltage (V > 0). 

We fabricated heterochiral TCAs using silver coated nylon sewing threads (Shieldex 

Trading, 235/35 4ply). Two nylon threads were first twisted together by generating twists from 

one end of the thread with a step motor, while exerting a load of 380 g on the other end of the 

thread. The twisted nylon threads were then coiled around a copper wire with a diameter of 0.4 

mm using a custom-built apparatus. The opposite directions of coiling and twisting resulted in 
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the heterochiral TCAs. Subsequently, the TCAs were annealed at 180°C for 1 hour in an oven 

(Quincy Lab, 10GCE) to stabilize the structure of the TCAs. The copper wire was removed after 

the TCAs were cooled down to room temperature. By applying a voltage remotely, the TCA can 

display elongation reversibly due to thermal expansion and untwisting of the thread coils (see 

Fig. 2.1). 

2.2.2 Fabrication of biofluid manipulators 

A TCA arranged in a U shape (for droplet gripper and sequential droplet manipulation) or 

an elliptical shape (for simultaneous droplet manipulation) was sandwiched between two layers 

of soft adhesive tape (3M Inc., VHB tape 4905). To create asymmetric stiffness, a soft elastomer 

layer fabricated by folding a self-fusing silicone tape (Loctite Inc., Go2 wrap) was attached to 

one side of the soft body. The two ends of the TCA were connected to copper wires that acted as 

electrical leads.  

 

Figure 2.2. Biofluid manipulator. (a) Schematic illustrating the fabrication of soft manipulator 

by embedding a single heterochiral TCA between softer and stiffer elastomer layers. (b) 

Schematic illustrating the fabrication of soft manipulator after embedding a single heterochiral 

TCA between softer and stiffer elastomer layers. (c) & (d) Pictures showing the bending of the 

soft manipulator when a voltage is applied. 

We embedded a single heterochiral TCA (with a U shape) between a softer elastomer 

layer consisting of just a soft adhesive tape (Young’s modulus of ~104 kPa) and a stiffer 
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elastomer layer consisting of the soft adhesive tape along with a stiffer tape (Young’s modulus of 

~338 kPa; see Fig. 2.2a and b). We used softer and stiffer elastomer layers because the softer 

side exhibits larger elongation than the stiffer side upon actuation (i.e., Joule heating with a 

voltage) of the heterochiral TCA. In order to accommodate this asymmetric elongation, the soft 

manipulator bends toward the stiffer side (see Fig. 2.2c & d). Our soft manipulator can reversibly 

bend with large bending angles and recover quickly. 

2.2.3 Characterization of biofluid manipulators 

We characterized the actuation of biofluid manipulators by measuring the output 

blocking force 𝐹𝑏 (i.e., the force required to restrict further bending)53-55 of the actuated soft 

manipulator. The blocking force generated by the manipulator at each bending curvature was 

measured by placing the probe of a force gauge (M3-012, Mark-10 Inc.) in the bending path of 

the manipulator. The probe was positioned to ensure that it contacted the tip of the manipulator. 

Three measurements were performed for each bending curvature. 

 

Figure 2.3. Blocking force of soft manipulator. Plot showing the blocking force generated by a 

soft manipulator at different bending curvatures. 

Our results indicate that the blocking force decreases with increasing bending curvature 

of the actuated soft manipulator (see Fig. 2.3). This is because at larger bending curvatures, the 
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force generated by the actuated TCA is increasingly used to induce larger elastic deformations. 

However, even at a large bending curvature of ~0.08 mm-1 (which is higher than the bending 

curvatures used in our experiments), the blocking force of our soft manipulator is ~15 mN 

(sufficient to lift ~1.5 g of liquid), which is more than an order of magnitude higher than the 

force required for handling millimeter-sized droplets of common liquids. 

2.3 Lossless droplet manipulation with biofluid manipulators 

To design manipulators for lossless manipulation of liquid droplets, the adhesion between 

the liquid droplet and the surface of the manipulator should be minimized. One strategy for 

significantly reducing the adhesion is to fabricate manipulators with super-repellent surfaces.56,57 

Super-repellent surfaces are broadly classified as superhydrophobic and superomniphobic. 

Superhydrophobic surfaces display extreme repellency (i.e., low adhesion) to aqueous liquids,58 

while superomniphobic surfaces display extreme repellency to virtually any liquid (aqueous or 

organic; acids, bases or solvents; Newtonian or non-Newtonian etc.).12,20,59-61 Superomniphobic 

surfaces can be designed by combining materials possessing low solid surface energy with 

appropriate re-entrant surface texture (i.e., convex or overhang structures).62-65 While low solid 

surface energy results in high contact angles, appropriate re-entrant surface texture results in a 

stable Cassie-Baxter state11 for a wide range of liquids.20,63,65 Manipulators with such 

superomniphobic surfaces can be used for lossless handling of a wide range of liquid droplets, 

including biofluids. 

2.3.1 Superomniphobic biofluid manipulators 

We imparted superomniphobicity on our biofluid manipulators by spray-coating 

fluorinated fumed silica particles on the manipulator surfaces. The fluorinated particles were 

prepared through liquid phase silanization of 500 mg of 7 nm fumed silica particles (Sigma-
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Aldrich) in 20 mL hexane containing 0.5 mL heptadecafluoro-1,1,2,2-tetrahydrodecyl 

trichlorosilane (Gelest Inc.) for three days. The solution was then spray coated onto the 

manipulator surfaces using an air brush held at 15 cm from the surface at a pressure of 30 psi. 

The surfaces were then dried at room temperature before use.  

We characterized the surface morphology of our biofluid manipulators using a scanning 

electron microscope (JEOL JSM-6500F) at 10 kV. The manipulator surfaces were sputter coated 

with gold/palladium target to make the surface conductive (to avoid charging) for SEM imaging. 

The spray coated fumed silica particle morphology provided the re-entrant structure (see Fig. 

2.4) and the fluorination of these fumed silica particles provided the low solid surface energy, 

which together rendered the surface superomniphobic. 

 

Figure 2.4. Surface morphology. An SEM image displaying the re-entrant morphology of 

fluorinated silica particles on our superomniphobic surfaces. 

We characterized superomniphobicity by measuring the apparent advancing 𝜃𝑎𝑑𝑣
∗  and 

apparent receding 𝜃𝑟𝑒𝑐
∗  contact angles of a wide range of liquids with surface tensions ranging 

from 27.5 mN m-1 to 72.1 mN m-1 (see Fig. 2.5a) using a contact angle goniometer (Ramé-Hart 

200-F1). For each liquid, three measurements were performed. All tested liquids displayed 

apparent contact angles 𝜃∗  150° and low contact angle hysteresis Δ𝜃 = 𝜃𝑎𝑑𝑣
∗ − 𝜃𝑟𝑒𝑐

∗  on our 

superomniphobic surfaces. The low contact angle hysteresis led to high mobility (or low 
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adhesion) of droplets, as evidenced by the low roll off angles 𝜔 < 10° (see Fig. 2.5b). The ultra-

low liquid adhesion was also evident from the complete rebound of droplets upon impacting the 

superomniphobic surfaces. Our biofluid manipulators can easily handle liquid volumes from 5 

L to 5 mL. 

 

Figure 2.5. Superomniphobicity. (a) & (b) Apparent contact angles and roll off angles, 

respectively, of liquid droplets with different surface tensions on our superomniphobic surfaces. 

Roll off angles were measured with 20 L droplets. 

2.3.2 Lossless droplet manipulation 

We evaluated the lossless nature of droplet manipulation and cross-contamination on our 

biofluid manipulators by measuring the droplet volume, actuator mass and droplet roll off angle 

as a function of the droplet rastering cycles. In order to do this, we prepared multiple liquids 

(hexadecane, water, Bradford reagent, BSA, milk, virus replicon particle laden solution, 

thrombin, whole blood, fibrinogen and PRP) and performed droplet rastering on biofluid 

manipulators. 

Bovine serum albumin (BSA) droplets were prepared by diluting BSA (2 mg ml-1; Fisher 

Scientific) to 2 ng ml-1 with water. Virus replicon particle-laden droplets were prepared by 

suspending virus in 10% fetal bovine serum (FBS) buffer. Instead of using infectious virus, for 

safety reasons, we chose to use single-cycle infectious virus replicon particles (VRPs). To 
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produce VRPs, a trans-packaging system for WNV replicons was used. Briefly, a BHK 

packaging cell line (VEEV-WNV C-E-Pac) harboring a Venezuelan Encephalitis virus replicon 

expressing the structural coding region of WNV (VEEV-WNV C-E-Pac)66 was infected with 

previously produced WNV replicon particles, whose genome contains a deletion in the capsid 

protein C coding region. These replicon particles are able to infect regular cells, but due to the 

mutation in the C protein, they are not able to package their genome and produce progeny 

particles after the initial infection (single cycle infectious particles). However, full-length C 

protein expressed from VEEV- WNV C-E-Pac in the packaging cell line complements the 

defective C protein in the WNV replicon, leading to packaging of replicon genomes and 

secretion of WNV VRPs.67 VRPs were produced in Dulbecco’s Modified Eagle medium 

(DMEM), supplemented with antibiotics and 10% FBS. Whole blood (porcine) obtained from 

two-year-old female swine from North Carolina State University’s tissue sharing program. 

Plasma was separated from blood by centrifugation twice at 15,000 g for 15 mins. Thrombin 

droplets were prepared by diluting thrombin (100 mg mL-1, Enzyme Research Laboratories) to 

20 mg mL-1. Fibrinogen droplets were prepared by diluting fibrinogen (20 mg mL-1, Fib3 

Fibrinogen with fibronectin, von Willebrand Factor, and Factor XIII depleted, Enzyme Research 

Laboratories) to 3 mg mL-1. 

First, we measured the droplet volume and visually inspected the droplets as a function of 

droplet rastering cycles, sequentially with multiple liquids (hexadecane, water, Bradford reagent, 

BSA, milk, virus replicon particle laden solution, thrombin, whole blood, fibrinogen and PRP), 

on a single biofluid manipulator. In each cycle, a 30 L pendant droplet of the desired liquid was 

rastered across the surface of the same biofluid manipulator using a linear translation stage. The 

droplet appearance was inspected, and the droplet image was captured after every 50 cycles and 
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analyzed with ImageJ to determine the droplet volume. Even after 1000 droplet rastering cycles 

with each liquid, sequentially on the same manipulator, there is neither a significant change in 

the volume of any droplet (see Fig. 2.6a) nor a discernible change in the appearance of any 

droplet. These results confirm that there is neither liquid loss nor noticeable cross-contamination 

associated with our droplet manipulations. 

 

Figure 2.6. Lossless droplet manipulation. (a) Droplet volume as a function of droplet 

rastering cycles. (b) Actuator mass as a function of droplet rastering cycles. (c) Droplet roll off 

angle as a function of droplet rastering cycles. 

Second, we measured the manipulator mass and visually inspected the manipulator 

surface as a function of droplet rastering cycles, sequentially with multiple liquids (hexadecane, 

water, Bradford reagent, BSA, milk, virus replicon particle laden solution, thrombin, whole 

blood, fibrinogen and PRP), on a single biofluid manipulator. In each cycle, a 30 L pendant 

droplet of the desired liquid was rastered across the surface of the same biofluid manipulator 

using a linear translation stage. The manipulator’s surface appearance was inspected, and the 

manipulator mass was measured after every 50 cycles. Even after 1000 droplet rastering cycles 

with each liquid, sequentially on the same manipulator, there is neither a significant change in 

the manipulator mass (see Fig. 2.6b) nor any change in manipulator surface appearance. These 
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results also confirm that there is neither liquid loss nor noticeable cross-contamination associated 

with our droplet manipulations. 

Third, we measured the roll off angles as a function of droplet rastering cycles, 

sequentially with multiple liquids (hexadecane, water, Bradford reagent, BSA, milk, virus 

replicon particle laden solution, thrombin, whole blood, fibrinogen and PRP), on a single 

biofluid manipulator. In each cycle, a 30 L pendant droplet of the desired liquid was rastered 

across the surface of the same biofluid manipulator using a linear translation stage. The roll off 

angle of the liquid (which is very sensitive to surface inhomogeneity) was measured after every 

50 cycles. Even after 1000 droplet rastering cycles with each liquid, sequentially on the same 

manipulator, there is no significant change in the roll off angle of any droplet (see Fig. 2.6c). 

These results further confirm that there is neither liquid loss nor noticeable cross-contamination 

associated with our droplet manipulations. 

2.4 In-plane droplet manipulation 

To demonstrate on-demand, remote and loss-less, in-plane manipulation of droplets with 

our biofluid manipulators, we designed two different manipulators – one for simultaneous 

manipulation of droplets and another for sequential manipulation of droplets. While 

simultaneous in-plane manipulation of droplets enables automation of simple single-step 

processes (e.g., colorimetric assays, where a single indicator is used to detect a single analyte), 

sequential in-plane manipulation enables automation of multi-step processes, which involve 

sequential mixing of droplets at different time intervals (e.g., colorimetric enzymatic assays, 

where multiple indicators are utilized to detect a single/multiple analytes that require sequential 

droplet manipulation).  
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2.4.1 In-plane simultaneous droplet manipulation 

 

Figure 2.7. Manipulator for simultaneous droplet manipulation. A schematic illustrating the 

fabrication of manipulators for in-plane simultaneous droplet manipulation. 

For simultaneous manipulation of droplets, our design consisted of a single heterochiral 

TCA in an elliptical shape with the stiffer elastomer layer facing upward (see Fig. 2.7) such that 

the two free ends of manipulator can bend upward simultaneously upon actuation. The 

manipulator was rendered superomniphobic by spray coating with fluorinated fumed silica 

particles. 

 

Figure 2.8. In-plane simultaneous droplet manipulation. (a)-(b) & (c)-(d) On-demand, remote 

and lossless, in-plane simultaneous manipulation of water droplets (dyed blue and red) and n-

hexadecane droplets (colorless and dyed red), respectively, with our biofluid manipulator. 

To demonstrate simultaneous manipulation of droplets, we placed two 25 L water 

droplets (dyed red and blue) close to the free ends of the manipulator (initially horizontal; see 

Fig. 2.8a). Then, we actuated the manipulator to initiate its bending upward. When the tilt 

exceeded the roll off angle 𝜔, the red and blue water droplets rolled simultaneously along the 

manipulator surface and mixed with each other (see Fig. 2.8b). In addition to handling high 

surface tension aqueous droplets, our manipulator allows handling of a wide variety of low 
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surface tension droplets, as evident from simultaneous manipulation and mixing of two n-

hexadecane droplets (colorless and dyed red; see Figs. 2.8c & d). 

2.4.2 In-plane sequential droplet manipulation 

For sequential manipulation of droplets, our design consisted of three manipulators that 

can be actuated independently (see Fig. 2.9a). The three manipulators were arranged around a 

triangular-shaped domain. While the manipulators were rendered superomniphobic by spray 

coating with fluorinated fumed silica particles, the triangular-shaped domain was not super-

repellent. In other words, liquid droplets displayed low adhesion on the biofluid manipulators 

and high adhesion on the triangular-shaped domain. This allowed the triangular-shaped domain 

to act as a site that traps droplets and enables interactions (e.g., mixing, reaction etc.).  

To demonstrate sequential manipulation of droplets, we placed three 25 L water 

droplets (dyed in red, yellow and blue) close to the free end of each of the three manipulators 

(initially horizontal, see Fig. 2.9b). Then, we actuated one of the manipulators (with the red 

water droplet) to initiate its bending. When the tilt exceeded the roll off angle 𝜔, the red water 

droplet rolled down under gravity, along the manipulator surface and got trapped in the 

triangular-shaped domain (see Fig. 2.9c). Upon actuation of the second manipulator (with the 

yellow water droplet), the yellow water droplet rolled down and mixed with the red droplet in the 

triangular-shaped domain (see Fig. 2.9d). Similarly, actuation of the third manipulator (with the 

blue water droplet) allowed the blue water droplet to roll down and mix with the droplet in the 

triangular-shaped domain (see Fig. 2.9e). In this manner, droplets can be sequentially or 

simultaneously transported and mixed on-demand in a lossless manner with our manipulators.  
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Figure 2.9. In-plane sequential droplet manipulation. Schematic depicting the design of three 

manipulators for in-plane sequential manipulation of liquid droplets. Each manipulator can be 

actuated independently. (b)-(e) On-demand, remote and lossless, in-plane sequential 

manipulation of water droplets. Upon actuation, each droplet is sequentially transported to the 

trapping site (i.e., triangular-shaped domain). 
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2.4.3 Out-of-plane droplet manipulation 

To demonstrate on-demand, remote and lossless, out-of-plane manipulation of droplets 

with our manipulators, we designed a droplet gripper consisting of two vertical manipulators 

with folded stainless steel meshes attached to the free ends (see Fig. 2.10a). All manipulator 

surfaces were rendered superomniphobic by spray coating with fluorinated fumed silica particles. 

Two manipulators were aligned such that the stiffer elastomer layers faced each other so that the 

manipulators can bend towards each other upon actuation to initiate gripping action. The folded 

stainless steel meshes (similar to a ladle) provided the geometric constraint necessary to prevent 

undesired slip of the liquid droplets during the controlled pickup and release operations. When 

the two manipulators were actuated by applying 3 V, the asymmetric elongation induced by 

Joule heating caused them to bend towards each other and the distance between them decreased 

until they came in contact with each other (see Fig. 2.10b). When the voltage was turned off (i.e., 

0 V), the two superomniphobic manipulators recovered their original shapes (see Fig. 2.10c). 

Utilizing our droplet gripper, we could generate sufficient force to hold a 3.6 g droplet of 

gallium-indium liquid metal (see Fig. 2.10d).  

 

Figure 2.10. Droplet gripper. (a)-(c) Droplet gripper consisting of two manipulators. When the 

voltage was applied, distance between the manipulators decreased until they contacted each 

other. When the voltage was turned off, the gripper recovered its original shape. (d) Droplet 

gripper holding a 3.6 g gallium-indium liquid metal droplet. 
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Furthermore, utilizing our droplet gripper, we performed pick-and-place operations (i.e., 

droplets were gripped, lifted, transported, and released) to demonstrate out-of-plane droplet 

manipulation. Our droplet gripper can enable pick-and-place operations for a wide variety of 

liquid droplets. To demonstrate this, we placed two 40 L droplets of water (a representative 

high surface tension liquid; one droplet dyed blue and another dyed yellow) on a 

superomniphobic surface (see Fig. 2.11a). The droplet gripper was initially positioned above the 

blue water droplet. Using a translation stage, the droplet gripper was lowered. Upon approaching 

the droplet, we actuated the two manipulators so that blue water droplet could be gripped (i.e., 

picked up out-of-plane from the surface) on-demand. Subsequently, using the translation stage, 

the blue water droplet was lifted, transported in the horizontal direction until it is positioned 

above the yellow water droplet, and then descended (see Fig. 2.11b). Subsequently, the voltage 

was turned off so that the blue droplet could be released (out-of-plane) on-demand, in a lossless 

manner (due to the low adhesion of the superomniphobic surfaces) and mixed with the yellow 

droplet (see Fig. 2.11c). 

 

Figure 2.11. Out-of-plane droplet manipulation. (a)-(c) & (d)-(f) On-demand, remote and 

lossless, pick-and-place operations (i.e., out-of-plane manipulation) of water droplets (dyed blue 

and yellow) and n-hexadecane droplets (colorless and dyed red), respectively. 
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In addition to high surface tension aqueous droplets, our manipulators can also be used to 

perform on-demand and lossless pick-and-place operations with low surface tension liquid 

droplets. To demonstrate this, an n-hexadecane droplet dyed red was gripped, lifted, transported, 

and released on a colorless n-hexadecane droplet (see Figs. 2.11d, e and f). In this manner, 

droplets can be transported out-of-plane and mixed on-demand in a lossless manner with our 

manipulators. Due to the simplicity and versatility of our design, it is easy to fabricate a large 

array of manipulators for in-plane (i.e., simultaneous and sequential) and out-of-plane 

manipulations of multiple droplets and incorporate them into inexpensive, simple and potable 

robotic systems for point-of-care operations. 

2.5 Practical utility of biofluid manipulators 

In order to illustrate the practical utility of our manipulators in reducing the exposure of 

clinical laboratory personnel and healthcare workers to infectious specimens, we demonstrate on-

demand, remote and lossless manipulation of biofluid droplets. While maneuvering of solids has 

been reported in prior studies,68,69 to the best of our knowledge, on-demand, remote and lossless 

handling of biofluid droplets has never been demonstrated. Here, we demonstrate a simple in-

plane simultaneous manipulation of biofluid droplets relevant to biological assays (e.g., 

colorimetric assays and blood coagulation assays).  

2.5.1 Biofluid manipulators for colorimetric assays 

For colorimetric assays, we demonstrate protein detection with Bradford reagent 

(Coomassie Blue G-250 dye). We placed 30 L droplets of Bradford reagent (reddish brown) 

and liquids containing proteins (BSA, see Fig. 2.12a, b and c; milk, see Fig. 2.12d, e and f; virus 

replicon particle-laden solution, see Fig. 2.12g, h and i) on the free ends of our manipulators. 

Upon actuation, the droplets on either end rolled past the surface and started mixing with each 
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other at the center of the manipulator (see Fig. 2.12b, e and h). While mixing, the droplets 

displayed a color change to blue, indicating the presence of proteins (see Fig. 2.12c, f and i). This 

is because Bradford reagent forms a dye-protein complex, which leads to a shift in its absorption 

wavelength from ≈ 470 nm to ≈ 595 nm.70-72 In this manner, our biofluid manipulators can be 

used to detect the presence of proteins in a wide range of biofluids commonly used in clinical 

settings. 

 

Figure 2.12. Biofluid manipulators for colorimetric assays. (a)-(c), (d)-(f) & (g)-(i) On-

demand, remote and lossless, in-plane simultaneous mixing of BSA, milk and virus replicon 

particle-laden droplets, respectively, with Bradford reagent (right; reddish-brown) to demonstrate 

protein detection. The scale bar represents 10 mm. 

2.5.2 Biofluid manipulators for blood coagulation assays 

For blood coagulation assays, we demonstrate clotting of whole blood and blood 

components (e.g., PRP and fibrinogen) using thrombin. We placed 30 L droplets of thrombin 

(colorless) and whole blood (red; see Fig. 2.13a), PRP (cloudy; see Fig. 2.13d) and fibrinogen 

(colorless; see Fig. 2.13g) on the free ends of our biofluid manipulators. Upon actuation, the 

droplets on either side rolled past the surface and merged with each other at the center of the 
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manipulator (see Fig. 2.13b, e and h). After merging with thrombin, the viscosity of whole blood, 

PRP and fibrinogen gradually increased to transition from a liquid to a gel, indicating clot 

formation within the droplets (see Fig. 2.13c, f and i). This is because thrombin, a serine 

protease, cleaves fibrinogen (a soluble coagulation protein present in blood plasma) into fibrin 

monomers, which further polymerize to form a fibrous network resulting in gelation/clotting.73-75 

In this manner, our biofluid manipulators can be used to study the clotting kinetics using very 

small quantities of blood and blood components. 

 

Figure 2.13. Biofluid manipulators for blood coagulation assays. (a)-(c), (d)-(f) & (g)-(i) On-

demand, remote and lossless, in-plane simultaneous mixing of whole blood, PRP and fibrinogen 

droplets, respectively, with thrombin (right) to demonstrate clotting. The scale bar represents 10 

mm. 

While we demonstrated protein detection and blood coagulation qualitatively using our 

biofluid manipulators, the relevant quantitative parameters (e.g., protein, analyte or pathogen 

concentration in colorimetric assays and clotting time or coagulation factor in blood coagulation 

assays) can also be determined easily in conjunction with optical techniques (e.g., 

spectrophotometry, turbidometry etc.). Furthermore, unlike superhydrophobicity, 
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superomniphobicity of our manipulators allows droplet manipulation for a wide range of 

biofluids (water-based and lipid-based). Thus, on-demand, remote and lossless manipulation of 

wide range of biofluids (e.g., blood, saliva, urine etc.) can be performed utilizing our biofluid 

manipulators, thereby reducing the exposure of clinical laboratory personnel and healthcare 

workers to infectious specimens, especially during pandemics. 

2.6 Conclusions 

In this work, we developed biofluid manipulators, by combining twisted-and-coiled 

actuators embedded in a soft body with superomniphobic surfaces. Utilizing our manipulators, 

we demonstrated on-demand, remote and lossless manipulation of high surface tension and low 

surface tension liquid droplets, both in-plane (e.g., simultaneous and sequential transport) and 

out-of-plane (e.g., pickup and release). Furthermore, we demonstrated on-demand, remote and 

lossless manipulation of biofluid droplets to illustrate the utility of our manipulators in biological 

assays (e.g., colorimetric assays and blood coagulation assays). We envision that our biofluid 

manipulators will not only reduce manual operations and minimize exposure to infectious agents, 

but also pave the way for developing inexpensive, simple, and portable robotic systems, which 

can allow point-of-care operations, particularly in developing nations. 

 

 

  



   

30 

 

CHAPTER 3. SOFT ROBOTS WITH ENHANCED CHEMICAL RESISTANCE FOR 

CORROSIVE LIQUID ENVIRONMENTS 

3.1 Introduction 

Soft robots have gained significant attention for several applications in the food 

processing industry, oil & gas industry, healthcare, navigation, and disaster relief etc.76-80 This is 

because they offer multiple advantages like flexibility, adaptability, stimuli-responsiveness, 

safety handling of fragile objects, mimicry of complex biological locomotion etc. compared to 

their rigid counterparts.32,33,81 Several actuation technologies like pneumatic, magnetic, thermal 

etc. have been explored for soft robots using deformable materials like elastomers and gels.82-84 

Harsh liquids environments like the ones containing chemical spills of organic solvents (e.g., 

toluene), corrosive acids (e.g., sulfuric acid) or bases (e.g., aqueous sodium hydroxide solution) 

pose a severe threat to soft robots hindering them from performing their designated tasks and 

rendering them ineffective.85 This is because most elastomers swell in the presence of organic 

solvents and display undesired structural changes within the soft robot disrupting the 

functionality of the soft robot.86,87 Furthermore, acidic and alkaline liquid environments corrode 

the elastomer leading to physical damage to the soft robot.88 Therefore, enhancing the chemical 

shielding of soft robots is highly desirable. 

In this work, we developed bio-inspired soft robots with enhanced chemical shielding by 

imparting superomniphobicity to soft robots. We demonstrated excellent chemical shielding in 

the presence of different harsh and corrosive liquids consisting of acids like sulfuric acid and 

nitric acid and solvents like toluene and chloroform. Our soft robots with superomniphobic 

coatings demonstrated chemical shielding against concentrated sulfuric acid for timescales that at 

least an order of magnitude higher than those for soft robots without superomniphobicity. We 
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also demonstrated the grasp and release of solid objects and robots swimming under highly 

corrosive liquids (e.g., concentrated sulfuric acid and concentrated nitric acid) without showing 

any damage. We also demonstrated the enhanced chemical shielding on LCE and magnetic 

actuators in the presence of organic solvents (e.g., toluene and chloroform). We envision that our 

work will inspire developing novel soft robots that can survive and function effectively in harsh 

liquid environments for longer periods in applications related to food processing, healthcare, and 

chemical industries. 

3.2 Superomniphobic soft actuators 

In this work, we demonstrated enhanced chemical shielding on bio-inspired soft robots 

that are programmed for performing operations like grasp and release of solid objects under 

liquids, swimming under or on liquids by imparting super-repellency. To accomplish this, we 

fabricated bio-inspired soft robots (gripper, fish, and jellyfish) using pneumatic soft actuators and 

imparted superomniphobicity (see Fig. 3.1). Typically, superomniphobic coatings display 

extreme repellency to a wide range of liquids irrespective of their surface tension, viscosity, pH, 

toxicity etc. by trapping air pockets at solid-liquid interface and minimizing the solid-liquid 

contact.6,12 We hypothesized that superomniphobic coatings will enhance chemical shielding on 

soft robots by protecting the underlying substrate from the surrounding harsh liquids (e.g., 

organic solvents and corrosive acids). 

We fabricated pneumatic soft actuators by bonding a thinner elastomeric layer with 

embedded zig-zag channels on to a thicker elastomeric layer (courtesy Dr. Chi, Professor Yin’s 

research group at North Carolina State University). We fabricated the elastomeric layers using 

Ecoflex 50 (Smooth-On Inc.) through well-established molding and demolding processes. 

Ecoflex 00-50 was poured into 3D printed molds (designed for top and bottom layers using 
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Ultimaker 3) and was peeled off after curing at 70°C for 1 hour. The top layer was then bonded 

to the pre-stretched bottom layer using uncured Ecoflex. Finally, the Ecoflex was let to cure at 

70°C for 1 hour and the pre-strain was released to obtain the pneumatic actuator. Upon inflation 

with air, the pneumatic actuator bends towards the thicker layer due to its higher bending 

stiffness and the expansion of top layer due to pneumatic pressure, and on deflation, the 

pneumatic actuator recovers its original shape. In this manner, we can reversibly bend the 

pneumatic actuator by inflation and deflation. 

 

Figure 3.1. Soft robots for corrosive liquid environments. A Schematic depicting the 

fabrication of superomniphobic pneumatic robots (gripper, fish & jellyfish) to function in 

corrosive liquid environments. 

We imparted superomniphobicity to the pneumatic actuator by spray coating fluorinated 

silica particles on an inflated actuator under maximum strain (see Fig. 3.1). The pneumatic 

actuators were spray coated under maximum strain to ensure that the superomniphobicity is 

robust under elongation/actuation. The fluorinated silica particles were prepared via liquid phase 
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silanization of fumed silica nanoparticles (7 nm; Sigma-Aldrich) with heptadecafluoro-1,1,2,2-

tetrahydrodecyl trichlorosilane (Gelest Inc.) in hexane for 1 day. The solution was then spray 

coated on to an inflated actuator using an air brush held at 15 cm from the surface at a pressure 

of 30 psi. The actuator was then dried at room temperature and deflated before its use.  

We characterized the surface morphology of our superomniphobic coating using a 

scanning electron microscope (JEOL JSM-6500F) at 10 kV. The superomniphobic surfaces (flat 

spray coated Ecoflex sheets) were sputter coated with gold/palladium target to make the surface 

conductive (to avoid charging) for SEM imaging. Low solid surface energy due to fluorination 

and appropriate texture (i.e., re-entrant morphology) due to the agglomerated silica particles 

rendered the surface superomniphobic (see Fig. 3.2).89,90 The superomniphobicity was also 

evident from droplets of a wide variety of liquids (water, 98% sulfuric acid, hexadecane, and 

toluene) beading up on the surface (see Fig. 3.2). 

 

Figure 3.2. Surface morphology. Image (left) depicting the different liquid (i.e., high surface 

tension liquid like water, corrosive liquid like sulfuric acid, low surface tension liquid like 

hexadecane, organic solvent like toluene) droplets beading up on a superomniphobic Ecoflex 

sheet. SEM images depict the surface morphology of superomniphobic siloxane sheet. 

We also characterized superomniphobicity by investigating surface wettability using 

multiple liquids having different surface tension and pH. We investigated surface wettability by 

measuring the advancing and receding contact angles and roll off angles of 20 L liquid droplets 
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using contact angle goniometry. Based on our results, both low and high surface tension liquids 

(hexadecane, γlv = 27.5 mN m-1 & water γlv = 72.8 mN m-1) displayed very high apparent contact 

angles (> 150°) and very low roll off angles (< 10°; see Fig. 3.3a). Our superomniphobic coating 

also displayed very high apparent contact angles (> 150°) and very low roll off angles (< 10°) 

with liquids with a wide range of pH values (1 – 13; see Fig. 3.3b). This demonstrates the 

extreme repellency of our superomniphobic coating to all liquids irrespective of surface tension 

and pH.  

 

Figure 3.3. Superomniphobicity. (a) & (b) Apparent contact angles and roll off angles, 

respectively, of liquid droplets with different surface tensions and pH, respectively, on our 

superomniphobic coating. Roll off angles were measured with 20 L droplets. 

3.3 Chemical shielding with superomniphobicity 

We investigated the chemical shielding of our superomniphobic coating by visually 

comparing the surface damage after placing droplets of harsh liquids (i.e., acids like concentrated 

sulfuric acid and solvents like toluene on bare and superomniphobic Ecoflex 00-50 sheets. While 

sulfuric acid disintegrates the material, toluene swells the Ecoflex 00-50 sheet producing 

undesired structural changes. When a 30 L droplet of concentrated sulfuric acid was placed on 

bare Ecoflex 00-50 sheet, it displayed significant surface degradation in less than 15 minutes (see 
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Fig. 3.4a) while the superomniphobic siloxane sheet displayed no visible change in appearance 

or color (see Fig. 3.4b). Similarly, when a 30 L droplet of toluene was placed on a bare Ecoflex 

00-50 sheet, it started swelling immediately (in <2 minutes; see Fig. 3.4c) while the 

superomniphobic siloxane sheet displayed no visible swelling (see Fig. 3.4d). These results 

demonstrate that superomniphobic coatings can enhance chemical shielding by mitigating the 

surface degradation in presence of acids and by minimizing the undesired structural changes in 

the presence of solvents. 

 

Figure 3.4. Damage in the presence of acids and solvents. (a) & (b) Images depicting the 

surface degradation on bare and superomniphobic Ecoflex 00-50 sheets, respectively, after 

contacting 30 L concentrated sulfuric acid droplets. (c) & (d) Images depicting the swelling on 

bare and superomniphobic Ecoflex 00-50 sheets, respectively, after contacting 30 L toluene 

droplets. (e) Time-lapse images depicting dyed water (red) leaking from uncoated (left) and 

superomniphobic (right) Ecoflex balloons due to damage propagation through the thickness in 

the presence of concentrated sulfuric acid. Superomniphobic Ecoflex balloon was able to hold 

water without leaking for at least for 1 hour indicating the enhanced chemical shielding on the 

balloon due to the coating. 
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To further understand the enhancement in chemical shielding on Ecoflex sheets due to 

superomniphobic coating, we investigated damage propagation by inspecting a water leak from 

an uncoated and superomniphobic Ecoflex balloon filled with dyed water immersed in 

concentrated sulfuric acid. Upon contacting sulfuric acid, the uncoated balloon displayed a water 

leak in <15 s indicating the propagation of damage through the thickness of balloon in the 

presence of acid (see Fig. 3.4e). However, the superomniphobic siloxane balloon did not display 

any water leak for at least 1 hour. These results further demonstrate the enhanced chemical 

shielding offered by superomniphobic coating even under inflation. To reaffirm the extreme 

repellency of our superomniphobic coating to harsh liquids, we also demonstrated droplet 

bouncing with concentrated acids like 98% sulfuric acid and 70% nitric acid and solvents like 

toluene and chloroform on superomniphobic Ecoflex sheets (see Fig. 3.5). 

 

Figure 3.5. Droplet bouncing. Time-lapse images depicting the droplets of 98% sulfuric acid, 

70% nitric acid, toluene, and chloroform bouncing on a superomniphobic Ecoflex sheet 

confirming the extreme repellency of the coating towards harsh liquids. 
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3.4 Superomniphobicity with strain 

 

Figure 3.6. Superomniphobicity vs. strain. (a) Apparent contact angles and roll off angles of 

hexadecane on a superomniphobic siloxane sheet as a function of uniaxial strain. (b) Apparent 

contact angles and roll off angles of liquids with different pH values on a superomniphobic 

Ecoflex sheet at 100% uniaxial strain. (c) Time-lapse images depicting droplets of 98% sulfuric 

acid, 70% nitric acid, toluene, and chloroform bouncing on a superomniphobic Ecoflex sheet 

under 100% uniaxial strain. 

We also investigated the influence of strain on the superomniphobicity of pneumatic soft 

actuator. This is important because the actuator must retain superomniphobicity throughout the 

actuation cycle under different strains and any loss in the repellency might expose the actuator to 
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corrosive liquid environments and result in surface damage or undesired structural changes in the 

actuator. To understand the influence of strain, we measured advancing and receding contact 

angles and roll off angles (of 20 L droplets) of hexadecane and liquids with different pH on 

superomniphobic Ecoflex sheets under different uniaxial strains.  

All tested liquids displayed very high contact angles (> 150°) and very low roll off angles 

(< 10°) up to 100% uniaxial strain, which is much higher than the maximum strain the pneumatic 

actuator experiences under actuation (see Fig. 3.6a). Furthermore, all tested liquids with different 

pH values (1 – 13) also displayed very high contact angles and low roll off angles (see Fig. 3.6b). 

These results indicate the robustness of superomniphobicity on the pneumatic actuator under 

actuation in harsh liquid environments. Such robustness can also be visualized from corrosive 

liquid (acids like sulfuric acid and nitric acid) and solvent (toluene and chloroform) droplets 

bouncing on a superomniphobic siloxane sheet at 100% uniaxial strain (see Fig. 3.6c). 

3.5 Soft robots under corrosive liquid environments 

To demonstrate practical utility, we fabricated superomniphobic soft robots using 

pneumatic actuators for performing simple grasp and release operations of solid objects in 

corrosive liquids and for swimming on and under corrosive liquids without any surface damage. 

To demonstrate the grasp and release of solid objects, we designed a gripper consisting of three 

superomniphobic pneumatic actuators.91 The actuators were fixed in a 3D printed fixture in such 

a way that the bottom layers are facing each other. On inflation, all actuators curve toward the 

bottom layer and form a claw shape, which helps in holding and gripping the solid objects. On 

deflation, the actuators recover their original shape, and the solid object can be released. To 

demonstrate this, we showed grasp and release of a glass vial immersed in sulfuric acid using our 

gripper. First, we gradually lowered the gripper manually until it was immersed in sulfuric acid 
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and was on top of the glass vial. Later, we inflated all actuators of the gripper so that they bend 

around the sides of the glass gripping the object (see Fig. 3.7a). Once the grip is firm, we 

gradually ascended the gripper out of sulfuric acid while gripping the vial. In order to release the 

glass vial, we lowered the gripper again manually into sulfuric acid and deflated the actuators so 

that they recover their original shape releasing the glass vial in the solution (see Fig. 3.7). We did 

not observe any surface damage, discoloration, or any liquid residue on the gripper, which 

confirms the robustness of the coating in protecting the gripper from acid corrosion. In this 

manner, we can utilize our gripper to perform simple grasp and release operations in the practical 

applications that require soft robots to function in hazardous liquid environments. 

 

Figure 3.7. Gripper. Time-lapse images demonstrating grip and release of a glass vial from 

sulfuric acid solution. 

We also designed soft robots that can swim under hazardous liquid environments to 

demonstrate the relevance of our work for a wide variety of soft robots that perform different 

types of tasks in practical applications. We demonstrated swimming of superomniphobic fish and 

jellyfish in acidic environments. We designed the fish by bonding two pneumatic actuators on 

their bottom so that exterior sides of fish consist of embedded zig-zag channels for inflation and 

deflation. We attached a plastic tail to generate enough thrust for the fish so that it can move 

forward. We also added a floating dead weight on the front side of the fish to facilitate 

swimming at a constant level from the liquid surface. By alternatively inflating and deflating the 

exterior sides of the fish, we can generate the yaw motion required for swimming. All the 
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exterior surfaces of fish and the components of dead weight were rendered superomniphobic by 

spray coating with fluorinated silica particles. By controlling the inflation/deflation cycles, we 

were able to propel the fish forward in a tank containing nitric acid without any damage (see Fig. 

3.8a). 

 

Figure 3.8. Fish and Jellyfish. (a) & (b) Time-lapse images demonstrating the swimming of fish 

and jellyfish, respectively, in a tank containing nitric acid solution. 

We designed jellyfish by bonding a circular top layer with pneumatic channel in spiral 

shape on to a thinner bottom layer.91 Thin plastic strips were also bonded between the layers to 

provide enough thrust to the forward motion. On inflation, the actuator forms a dome shape 

pushing the plastic strips backward (like jellyfish shape). On deflation, the actuator recovers its 

original shape. We added a floating dead weight on the backside side of the jellyfish to facilitate 

swimming at a constant level from the liquid surface. By controlling the inflation/deflation 
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cycles, we were able to propel the jellyfish forward in a tank containing nitric acid without any 

damage (see Fig. 3.8b). 

3.6 Soft robots with other actuation mechanisms 

To demonstrate the relevance of our approach to soft robots with other actuation 

mechanisms, we fabricated actuators that utilize heat and magnetic field as stimulus and 

demonstrated their actuation/locomotion in the presence of hazardous liquids. We used solvents 

(toluene & chloroform) as our hazardous liquids to demonstrate chemical shielding in liquid 

systems in addition to acidic systems. Typically, solvents swell the substrate and produce 

undesired structural changes unlike the material degradation seen with acids. We fabricated thin 

ribbons using liquid crystal elastomer (LCE) to represent actuators that work using heat as 

stimulus.92 Typically, LCE actuators display a macroscopic deformation due to a phase change 

between the nematic and isotropic phases above or below the transition temperature.93 

 

Figure 3.9. LCE actuators. (a) & (b) Time-lapse images illustrating the bending of uncoated 

and superomniphobic LCE ribbons, respectively, when exposed to a temperature of 100°C. State 

1 represents the original shape of the ribbons. State 2 shows the bending of the ribbons at 100°C. 

State 3 shows the bending of the ribbons in the presence of toluene droplets. State 4 shows the 

bending after impaling with toluene droplets. 
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The LCE ribbons were synthesized using liquid crystal mesogenic monomer 1,4-bis-[4-

(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (RM 257; Wilshire Technologies) via 

thiol-acrylate Michael addition reaction method (courtesy Dr. Chi, Professor Yin’s research 

group at North Carolina State University).92 The nematic-isotropic phase transition temperature 

for the LCE is ≈ 80°C. By exposing the LCE ribbon to temperatures above 80°C, we can induce 

bending. We imparted superomniphobicity to the LCE ribbon by spray coating with fluorinated 

silica particles. To demonstrate chemical shielding on the LCE ribbon, we investigated the 

bending of uncoated and superomniphobic LCE ribbons in the presence of toluene droplets. The 

LCE ribbons were vertically mounted on a glass slide with the bottom fixed to surface and were 

exposed to a temperature of 100°C using a handheld infrared (IR) heater. The LCE actuators 

displayed contraction towards the heating direction because of nematic-isotropic phase transition 

(see Fig. 3.9a & b; state 1 and state 2). Once the LCE ribbons attained the maximum 

deformation, we impaled toluene droplets on the ribbons (see Fig. 3.9a & b; state 3). As soon as 

the toluene droplets contacted the uncoated LCE ribbon, it displayed swelling. Furthermore, the 

uncoated LCE ribbon started recovering its original shape because of drop in the surface 

temperature due to heat lost to toluene (see Fig. 3.9a, state 4). On the other hand, when the 

toluene droplets impinged on the superomniphobic LCE ribbon, the droplets started bouncing off 

from the surface due to superomniphobicity. Consequently, the superomniphobic LCE ribbon did 

not display any swelling or change in the bending (see 3.9b, state 4). These results indicate that 

superomniphobic coatings can retain the performance of the actuator in the presence of 

hazardous liquids. 

To demonstrate the effect of chemical shielding on magnetic actuators, we fabricated the 

actuators by casting thin sheets of Ecoflex 00-50 with neodymium (NdFeB; permanent magnet) 
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particles (courtesy Dr. Chi, Professor Yin’s research group at North Carolina State University) 

and investigated their locomotion in the presence of chloroform under magnetic field. We 

imparted superomniphobicity to the magnetic Ecoflex sheet by spray coating with fluorinated 

silica particles. We placed the uncoated and superomniphobic sheets in a petri dish containing 

chloroform and induced crawling motion using a magnet. The uncoated sheet displayed 

significant swelling and curling due to chloroform resulting in random movements making it 

difficult to control (see Fig. 3.10a). On the other hand, the superomniphobic sheet did not display 

any significant swelling in the presence of chloroform and the locomotion was controllable (see 

Fig. 3.19b). These results confirm the retention of performance due to the enhanced chemical 

shielding on soft actuators (irrespective of the actuation mechanism) in the presence of 

hazardous liquids. 

 

Figure 3.10. Magnetic actuators. (a) & (b) Time-lapse images illustrating the locomotion of 

magnetic uncoated and superomniphobic Ecoflex sheets using a magnet. 

3.7 Conclusions 

In summary, in this work, we developed bio-inspired soft robots using pneumatic 

actuators with enhanced chemical shielding so that they can survive and function under harsh 

liquid environments. We enhanced the chemical shielding by imparting superomniphobicity. We 

investigated chemical shielding due to superomniphobicity by inspecting any surface damage or 

swelling on uncoated and superomniphobic Ecoflex sheets in the presence of concentrated 
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sulfuric acid and toluene. We also investigated the surface damage under inflation in the 

presence of concentrated sulfuric acid by inspecting a dyed water leak from uncoated and 

superomniphobic Ecoflex balloon. Our results indicate that the superomniphobic Ecoflex balloon 

can retain the water without any leaking for at least 1 hour while the uncoated Ecoflex balloon 

displayed a water leak in < 15 s. We developed superomniphobic soft robots and demonstrated 

the grasp and release of solid objects in sulfuric acid and swimming on and under sulfuric acid 

and nitric acid environments without any visible surface damage. Furthermore, we demonstrated 

the actuation of soft actuator with magnetic field and heat as stimulus in solvents like chloroform 

and toluene without any visible swelling. Based on our results, we envision that our work will 

inspire developing novel soft robots that can survive and function efficiently in harsh liquid 

environments (acids, bases, or solvents) for longer periods in multiple applications related to 

food processing, healthcare, and chemical industries. 
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CHAPTER 4. DESIGNING NON-TEXTURED, ALL-SOLID, SLIPPERY 

HYDROPHILIC SURFACES 

4.1 Introduction 

Slippery surfaces (i.e., surfaces enabling high mobility of liquids) have received 

significant attention due to their wide range of applications in self-cleaning, drag reduction, 

enhanced condensation, biomedical implants etc.1,2,8,94-96 In the past two decades, most slippery 

surfaces have been fabricated using two approaches, both of which rely on principles of fluid-

film lubrication.19 The first approach employs super-repellent surfaces,20,90,97-99 which use texture 

to trap pockets of air at the solid surface. The trapped air acts as a gaseous lubricant, reducing the 

solid-liquid interfacial area and inducing slip at the liquid-air interface.5,100 The second approach 

employs lubricant-infused surfaces,21 101 which use texture to trap pockets of a liquid, immiscible 

with the contacting liquids, at the solid surface. The trapped immiscible liquid acts as a liquid 

lubricant, reducing the solid-liquid interfacial area and inducing slip at the liquid-liquid 

interface.102 Despite the appeal of super-repellent surfaces and lubricant-infused surfaces, they 

lose slipperiness due to damage of texture, depletion of air via dissolution or external pressure, or 

depletion of lubricant via evaporation or repeated use.22,23,103-105  

To circumvent these issues, non-textured, all-solid slippery surfaces have been developed 

by covalently grafting brushes to substrates (i.e., tethering oligomers or polymers to 

surfaces).106,107 Since these surfaces are non-textured and all-solid, concerns related to damage of 

texture and depletion of fluid are greatly mitigated. Nearly all non-textured, all-solid slippery 

surfaces are hydrophobic.106-110 There are very few reports of non-textured, all-solid slippery 

hydrophilic surfaces,3,111-113 and no studies systematically investigated or elucidated the design of 

such surfaces. In this work, we demonstrate that non-textured, all-solid, slippery hydrophilic 
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surfaces can be designed by covalently binding high surface energy brushes to smooth substrates, 

only at sufficiently high grafting densities, resulting in both physical and chemical homogeneity. 

Furthermore, we postulate a plateau in slipperiness above a critical grafting density, which 

occurs when the tethered brush size (i.e., twice the Flory radius114) is equal to the inter-tether 

distance. This plateau in slipperiness occurs because, at or above the critical grafting density, 

water molecules tend to move past the tethered brushes primarily via in-plane motion, with 

negligible penetration between the brushes, resulting in maximum and constant slipperiness.  

Building on this understanding, we fabricated slippery hydrophilic (SLIC) surfaces by 

covalently binding polyethylene glycol (PEG) brushes to smooth substrates with a rapid (< 10 

min) grafting-to approach. Our SLIC surfaces demonstrate exceptional performance in 

condensation and fouling-resistance compared to conventional (i.e., non-slippery) hydrophilic 

surfaces and slippery hydrophobic surfaces. Based on these results, non-textured, all-solid, 

slippery hydrophilic surfaces (e.g., SLIC surfaces) constitute an emerging class of surfaces with 

the potential to benefit multiple technological landscapes ranging from thermofluidics to 

biofluidics. 

4.2 Designing SLIC surfaces 

Hydrophilic surfaces can be fabricated by covalently attaching high surface energy 

oligomeric brushes (e.g., PEG brushes) to a solid surface.115 Such hydrophilic surfaces can 

display slipperiness when contact angle hysteresis 𝛥𝜃  (i.e., the difference between advancing 

contact angle 𝜃𝑎𝑑𝑣 and receding contact angle 𝜃𝑟𝑒𝑐) is low. Low contact angle hysteresis can be 

achieved when a surface has low physical and chemical inhomogeneities.13,14 Non-textured (i.e., 

smooth) surfaces with very low surface roughness display low physical inhomogeneity. High 

grafting density 𝜎 leads to low chemical inhomogeneity. When hydrophilic PEG brushes are 
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grafted to smooth surfaces, slipperiness increases with increasing grafting density. This is 

because, at lower grafting densities, water molecules tend to penetrate the space between the 

PEG brushes (see Fig. 4.1a), resulting in pinning and higher hindrance to lateral mobility of 

water droplets, which in turn leads to lower slipperiness (i.e., higher 𝛥𝜃). As grafting density 

increases, the penetration of water molecules between the PEG brushes decreases, resulting in 

lower pinning and lower hindrance to lateral mobility of water droplets, which in turn leads to 

increasing slipperiness (i.e., decreasing 𝛥𝜃). 

 

Figure 4.1. Designing SLIC surfaces. (a) A schematic depicting significant penetration of water 

molecules between PEG brushes at low grafting densities. (b) Schematic depicting negligible 

penetration of water molecules between PEG brushes at critical grafting density. 

Here, we postulate that at or above a critical grafting density (i.e., 𝜎 ≥ 𝜎𝑐𝑟𝑖𝑡), where the 

brush size (i.e., twice the Flory radius, 2𝑅𝐹) is equal to the inter-tether distance, slipperiness is 

maximum (i.e., 𝛥𝜃 is minimum) and constant. This is because, at or above the critical grafting 

density, water molecules tend to move past the oligomeric brushes primarily via in-plane motion 

with negligible penetration (see Fig. 4.1b), possibly due to an ice-like hydration layer.116-118 

These physical insights can be conveniently expressed in terms of the non-dimensional 

slipperiness factor 𝜎∗ = 𝜎/𝜎𝑐𝑟𝑖𝑡. When 𝜎∗ < 1, it signifies a regime where slipperiness increases 

with increasing grafting density, and when 𝜎∗ ≥ 1, it signifies a regime of maximum and constant 

slipperiness. So, 𝜎∗ > 1 is a prudent criterion for designing non-textured, all-solid, slippery 

hydrophilic surfaces. 
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4.3 Fabricating SLIC surfaces 

Building on this understanding, in this work, we fabricated SLIC surfaces by covalently 

grafting PEG brushes (molecular weight, 𝑀 ≈ 330 Da) to silicon wafers using a rapid grafting-to 

approach (see Fig. 4.2). We chose silicon wafers as substrates to minimize physical 

inhomogeneities (i.e., surface roughness, 𝑅𝑟𝑚𝑠). We chose PEG functional groups to render high 

solid surface energy, which makes the surfaces hydrophilic. We used a simple and rapid liquid 

phase silanization119 to covalently graft PEG brushes to hydroxylated silicon wafers, while 

maintaining low surface roughness (𝑅𝑟𝑚𝑠 < 1 nm). 

 

Figure 4.2. Fabricating SLIC surfaces. Schematic depicting the fabrication of SLIC surfaces 

via hydroxylation and silanization; hydroxyl groups (yellow), PEG brushes (green). Schematics 

are not to the scale and do not depict the precise molecular conformation of PEG brushes. 

To covalently graft PEG brushes on to silicon wafers, first, the silicon wafers (<1 0 0> 

orientation; University Wafers) were cleaned by rinsing thoroughly with acetone (Fisher) and DI 

water, and then dried with nitrogen. The cleaned substrates were exposed to oxygen plasma 

(Plasma Etch PE-25) for 10 min for hydroxylation. To prepare hydrophilic surfaces, the 

hydroxylated samples were immersed in a solution consisting of 2 L of 2-methoxy 

polyethyleneoxy (6-9) propyl trimethoxysilane (Gelest) and 12 L hydrochloric acid (Fisher) in 

45 mL of anhydrous toluene (Fisher) for the desired time at room temperature. We chose low 

molecular weight PEG silane to reduce steric hindrance and obtain higher grafting densities. 
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Finally, the silanized samples were cleaned by rinsing thoroughly with anhydrous toluene, DI 

water and ethanol (Fisher) sequentially, and then dried with nitrogen. 

We characterized the surface chemistry on SLIC surfaces using XPS (Physical 

Electronics PHI-5800 spectrometer). XPS was conducted using a monochromatic Al Ka x-ray 

source operated at 15 kV, and photoelectrons were collected at a takeoff angle of 45° relative to 

the sample surface. XPS data was acquired from at least 5 spatially different locations on the 

surface and the spectral analysis was conducted using PHI Multipak software. The high 

resolution C1s XPS spectra on SLIC surfaces shows a C-O peak (at 286.5 eV) indicating the 

presence of PEG brushes (see Fig. 4.3a). The C-C peak (at 285 eV) on untreated silicon is due to 

the presence of adventitious carbon. 

 

Figure 4.3. Surface chemistry and surface topography on SLIC surfaces. (a) High resolution 

C1s spectra of untreated silicon and SLIC surfaces. (b) AFM image depicting the topography of 

SLIC with root mean surface roughness 𝑅𝑟𝑚𝑠 < 1 nm. 

4.4 Influence of PEG grafting density on wettability and slipperiness 

To understand the influence of PEG grafting density on wettability and slipperiness, we 

systematically tuned the non-dimensional slipperiness factor 𝜎∗ by tailoring the silanization time 

𝑡𝑠𝑖𝑙. The non-dimensional slipperiness factor 𝜎∗ at different silanization times 𝑡𝑠𝑖𝑙 is defined as 

𝜎∗ = 𝜎/𝜎𝑐𝑟𝑖𝑡. Grafting density  𝜎 (in chains nm-2) on SLIC surfaces was estimated using 𝜎 =



   

50 

 

(ℎ𝜌𝑁𝐴 x 10−21)/𝑀;1 here, ℎ is the thickness of the PEG layer (in nm) estimated using 

ellipsometry, 𝜌 = 1.075 g cm-3 is the density of PEG, 𝑁𝐴 = 6.023 x 1023 is Avogadro’s number, 

and 𝑀 = 330 Da is the average molecular weight of PEG with 6 to 9 monomers. Ellipsometry on 

SLIC surfaces was conducted at different 𝑡𝑠𝑖𝑙 using a variable angle spectroscopic ellipsometer 

(VASE-VB-250) to measure the thickness of PEG layer ℎ. A spectral scan of the surface was 

collected between 500 nm and 900 nm for an incident angle between 55° and 75° with an 

increment of 5°. The thickness of PEG layer (refractive index = 1.45) was determined using a 

three-layer planar model (air/PEG/silica) of the solid surface from the collected spectra. At least 

five measurements were conducted at different locations on each surface. 

 

Figure 4.4. Hexagonal packing. A schematic depicting the hexagonal packing of PEG brushes 

(green) at critical grafting density 𝜎𝑐𝑟𝑖𝑡. Schematic is not to the scale. 

We estimated the critical grafting density 𝜎𝑐𝑟𝑖𝑡 = 1/(2√3𝑅𝐹
2) (i.e., the grafting density 𝜎 

when the tethered brush size is equal to the inter-tether distance), assuming hexagonal packing 

with a grafting density 𝜎. In order to estimate the critical grafting density 𝜎𝑐𝑟𝑖𝑡, we chose 

hexagonal packing of PEG brushes (because it is a preferred geometry in nature, and it provides 

a constant inter-brush spacing making the analysis simpler). With a hexagonal packing of PEG 

brushes (see Fig. 4.4), we estimated the critical grafting density using Eq. 4.1. 
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𝜎𝑐𝑟𝑖𝑡 =
𝐶ℎ𝑎𝑖𝑛𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
=

3

(6√3𝑅𝐹
2)

=
1

2√3𝑅𝐹
2

                            (4.1) 

The average Flory radius2 𝑅𝐹 = 𝑙𝑁
1

3⁄  ≈ 0.58 nm for PEG brushes with monomer 

length3, 𝑙 = 0.3 nm and number of monomers, 𝑁 = 6 to 9. The non-dimensional slipperiness 

factor  𝜎∗ at different silanization times 𝑡𝑠𝑖𝑙 are reported in Table 4.1. 

Table 4.1. Non-dimensional slipperiness factor 𝜎∗ with PEG (6-9 repeating units) at different 

silanization times 𝑡𝑠𝑖𝑙. 

𝑡𝑠𝑖𝑙 (min) ℎ (nm) 𝜎 (chains nm-2) 𝜎∗ 

0.5 0.15 ± 0.03 0.29 0.34 

1 0.19 ± 0.01 0.38 0.44 

2 0.33 ± 0.13 0.65 0.77 

5 0.43 ± 0.01 0.84 0.99 

7 0.59 ± 0.21 1.16 1.37 

10 0.65 ± 0.05 1.28 1.51 

15 0.84 ± 0.15 1.65 1.95 

30 0.93 ± 0.06 1.82 2.15 

60 1.01 ± 0.06 1.98 2.34 

 

We characterized surface wettability and slipperiness on SLIC surfaces by measuring 

contact angles and sliding angles with 20 L sessile water droplets using a contact angle 

goniometer/tensiometer (Rame-Hart 260). At least six measurements were performed on each 

surface at spatially distinct locations. The standard deviation is reported as error with all 

measurements. 
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At 𝑡𝑠𝑖𝑙 = 0 min, water droplets completely spread (static contact angle, 𝜃 = 0°) and did 

not slide on hydroxylated silicon wafers. As 𝑡𝑠𝑖𝑙 increased, the dynamic contact angles (i.e., 𝜃𝑎𝑑𝑣 

and 𝜃𝑟𝑒𝑐) of water increased (see Fig. 4.5a), indicating increasing covalent grafting of PEG 

brushes, resulting in increasing 𝜎∗. In addition, as 𝑡𝑠𝑖𝑙 increased, 𝛥𝜃 decreased (see Fig. 4.5b), 

indicating a decrease in inhomogeneities on the surface as 𝜎∗ → 1. At 𝑡𝑠𝑖𝑙 = 7 min, we estimated 

that 𝜎∗ > 1 for PEG brushes, indicating the onset of maximum and constant slipperiness regime 

with 𝜃𝑎𝑑𝑣 = 39°, 𝜃𝑟𝑒𝑐 = 36°, and 𝛥𝜃 = 3°. For 𝑡𝑠𝑖𝑙 ≥ 7 min, we obtained SLIC surfaces (see Fig. 

4.5c) with nearly constant contact angles and contact angle hysteresis, confirming that 𝜎∗ > 1 

signifies a regime of maximum and constant slipperiness. 

 

Figure 4.5. Wettability and slipperiness on SLIC surfaces. (a) Advancing and receding 

contact angles of water on PEG functionalized surfaces at different silanization times, 𝑡𝑠𝑖𝑙. (b) 

Contact angle hysteresis of water on PEG functionalized surfaces at different silanization times, 

𝑡𝑠𝑖𝑙. (c) Time-lapse images showing a 20 l water droplet sliding easily on a titled SLIC surface. 

The scale bar represents 1 mm. 
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4.5 Designing SLIC surfaces with PEG9-12 

To validate our design criteria for SLIC surfaces, we designed SLIC surfaces using PEG 

brushes with 9-12 repeating units (PEG9-12, average molecular weight 𝑀 ≈ 462 Da), in addition 

to PEG brushes with 6-9 repeating units (PEG6-9, average molecular weight 𝑀 ≈ 330 Da). We 

fabricated SLIC surfaces by covalently grafting PEG9-12 brushes to hydroxylated smooth silicon 

wafers using liquid phase silanization (see section 4.3). We systematically tuned the non-

dimensional slipperiness factor 𝜎∗ by tailoring the silanization time 𝑡𝑠𝑖𝑙 (see Table 4.2). At 

different 𝑡𝑠𝑖𝑙, we estimated 𝜎 using the PEG layer thickness ℎ obtained from ellipsometry (see 

section 4.4). Assuming hexagonal packing, we estimated 𝜎𝑐𝑟𝑖𝑡 for PEG9-12 (see section 4.4). 

Table 4.2. Non-dimensional slipperiness factor 𝜎∗ with PEG (9-12 repeating units) at different 

silanization times 𝑡𝑠𝑖𝑙. 

𝑡𝑠𝑖𝑙 (min) ℎ (nm) 𝜎 (chains nm-2) 𝜎∗ 

0.5 0.15 ± 0.01 0.21 0.31 

1 0.17 ± 0.01 0.24 0.35 

2 0.25 ± 0.04 0.35 0.52 

5 0.38 ± 0.03 0.53 0.79 

7 0.52 ± 0.02 0.73 1.08 

10 0.76 ± 0.31 1.06 1.58 

15 1.09 ± 0.05 1.53 2.27 

30 1.34 ± 0.12 1.88 2.79 

60 1.62 ± 0.14 2.27 3.37 

 

As anticipated, at 𝑡𝑠𝑖𝑙 = 0 min, water droplets completely spread and did not slide on 

hydroxylated silicon wafers. As 𝑡𝑠𝑖𝑙 increased, the dynamic contact angles (𝜃𝑎𝑑𝑣 and 𝜃𝑟𝑒𝑐) of 
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water increased (see Fig. 4.6a), indicating increasing covalent grafting of PEG9-12 brushes, 

resulting in increasing 𝜎∗. Simultaneously, as 𝑡𝑠𝑖𝑙 increased, ∆𝜃 decreased (see Fig. 4.6b), 

indicating a decrease in inhomogeneities on the surface as 𝜎∗ → 1. At 𝑡𝑠𝑖𝑙 = 7 min, we estimated 

𝜎∗ > 1 for PEG9-12 brushes, indicating the onset of maximum and constant slipperiness regime 

with 𝜃𝑎𝑑𝑣 = 39°, 𝜃𝑟𝑒𝑐 = 36°, and ∆𝜃 = 3°. For 𝑡𝑠𝑖𝑙 > 7 min, we obtained SLIC surfaces with 

nearly constant contact angles and contact angle hysteresis (see Figs. 4.6a & b). Here, it is 

noteworthy that while the onset of slipperiness did not change between PEG9-12 and PEG6-9, 𝜎∗ 

and 𝜎 for PEG9-12 and PEG6-9 are different (see Table S1 and Table S2). This further reaffirms 

our design criteria for SLIC surfaces (𝜎∗ > 1). 

 

Figure 4.6. Wettability and slipperiness on PEG9-12 functionalized surfaces. (a) Advancing 

and receding contact angles of water on PEG9-12 functionalized surfaces at different silanization 

times, 𝑡𝑠𝑖𝑙. (b) Contact angle hysteresis of water on PEG9-12 functionalized surfaces at different 

silanization times, 𝑡𝑠𝑖𝑙. 

4.6 SLIC surfaces for thermofluidic applications 

In addition to elucidating the underlying design principles and fabricating SLIC surfaces, 

we evaluated the performance of our SLIC surfaces in relevant thermofluidic applications. 
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Specifically, our SLIC surfaces are ideal for enhancing condensation heat transfer of aqueous 

liquids because they simultaneously offer low static contact angle θ and low sliding angle ω (i.e., 

minimum tilt angle for a droplet to slide on a surface) for aqueous liquids. Low contact angle θ 

promotes high nucleation rates and low conduction resistance, both of which enhance 

condensation heat transfer.3,4,120 Low sliding angle ω (due to low contact angle hysteresis 𝛥𝜃) 

promotes rapid and efficient removal of the condensate droplets, thereby enabling sustained 

dropwise condensation with significantly higher heat transfer coefficient compared to filmwise 

condensation.3,4,120  

To demonstrate such enhanced condensation heat transfer resulting, we qualitatively 

compared the condensation of water on our SLIC surfaces (θ ≈ 37°, ω ≈ 3° for 20 L water 

droplets) with condensation on non-slippery hydrophilic surfaces (having low contact angle, but 

higher sliding angle) and slippery hydrophobic surfaces (having low sliding angle, but higher 

contact angle). We used untreated silicon wafers as non-slippery hydrophilic surfaces (θ ≈ 45°, ω 

≈ 20° for 20 L water droplets) and 1,3-dichlorotetramethyldisiloxane-treated silicon wafers as 

slippery hydrophobic surfaces (θ ≈ 103°, 𝜃𝑎𝑑𝑣 ≈ 104°, 𝜃𝑟𝑒𝑐 ≈ 101°, ω ≈ 3° for 20 L water 

droplets; see experimental procedures). We fabricated slippery hydrophobic surfaces by 

exposing hydroxylated silicon wafers to the vapors of 150 L of 1,3-

dichlorotetramethyldisiloxane (Gelest) in an enclosed chamber for 15 min at room temperature. 

Subsequently, the silanized samples were cleaned by rinsing thoroughly with anhydrous toluene, 

DI water and ethanol (Fisher) sequentially, and then dried with nitrogen. 

Water condensation experiments were conducted in a custom-built insulated enclosed 

chamber equipped with an inlet for steam and a transparent glass window. Steam (at 100°C and 1 

atm) was generated by boiling water in a conical flask and was directed to the inlet of enclosed 
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chamber through insulated pipes for condensation. The substrate was vertically mounted on a 

Peltier plate set to ambient temperature (≈ 20°C), opposite to the glass window and was exposed 

to steam inside the enclosed chamber (see Figs. 4.7a, b and c). The condensation process was 

monitored and recorded through the glass window using a camera. 

 

Figure 4.7. Water condensation on SLIC surfaces. (a)-(c) Water droplet nucleation, growth, 

and coalescence on vertically oriented non-slippery surface, slippery hydrophobic surface and 

SLIC surface, respectively. The scale bar represents 2 mm on all images. 

Our results indicate that the non-slippery hydrophilic surface and SLIC surface displayed 

faster droplet coalescence and growth due to their higher nucleation rate compared to the 

hydrophobic slippery surface. Condensate droplets attained a critical size (≈ 1.4 mm; see Fig. 

4.7c) and slid down our SLIC surface at a faster rate compared to the hydrophobic slippery 

surface and the non-slippery hydrophilic surface. This rapid droplet shedding indicates that our 

SLIC surfaces not only facilitate high nucleation rates due to their hydrophilicity, but also 

facilitate rapid condensate removal due to their high slipperiness (i.e., low 𝜔). After removal of a 
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condensate droplet, the nucleation, coalescence, growth, and removal of additional condensate 

droplets continued on our SLIC surface indicating the potential for sustained dropwise 

condensation and enhanced condensation heat transfer.  

 

Figure 4.8. Influence of relative humidity and surface tension on SLIC surfaces. (a) Static 

contact angles and sliding angles of water on SLIC surfaces for different relative humidities. (b) 

Static contact angles and sliding angles of aqueous liquid droplets with different surface tensions 

on SLIC surfaces. 

In practice, condensation can occur at different relative humidities for a wide range of 

aqueous liquids. To ensure that our SLIC surfaces retain their hydrophilicity and slipperiness, we 

characterized their contact angles and sliding angles for water at different relative humidities and 

for aqueous liquids (solutions of sodium dodecyl sulfate in water) with a wide range of surface 

tensions (𝛾𝑙𝑣 = 40 mN m-1 to 72 mN m-1). Contact angles and sliding angles were measured with 

20 L sessile droplets and surface tension was measured with pendant droplets, using a contact 

angle goniometer/tensiometer (Rame-Hart 260). A custom-built humidity chamber was used to 

control the humidity. At least six measurements were performed on each surface at spatially 

distinct locations. The standard deviation is reported as error with all measurements. 
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Our SLIC surfaces displayed negligible change in static contact angles and sliding angles 

of water at relative humidities ranging from 10% to 100% (see Fig. 4.8a). As the surface tension 

of aqueous liquids decreased from 72 mN m-1 to 40 mN m-1, our SLIC surfaces displayed an 

expected decrease in static contact angles and sliding angles (see Fig. 4.8b). In addition to 

experimentally measuring the sliding angles of different aqueous liquid droplets on SLIC 

surfaces, we also estimated the sliding angles 𝜔 based on a balance between work done by 

gravitational force and work expended due to adhesion as:4  

sin𝜔 ≈
𝛾𝑙𝑣𝐷𝑇𝐶𝐿(cos𝜃𝑟𝑒𝑐 − cos𝜃𝑎𝑑𝑣)

𝜌𝑔𝑉
                                                           (4.2) 

Here, 𝛾𝑙𝑣, 𝜌 and 𝑉 are surface tension, density, and volume of the liquid droplet, respectively, 𝑔 

is the acceleration due to gravity, 𝜃𝑎𝑑𝑣 and 𝜃𝑟𝑒𝑐 are the advancing and receding contact angles, 

respectively, and 𝐷𝑇𝐶𝐿 is the width of the triple phase contact line perpendicular to the droplet 

sliding direction. Assuming the droplet is a spherical cap, width of the triple phase contact line 

was calculated as: 

𝐷𝑇𝐶𝐿 = 2 sin 𝜃̅ [
3𝑉

𝜋(2 − 3cos𝜃̅ + cos3𝜃̅)
]

1
3

                                              (4.3) 

Here, 𝜃̅ is the average contact angle, given as: 

cos𝜃̅ =
(cos𝜃𝑎𝑑𝑣 + cos𝜃𝑟𝑒𝑐)

2
                                                                  (4.4) 

The estimated sliding angles for 20 L droplets of SDS in water solutions on SLIC 

surfaces were obtained using Eq. 4.2-4.4 and reported in Table 4.3. These results demonstrate the 

retention of hydrophilicity and slipperiness of our SLIC surfaces and their potential for 

condensation applications. 
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Table 4.3. Estimated and measured sliding angles of SDS solutions on SLIC surfaces. 

𝛾𝑙𝑣 (mN m-1) 𝜔estimated (°) 𝜔measured (°) 

72 4.4 3 

67 3.6 3 

61 3.1 3 

56 2.5 3 

46 2.2 2 

41 1.2 1 

38 1.1 1 

 

In addition, we investigated the durability (i.e., retention of hydrophilicity and 

slipperiness) of our SLIC surfaces after prolonged exposure to air, immersion in water, exposure 

to steam (at 100°C and 1 atm), and water droplets (30 L) sliding past the surface. We measured 

the advancing and receding contact angles as well as the sliding angles periodically to assess the 

hydrophilicity and slipperiness.  

Our results indicated no change in advancing and receding contact angles and sliding 

angles on SLIC surfaces even after exposure to air for 20 days (see Fig. 4.9a), immersion in 

water for 20 days (see Fig. 4.9b), exposure to steam for a cumulative time of 48 hours (see Fig. 

4.9c) with dropwise condensation and 100,000 water droplets sliding past the surface (see Fig. 

4.9d). While these results demonstrate the potential of SLIC surfaces, a more comprehensive and 

application-specific determination of durability is needed for lasting use in themofluidic and 

biofluidic applications. 
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Figure 4.9. Durability of SLIC surfaces. (a), (b), (c) and (d) Advancing and receding contact 

angles and sliding angles of water on a SLIC surface as a function of air exposure time, water 

immersion time, steam exposure time and number of water droplets sliding past the surface, 

respectively. 

4.7 SLIC surfaces for biofluidic applications 

In addition to thermofluidic applications, we also evaluated the performance of our SLIC 

surfaces in biofluidic applications. Specifically, our SLIC surfaces are ideal for fouling-resistant 

lab-on-a-chip miniature platforms because they simultaneously offer hydrophilicity and 

slipperiness for aqueous liquids. Hydrophilicity imparted by the PEG brushes allows improved 

resistance to fouling by proteins because of the hydration layer and the steric hindrance.121-124 To 

demonstrate the fouling-resistance of our SLIC surfaces, we compared them with that of non-

slippery hydrophilic surfaces and slippery hydrophobic surfaces. We used untreated glass 
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coverslips as non-slippery hydrophilic surfaces (θ ≈ 53°, ω ≈ 47° for 20 L water droplets), 1,3-

dichlorotetramethyldisiloxane-treated glass coverslips as slippery hydrophobic surfaces (θ ≈ 

103°, ω ≈ 4° for 20 L water droplets) and glass coverslips with covalently grafted PEG brushes 

as our SLIC surfaces (θ ≈ 37°, ω ≈ 5° for 20 L water droplets). We used glass coverslips 

because they are smooth (allowing low physical inhomogeneity) and transparent (allowing light 

microscopy). 

We exposed the surfaces to fibrinogen solution and studied protein adsorption in-situ 

using total internal reflection fluorescence (TIRF) microscopy. TIRF microscopy was conducted 

using time-lapse imaging with fibrinogen from human plasma conjugated to Alexa Fluor 647 

(Fisher). The time-lapse imaging was conducted using a custom-built microscope48 equipped 

with Olympus IX71 body, 100x objective and a CRISP ASI autofocus system. The excitation 

was conducted using a 638 nm laser (DL638-328 050, CrystaLaser, Reno, NV). Emission was 

collected using the appropriate Semrock bandpass filters and the images were acquired in a 

water-cooled, back-illuminated EMCCD camera (iXon DU-888, Andor, Belfast, UK) liquid-

cooled to -70°C with an electronic gain of 60. An enzymatic oxygen scavenging system was 

used in the imaging buffer to reduce photobleaching.49 Imaging buffer consisted of 50 mM Tris-

HCl (pH 8.0), 10 mM NaCl, 0.15 mg ml-1 glucose oxidase, 34 mg ml-1 catalase, 0.8% (w/v) 

glucose and 1% (v/v) b-mercaptoethanol. On SLIC surfaces, time-lapse imaging was conducted 

at a frame rate of 30 frames hr-1. On other surfaces, the time-lapse imaging was conducted at a 

frame rate of 10 frames s-1. During imaging, the concentration of fibrinogen was maintained at 5 

nM for all experiments. 

Our results from TIRF microscopy indicate that the fibrinogen adsorbed within 1 min on 

both the non-slippery hydrophilic surfaces and slippery hydrophobic surfaces (see Figs. 4.10a 
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and 4.10b). In contrast, our SLIC surfaces displayed exceptional fouling-resistance by preventing 

adsorption of fibrinogen even at 1800 min (see Fig. 4.10c).125,126 The exceptional fouling-

resistance is possibly due to an ice-like hydration layer,117,118,122 but a comprehensive study is 

needed to develop a mechanistic understanding. 

 

Figure 4.10. Fouling resistance on SLIC surfaces. (a) Fluorescent microscopy image showing 

significant adsorption of fibrinogen (red) on non-slippery hydrophilic surface (surface coverage 

≈ 96%) within 1 min. The scale bar on represents 5 m on all fluorescent images. (b) Fluorescent 

microscopy image showing significant adsorption of fibrinogen (red) on slippery hydrophobic 

surface (surface coverage ≈ 93%) within 1 min. (c) Fluorescent microscopy image showing 

negligible adsorption of fibrinogen (red) on SLIC surface (surface coverage ≈ 0.2%) even at 

1800 min. (d) Time-lapse images showing tiny volumes of water (pink) trapped in non-slippery 

domains (star-shaped) domains on the SLIC surface. The scale bar represents 1 mm. 
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In addition to the outstanding fouling-resistance, the slipperiness of our SLIC surfaces 

allows aqueous droplets to slide easily (see Fig. 4.10d), allowing manipulation of aqueous 

droplets. To demonstrate the utility of slipperiness in lab-on-a-chip miniature platforms, we 

fabricated SLIC surfaces patterned with an array of non-slippery domains. Star-shaped non-

slippery domains were fabricated on SLIC surfaces via laser ablation with a commercially 

available, quasi-continuous CO2 laser system with a central wavelength of 10.6 mm (Epilog 

Legend 36EXT). Laser ablation increased the roughness (i.e., physical inhomogeneity) resulting 

in loss of slipperiness in the domains. When an aqueous droplet (e.g., protein solution) slides 

past such patterned SLIC surfaces, tiny volumes of the droplet are trapped in the non-slippery 

domains due to higher adhesion (see Fig. 4.10d). In this manner, on patterned SLIC surfaces, 

biological analytes (e.g., proteins, nucleic acids, cells, microorganisms etc.) can be trapped in 

targeted domains, while ensuring that the remaining areas fouling-free (see Fig. 4.10d). 

Furthermore, while aqueous droplets slide easily, oil droplets adhere to our SLIC 

surfaces. This can further facilitate oil (lipid)-water separations on SLIC surfaces. When a 

compound droplet, consisting of water and oil, is placed on a tilted SLIC surface, water displaces 

oil and slides away while the oil remains adhered (see Figs. 4.11a, b & c), indicating the 

potential of SLIC surfaces for biofluidic separations. 

In addition, we conducted energy analysis for a compound droplet on SLIC surfaces to 

ensure that water displaces oil on SLIC surfaces for an efficient oil-water separation. For this, we 

determined the surface energy 𝛾𝑠𝑣 = 𝛾𝑠𝑣
𝑝

 + 𝛾𝑠𝑣
𝑑  = 22 mN m-1 + 44 mN m-1 = 66 mN m-1 using the 

Owens-Wendt analysis5, with water (polar liquid) and methylene iodide (non-polar liquid) as 

probe liquids.  
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Figure 4.11. Oil-water separation on SLIC surfaces. (a)-(c) Time-lapse images showing the 

separation of water (colorless) from hexadecane (red) using a compound (water + hexadecane) 

droplet. (d) & (e) Schematics showing the configurations of a SLIC surface with oil displacing 

water and water displacing oil, respectively. (f)-(h) Time-lapse images showing water (blue) 

displacing hexadecane (red) on a SLIC surface. 

To separate a compound droplet of water and oil using our SLIC surfaces, water must 

displace oil from the SLIC surface so that it can slide away while leaving the oil adhered. To 

determine whether or not water displaces oil from the SLIC surface, we compared the energy of 

two configurations (see Figs. 4.11d & e) – oil displacing water on a SLIC surface (with energy 

E1 = 𝛾𝑠𝑜 + 𝛾𝑜𝑤 + 𝛾𝑤𝑣) and water displacing oil on a SLIC surface (with energy E2 = 𝛾𝑠𝑤 + 𝛾𝑜𝑤 + 

𝛾𝑜𝑣). Here, water surface tension 𝛾𝑤𝑣 = 𝛾𝑤𝑣
𝑝   + 𝛾𝑤𝑣

𝑑  = 51 mN m-1 + 21 mN m-1 = 72 mN m-1 and 

hexadecane (oil) surface tension 𝛾𝑜𝑣 = 𝛾𝑜𝑣
𝑑  = 27.5 mN m-1. As postulated by Fowkes6, we 
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estimated 𝛾𝑠𝑜 = 𝛾𝑠𝑣 + 𝛾𝑜𝑣 – 2√𝛾𝑠𝑣
𝑑  𝛾𝑜𝑣

𝑑  = 24 mN m-1 and 𝛾𝑜𝑤 = 𝛾𝑜𝑣 + 𝛾𝑤𝑣 – 2√𝛾𝑜𝑣
𝑑  𝛾𝑤𝑣

𝑑  = 51 mN 

m-1. As postulated by Owens and Wendt5, we estimated 𝛾𝑠𝑤 = 𝛾𝑠𝑣 + 𝛾𝑤𝑣 – 2√𝛾𝑠𝑣
𝑑  𝛾𝑤𝑣

𝑑  – 

2√𝛾𝑠𝑣
𝑝  𝛾𝑤𝑣

𝑝
 = 10 mN m-1. This energy analysis shows E2 = 89 mN m-1 < E1 = 133 mN m-1, 

indicating water indeed displaces oil from SLIC surfaces (see Figs. 4.11f, g & h). 

4.8 Conclusions 

In this work, we elucidated the design of non-textured, all-solid, slippery hydrophilic 

surfaces. We demonstrated two distinct regimes of slipperiness: 𝜎∗ < 1, where slipperiness 

increases with increasing grafting density, and 𝜎∗ ≥ 1, where slipperiness is maximum and 

constant. We postulate that 𝜎∗ > 1 is a prudent criterion for the design of non-textured, all-solid, 

slippery hydrophilic surfaces. Building on this design criterion, we fabricated slippery 

hydrophilic (SLIC) surfaces by covalently grafting PEG brushes to silicon wafers and glass 

coverslips. We demonstrated the exceptional performance of our SLIC surfaces in condensation 

and fouling-resistance compared to non-slippery hydrophilic and slippery hydrophobic surfaces. 

While a comprehensive study (on processing-structure relationships with a wide variety of 

chemistries and substrates and the role of ice-like hydration layers) is needed to develop a 

thorough understanding of this emerging class of surfaces, our results indicate that SLIC surfaces 

have the potential to positively transform the technological landscape of thermofluidic and 

biofluidic devices.  
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CHAPTER 5. INTERACTION OF BLOOD WITH SLIPPERY SURFACES 

5.1 Introduction 

Blood-material interactions on slippery surfaces (i.e., surfaces that display high liquid 

droplet mobility) have received significant attention because of their advantages in multiple 

biofluidic applications.127-131 Particularly, in blood-contacting biomedical devices, blood 

coagulation on the device leads to thrombosis and inflammation.132-135 These can further disrupt 

the functionality of the device resulting in either lower performance or failure of the device.7,136 

In our prior work, we emphasized that non-textured, all-solid slippery hydrophilic (SLIC) 

surfaces are an emerging class of slippery surfaces and demonstrated that SLIC surfaces can 

significantly reduce fibrinogen adsorption (i.e., one of the first steps in the blood-coagulation 

cascade) compared to non-textured non-slippery hydrophilic surfaces and non-textured slippery 

hydrophobic surfaces using TIRF microscopy.137 Building on our prior work, in this study, we 

investigated the interactions of blood components (i.e., fibrinogen, platelets & leukocytes) with 

slippery surfaces using glass and PDMS substrates.  

Based on our results, slippery surfaces demonstrate lower fibrinogen adsorption and 

platelet and leukocyte adhesion compared to non-slippery surfaces. Specifically, SLIC surfaces 

display significantly lower fibrinogen adsorption (99.5% lower surface coverage) and platelet 

and leukocyte adhesion (91.8% and 99.4% lower surface coverage, respectively) compared to 

untreated glass slides. SLIC surfaces also display lower fibrinogen adsorption (47% lower 

surface coverage) and platelet and leukocyte adhesion (86.2% and 97.5% lower surface 

coverage, respectively) compared to slippery PDMS. While a comprehensive study (on blood-

material interactions with different proteins and blood cells at longer incubation times with a 

wide variety of chemistries and substrates) is needed to develop a thorough understanding of the 
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influence of slipperiness, our results indicate that SLIC surfaces can reduce protein adsorption 

(i.e., fibrinogen) and blood cell (platelets & leukocytes) adhesion. We envision that our study 

will encourage more investigations on blood-material interactions on slippery surfaces for 

developing improved biomedical devices with reduced risk of thrombosis. 

5.2 Blood-material interactions 

Blood-contacting medical devices (e.g., body implants, catheters, heart valves, stents, 

ventricular assist devices etc.) have saved millions of patients improving health and quality of 

human lives.8,138,139 Despite their extensive use, these devices are prone to thrombosis and 

infections causing inflammation, pain, and discomfort to the patient.73,134,140 This results in 

further complications with the device function, leading to its failure imposing a severe risk to the 

patient.8,135 The common practices to reduce thrombosis on medical devices include coating the 

device with anti-coagulant materials like heparin and antiplatelet therapies.141-143 However, these 

practices increase the risk and cost to the patient.144,145 Moreover, such antiplatelet therapies can 

underperform in dynamic blood flow conditions and increase the risk of bleeding to the 

patient.146,147 Therefore, it is important to understand the mechanisms of blood-material 

interactions on solid surfaces for designing novel coatings for biomedical devices that can reduce 

thrombosis and inflammation. 

When blood comes in contact with a foreign solid surface, blood plasma proteins like 

fibrinogen and von Willebrand Factor (VWF) start adsorbing on the surface.73 These proteins 

further facilitate the adhesion of platelets, which are inert cells that travel through blood 

circulation.134 Typically, fibrinogen acts as a primary protein leading to platelet adhesion at 

lower wall shear rates (< 600 s-1) whereas VWF plays a major role at higher wall shear rates.8 On 

the other hand, human serum albumin, the most abundant protein in blood plasma that is 
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relatively inert to platelets, competes with fibrinogen and VWF in adsorbing on to the substrate 

and lowers platelet adhesion.148,149 However, once platelets adhere to the surface, they can be 

activated by the surrounding proteins depending on their configuration. Platelet activation can be 

characterized by the distorted shape of platelets from discoid to an spherical form with 

protrusions.150,151 This may also change the conformation of integrins on platelets, which 

increases their affinity to bind with fibrinogen.152 Furthermore, the release of α-granules from 

platelets exposes the membrane-bound proteins releasing other agents (e.g., platelet activation 

agonists, VWF etc.) from platelets activating the platelets in the surroundings.153 This enhanced 

platelet activation is amplified by platelet-platelet binding resulting in platelet aggregation. This 

prothrombotic state can also further escalate to procoagulant state with enough platelet activation 

and aggregation. 

At low shear rates, the coagulation cascade occurs simultaneously with fibrin 

formation.154 Thrombin, an enzyme that is generated on activated platelets, can form fibrin 

monomers by cleaving fibrinogen.74 These fibrin monomers assemble to form protofibrils, which 

further polymerize to form a cross-linked network of fibrin gel.154 Here, it is important to note 

that the fibrin formation is a more complicated process, which depends on the mass transport and 

other conditions like coagulant state, cellular activity, and fibrinolysis.155 Nonetheless, fibrin 

formation assists thrombosis and the consequent inflammation. 

Once the platelets adhere to the surface, they can trigger immune response by recruiting 

leukocytes (e.g., neutrophils, monocytes, lymphocytes etc.), which act against foreign bodies 

inside the human body.140 This can further lead to leukocyte migration and activation resulting in 

inflammation. A toll-like receptor 4 found on platelets can trigger the formation of neutrophil 

extracellular traps (NETs) that consists of a network of DNA fibers, which can trap microbes.156 
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NETs can also stimulate thrombus formation by capturing platelets within their DNA fiber 

mesh.157 Monocytes (the largest leukocytes) can provide signals for other cells promoting their 

activation and adhesion on the surface by releasing inflammatory cytokines and chemokines.158 

This further results in acute inflammation, which can develop into chronic inflammation and 

consequently, promoting monocyte differentiation into macrophages and intercellular 

communication leading to cell apoptosis.159 These events can also lead to the infiltration of 

lymphocytes and fibroblasts from the surrounding tissue.160 In addition, the cytokines can also 

enhance or retard intracellular function, intercellular communication, and extracellular matrix 

deposition by binding themselves to cell surface receptors.161 This can further trigger a foreign 

body reaction and fibrosis isolating the foreign body through fibrous encapsulation. This 

response further impedes the tissue integration with the foreign body, consequently, can result in 

an undesirable rejection of the foreign body. 

In our prior work, we demonstrated significantly delayed fibrinogen adsorption (i.e., one 

of the first steps in blood-coagulation cascade) on an emerging class of SLIC surfaces compared 

non-slippery hydrophilic and slippery hydrophobic surfaces. Inspired by these results, in this 

work, we attempted to understand the blood-material interactions by investigating platelet and 

leukocyte adhesion, in addition to fibrinogen adsorption on slippery surfaces. Based on our prior 

results, we anticipate that the slippery surfaces have the potential to minimize the blood-surface 

interactions by hindering the subsequent steps in the blood-coagulation cascade (due to their 

lower fibrinogen adsorption), possibly resulting in lower thrombosis. 

5.3 Fabrication of slippery surfaces 

In this work, we fabricated slippery substrates using glass slides and 

polydimethylsiloxane (PDMS). We chose glass and PDMS as our substrates because they are 
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used in several biomedical applications. Moreover, they are transparent and allow light 

(fluorescence) microscopy. We imparted slipperiness to the glass slides by covalently attaching 

short chain PEG brushes (9-12 repeating units) onto hydroxylated glass slides via liquid phase 

silanization.137 To covalently graft PEG brushes, first, the glass slides (Fisher Scientific) were 

cleaned by rinsing thoroughly with acetone (Fisher Scientific) and DI water, and then dried with 

nitrogen. The cleaned glass slides were exposed to oxygen plasma (Plasma Etch PE-25) for 10 

min for hydroxylation. Subsequently, the hydroxylated samples were immersed in a solution 

consisting of 2 L of 2-methoxy polyethyleneoxy (9-12) propyl trimethoxysilane (Gelest) and 12 

L hydrochloric acid (Fisher Scientific) in 45 mL of anhydrous toluene (Fisher Scientific) 

overnight at room temperature. Finally, the silanized samples were cleaned by rinsing thoroughly 

with anhydrous toluene, DI water and ethanol (Fisher Scientific) sequentially, and then dried 

with nitrogen. 

We fabricated PDMS substrates by casting PDMS (Silicones, Inc.) with base and curing 

agents in the ratio of 10:1. The PDMS was then degassed and cured at 70°C for 1 hour in a 

vacuum oven. The cured PDMS was then peeled off and cut into the desired size for biological 

experiments. Slippery PDMS was fabricated by adding 50% silicone oil (trimethyl terminated 

PDMS) by weight to the PDMS base and curing agent mixture. The polymer solution was mixed 

thoroughly before casting and degassing. The PDMS+50% silicone oil solution was later cured 

at 70°C for 1 hour before its use. 

We characterized the surface wettability and slipperiness of our substrates by measuring 

advancing and receding contact angles and sliding angles using a contact angle goniometer 

(Rame-Hart 260). All sliding angles were measured with 20 L liquid droplets. At least three 

measurements were performed on each substrate and the average value is reported. The error 
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with all contact angles and sliding angles is ± 2°. As anticipated, both glass slides and SLIC 

coating on glass slides displayed advancing contact angles < 90° indicating their hydrophilic 

nature and the PDMS and slippery PDMS displayed advancing contact angles > 90° indicating 

their hydrophobic nature (see Table 5.1). SLIC coating and PDMS+50% silicone oil also 

displayed low sliding angles (i.e., < 10°) indicating their slipperiness. 

Table 5.1. Contact angles and sliding angles of water on our surfaces. 

Substrate 

Advancing contact angle  

(°) 

Receding contact angle  

(°) 

Sliding angle  

(°) 

Glass slide 55 30 24 

SLIC on glass 41 35 4 

PDMS 121 82 43 

Slippery PDMS 106 97 8 

 

5.4 Characterizing fibrinogen adsorption and platelet and leukocyte adhesion 

We characterized fibrinogen adsorption and platelet and leukocyte adhesion by 

quantifying the area of adhesion on our surfaces (i.e., surface coverage) using fluorescent 

microscopy. Fibrinogen labeled with Alexa Fluor 488 (20 mg ml-1, Fib3 Fibrinogen with 

fibronectin, von Willebrand Factor, and Factor XIII depleted, Enzyme Research Laboratories) 

was diluted to 2 mg ml-1 for protein adsorption studies. Platelet-rich plasma (PRP) was obtained 

by centrifuging whole blood to remove erythrocytes. Platelets were stained with Vybrant Dil 546 

stain and leukocytes were stained using 4,6–diamidino–2–phenylindole (DAPI) for platelet and 

leukocyte adhesion studies (courtesy Dr. Nellenbach, Professor Brown’s research group at North 

Carolina State University).  
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Firstly, the substrates were cleaned using ethanol and dried using air. 100 L of the 

desired solution (i.e., fibrinogen and PRP) was placed on the substrate and incubated in dark for 

1 hour at room temperature. Subsequently, 500 L of phosphate buffered saline (PBS) was 

added to fibrinogen/PRP and aspirated after every 5 minutes two times with a subsequent 

addition of PBS. The substrates were rinsed gently by running 1 mL PBS down the surface to 

remove any non-adherent proteins/cells. The adhered proteins/cells were fixed with 10 L of 

hydromount and imaged using a fluorescence microscope. All fluorescent images were processed 

using ImageJ software and the reported surface coverage is the average value from at least 3 

different locations on the substrate. 

5.5 Fibrinogen adsorption on glass & PDMS substrates 

We characterized fibrinogen adsorption on glass and PDMS substrates by incubating 

fibrinogen labeled with Alexa Fluor 488 (green dye) for 1 hour and imaging using a fluorescence 

microscope. Subsequently, using the fluorescent images, we determined the surface area covered 

with fibrinogen using ImageJ. Our fluorescent images on glass substrates qualitatively showed 

lower fibrinogen adsorption on SLIC coating compared to the untreated glass slide (see Fig. 5.1a 

& b). Similarly, our fluorescent images on PDMS substrates qualitatively indicated lower 

fibrinogen adsorption on slippery PDMS (i.e., PDMS+50% silicone oil) compared to the neat 

PDMS (see Figs. 5.1c & d). However, the difference in fibrinogen adsorption on PDMS 

substrates is not as significant as that on glass substrates at 1 hour incubation time. 

Correspondingly, our quantitative analysis using ImageJ on glass substrates indicated a 99.5% 

lower fibrinogen adsorption (i.e., surface coverage) on SLIC coating compared to the untreated 

glass slide (see Fig. 5.1e). Similarly, our quantitative analysis using ImageJ on PDMS substrates 

indicated a 90.3% lower fibrinogen adsorption on slippery PDMS compared to neat PDMS (see 
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Fig. 5.1f). Furthermore, compared to the slippery PDMS, the SLIC coating showed a 47% lower 

fibrinogen adsorption.  

 

Figure 5.1. Fibrinogen adsorption on glass & PDMS substrates. (a)-(d) False-colored 

fluorescent images showing adsorbed fibrinogen (green) on glass, slippery glass (SLIC), PDMS 

and slippery PDMS surfaces, respectively, after 1 hour incubation. (e)-(f) Plots showing lower 

fibrinogen adsorption (i.e., lower surface coverage) on SLIC coating and slippery PDMS. 

We also performed statistical analysis on our surface coverage data for fibrinogen 

adsorption on all our samples (glass, SLIC on glass, PDMS & slippery PDMS) using one-way 

analysis of variance (ANOVA) with a 95% confidence interval and our analysis indicated that 

the sample means are significantly different with a p-value of 0.02. These results further confirm 

that the slippery substrates can display higher fouling resistance with fibrinogen compared to 
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their non-slippery counterparts. Specifically, SLIC surfaces can display a significantly lower 

fibrinogen adsorption. However, more experiments for fibrinogen adsorption on slippery 

surfaces (SLIC and slippery PDMS surfaces) at longer incubation times are necessary to better 

understand the fouling resistance, which is crucial for reducing thrombosis. Furthermore, 

additional experiments for fibrinogen adsorption on slippery surfaces with other surface 

chemistries will help in understanding the influence of slipperiness and surface chemistry on 

fouling resistance. 

5.6 Platelet & leukocyte adhesion on glass & PDMS substrates 

We characterized platelet adhesion on glass and PDMS substrates by incubating PRP for 

1 hour and imaging using a fluorescence microscope. Platelets were stained with Vybrant Dil 

546 (red dye) for fluorescence imaging. Subsequently, using the fluorescent images, we 

determined the surface area covered with adhered platelets using ImageJ. Our fluorescent images 

on glass substrates qualitatively showed lower platelet adhesion on SLIC coating compared to 

the untreated glass slide (see Figs. 5.2a & b). Our fluorescent images on PDMS substrates 

qualitatively indicated lower platelet adhesion on slippery PDMS (i.e., PDMS+50% silicone oil) 

compared to the neat PDMS (see Figs. 5.2c & d). Correspondingly, our quantitative analysis 

using ImageJ on glass substrates indicated a 91.8% lower platelet adhesion (i.e., surface 

coverage) on SLIC coating compared to the untreated glass slide (see Fig. 5.2e). Similarly, our 

quantitative analysis using ImageJ on PDMS substrates indicated a 68.7% lower platelet 

adhesion on slippery PDMS compared to the neat PDMS (see Fig. 5.2f). However, the PDMS 

substrates also displayed a large error (i.e., standard deviation) in platelet adhesion. Furthermore, 

compared to slippery PDMS, SLIC coating showed an 86.2% lower platelet adhesion.  
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Figure 5.2. Platelet adhesion on glass & PDMS substrates. (a)-(d) False-colored fluorescent 

images showing adsorbed platelets (red) on glass, slippery glass (SLIC), PDMS and slippery 

PDMS surfaces, respectively, after 1 hour incubation. (e)-(f) Plots showing lower platelet 

adhesion (i.e., lower surface coverage) on SLIC coating and slippery PDMS. 

We also performed statistical analysis on our surface coverage data for platelet adhesion 

on all our samples (glass, SLIC on glass, PDMS & slippery PDMS) using one-way ANOVA 

with a 95% confidence interval and our analysis indicated that the sample means are not 

significantly different with a p-value of 0.33. Even though the mean values of platelet adhesion 

for slippery substrates are lower compared to their non-slippery counterparts, our statistical 

analysis indicated that they are not significantly different. This could be due to the large error in 

platelet adhesion, especially on PDMS substrates and small sample sizes (n = 3). This implies 
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that more experiments for platelet adhesion, especially on PDMS substrates, are required to 

make any logical conclusion about differences in platelet adhesion on slippery vs. non-slippery 

substrates. Moreover, additional experiments on slippery surfaces with longer incubation times 

and other surface chemistries will help in understanding the influence of slipperiness and surface 

chemistry on platelet adhesion, which is crucial for reducing thrombosis. 

We characterized leukocyte adhesion on glass and PDMS substrates by incubating PRP 

for 1 hour and imaging using a fluorescence microscope. Leukocytes were stained with DAPI 

(blue dye) for fluorescence imaging. Subsequently, using the fluorescent images, we determined 

the surface area covered with adhered leukocytes using ImageJ. Our fluorescent images on glass 

substrates qualitatively showed lower platelet adhesion on SLIC coating compared to the 

untreated glass slide (see Figs. 5.3a & b). Similarly, our fluorescent images on PDMS substrates 

qualitatively indicated lower platelet adhesion on slippery PDMS (i.e., PDMS+50% silicone oil) 

compared to neat PDMS (see Figs. 5.3c & d). Correspondingly, our quantitative analysis using 

ImageJ on glass substrates indicated a 99.4% lower leukocyte adhesion (i.e., surface coverage) 

on SLIC coating compared to the untreated glass slide (see Fig. 5.3e). Similarly, our quantitative 

analysis using ImageJ on PDMS substrates indicated a 71.8% lower leukocyte adhesion on 

slippery PDMS compared to the neat PDMS (see Fig. 5.3f). Furthermore, compared to slippery 

PDMS, SLIC coating showed a 97.5% lower leukocyte adhesion. We also performed statistical 

analysis on our surface coverage data for leukocyte adhesion on all our samples (glass, SLIC on 

glass, PDMS & slippery PDMS) using one-way ANOVA with a 95% confidence interval and 

our analysis indicated that the sample means are significantly different with a p-value of 0.0005. 

These results demonstrate that the slippery substrates can display lower leukocyte adhesion 

compared to their non-slippery counterparts while simultaneously highlighting the performance 
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of SLIC surfaces in reducing leukocyte adhesion. However, more experiments for leukocyte 

adhesion on slippery surfaces with other surface chemistries and at longer incubation times are 

required to better understand the leukocyte adhesion, which is crucial for reducing thrombosis.  

 

Figure 5.3. Leukocyte adhesion on glass & PDMS substrates. (a)-(d) False-colored 

fluorescent images showing adsorbed leukocytes (blue) on glass, slippery glass (SLIC), PDMS 

and slippery PDMS surfaces, respectively, after 1 hour incubation. (e)-(f) Plots showing lower 

leukocyte adhesion (i.e., lower surface coverage) on SLIC coating and slippery PDMS. 

While a comprehensive study (on blood-material interactions with different proteins and 

blood cells at longer incubation times with a wide variety of chemistries and substrates) is 

needed to develop a thorough understanding of the influence of slipperiness, our results indicate 

that SLIC surfaces can reduce protein adsorption (i.e., fibrinogen) and blood cell (platelets & 
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leukocytes) adhesion. Furthermore, this demonstrates the potential of SLIC surfaces for reducing 

thrombosis and highlights their scope for practical blood-contacting devices. 

5.7 Conclusions 

In this study, building on our prior work, we investigated the interactions of blood 

components (i.e., fibrinogen, platelets & leukocytes) on slippery surfaces using glass and PDMS 

substrates. We imparted slipperiness on glass by covalently attaching PEG brushes on 

hydroxylated glass slides. We imparted slipperiness to PDMS by mixing PDMS with 50% 

silicone oil by weight to the PDMS base and curing agent mixture. We investigated blood-

material interactions by studying fibrinogen adsorption and platelet & leukocyte adhesion using 

fluorescence microscopy. Based on our results, slippery surfaces demonstrate lower fibrinogen 

adsorption and platelet and leukocyte adhesion compared to non-slippery surfaces. Specifically, 

SLIC surfaces demonstrate significantly lower fibrinogen adsorption (99.5% lower surface 

coverage) and platelet and leukocyte adhesion (91.8% and 99.4% lower surface coverage, 

respectively) compared to untreated glass slides. SLIC surfaces also demonstrate lower 

fibrinogen adsorption (47% lower surface coverage) and platelet and leukocyte adhesion (86.2% 

and 97.5% lower surface coverage, respectively) compared to slippery PDMS. While a 

comprehensive study (on blood-material interactions with different proteins and blood cells at 

longer incubation times with a wide variety of chemistries and substrates) is needed to develop a 

thorough understanding of the influence of slipperiness, our results indicate that SLIC surfaces 

can reduce protein adsorption (i.e., fibrinogen) and blood cell (platelets & leukocytes) adhesion. 

We envision that our study will encourage more investigations on blood-material interactions on 

slippery surfaces for developing improved biomedical devices with reduced risk of thrombosis. 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

6.1 Introduction 

Slippery surfaces (i.e., surfaces that display high mobility with liquid droplets) have 

gained significant attention for their advantages in a wide variety of applications like self-

cleaning, drag reduction, enhanced condensation, fouling resistance, biomedical implants 

etc.1,5,104 This is because slippery surfaces enable easy droplet sliding (i.e., high droplet mobility) 

due to low surface adhesion, which is highly desirable in several applications in thermofluidic 

and biofluidic devices. Depending on the surface wettability (i.e., hydrophilicity or 

hydrophobicity), slippery surfaces can prove to be extremely beneficial in specific practical 

applications. Slippery surfaces can be broadly classified as: i) textured slippery surfaces, wherein 

the underlying substrate is rough (both surface texture and surface chemistry play a critical role 

in obtaining slipperiness); and ii) non-textured slippery surfaces, wherein the underlying 

substrate is non-textured (surface homogeneity plays a critical role in obtaining slipperiness).  

In this dissertation, we discuss the design principles of textured and non-textured slippery 

surfaces and demonstrate their applications for several thermofluidic and biofluidic applications 

(i.e., lossless droplet manipulation, enhanced chemical shielding, enhanced condensation heat 

transfer and enhanced fouling resistance). While we demonstrated an excellent performance of 

slippery surfaces in multiple novel applications, we strongly believe that what we revealed is just 

the tip of the iceberg and there is yet a lot more to explore and exploit the slipperiness on solid 

surfaces to open new avenues in thermofluidic and biofluidic applications. 

6.2 Textured slippery surfaces 

Textured slippery surfaces can be broadly classified as: i) super-repellent surfaces, which 

use texture to trap pockets of gas or air at the solid surface and ii) lubricant-infused surfaces, 
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which use texture to trap pockets of a liquid, immiscible with the contacting liquids at the solid 

surface.2,6 In the first part of our work, we utilized super-repellent surfaces and demonstrated two 

specific applications: i) on-demand, remote and lossless droplet manipulation for handling 

infectious biofluids in order to minimize the risk of exposure to healthcare workers and clinical 

laboratory personnel and ii) enhanced chemical shielding on soft robots to survive and function 

in corrosive and harsh liquid environments. We chose super-repellent surfaces because they offer 

ultra-low adhesion by minimizing solid-liquid contact and facilitate lossless droplet 

manipulation. In the first application, we developed biofluid manipulators by integrating thermo-

responsive soft actuators with superomniphobic surfaces (i.e., surfaces that are extremely 

repellent to virtually all liquids) through a simple and versatile multi-layer design. Utilizing our 

biofluid manipulators, we demonstrate in-plane (simultaneous and sequential) transport and 

mixing of liquid droplets, as well as out-of-plane grip, transport, and release of liquid droplets. 

We also emphasized the practical utility of our biofluid manipulators by demonstrating on-

demand, remote and lossless manipulation of biofluid droplets, including blood and virus 

replicons for colorimetric assays and blood coagulation assays. We envision that our biofluid 

manipulators will not only reduce manual operations and minimize exposure to infectious agents, 

but also pave the way for developing inexpensive, simple, and portable robotic systems, which 

can allow point-of-care operations, particularly in developing nations. 

For the second application, we demonstrated enhanced chemical shielding on soft robots 

(gripper, fish, and jellyfish) in acids (sulfuric acid and nitric acid) and solvents (toluene and 

chloroform). We designed soft robots using pneumatic actuators and imparted 

superomniphobicity by spray coating with fluorinated silica particles. Using our 

superomniphobic coatings, we demonstrated enhanced protection for at least 1 hour in 
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concentrated sulfuric acid while the surface without superomniphobic coating displayed a visible 

surface damage in <5 minutes. We also developed superomniphobic soft robots and 

demonstrated the grasp and release of solid objects in sulfuric acid and swimming on and under 

sulfuric acid and nitric acid environments without any visible surface damage. Furthermore, we 

demonstrated the actuation of soft actuator with magnetic field and heat as stimulus in solvents 

like chloroform and toluene without any visible swelling. Based on our results, we envision that 

our work will inspire developing novel soft robots that can survive and function efficiently in 

harsh liquid environments (acids, bases, or solvents) for longer periods in multiple applications 

related to food processing, healthcare, and chemical industries. 

In our work on super-repellent surfaces, even though we focused on lossless droplet 

manipulation and enhancing chemical shielding, there are a few other aspects that require 

attention to realize and/or improve these applications in practice. One common problem that 

super-repellent surfaces suffer from is durability. Durability is highly dependent on the specific 

application. For the applications we demonstrated here, more detailed studies are required for 

robustness of the superomniphobic coating on soft robots under liquid pressure, liquid drag, 

mechanical abrasion, substrate actuation cycles and in the presence of corrosive liquids and 

sunlight with time. Surface chemistry is another aspect that requires more investigation. Here, we 

developed superomniphobic coatings using long chain fluorocarbons, which are deemed to be 

carcinogenic and bioaccumulation. More studies in developing super-repellent coatings with 

environment-friendly alternatives like short chain fluorocarbons and hydrocarbons are necessary. 

More studies are required in improving the precision and speed of droplet manipulation using 

soft robots with superomniphobicity. More studies to understand the influence of 

superomniphobic coating on mixing kinetics and blood coagulation kinetics compared to 
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traditional surfaces are necessary in order to employ these coatings in practical colorimetric and 

blood-coagulation assays. 

6.3 Non-textured slippery surfaces 

Despite the appeal of textured slippery surfaces, they lose slipperiness due to damage of 

texture, depletion of air via dissolution or external pressure, or depletion of lubricant via 

evaporation or repeated use.22,23,103-105 To circumvent these issues, non-textured, all-solid 

slippery surfaces have been developed by covalently grafting brushes to substrates (i.e., tethering 

oligomers or polymers to surfaces).106,107 Nearly all non-textured, all-solid slippery surfaces are 

hydrophobic.106-110 There are very few reports of non-textured, all-solid slippery hydrophilic 

surfaces,3,111-113 and no studies systematically investigated or elucidated the design of such 

surfaces. In the second part of our work, we revealed the underlying design principles for 

fabricating an emerging class of non-textured, all-solid, slippery hydrophilic (SLIC) surfaces by 

minimizing surface inhomogeneity. We demonstrated that SLIC surfaces can be designed by 

covalently binding high surface energy brushes to smooth substrates, only at sufficiently high 

grafting densities, resulting in both physical and chemical homogeneity. Utilizing our SLIC 

surfaces, we demonstrated exceptional performance in condensation and fouling-resistance 

compared to conventional (i.e., non-slippery) hydrophilic surfaces and slippery hydrophobic 

surfaces. Based on our results, we believe that SLIC surfaces have the potential to positively 

transform the technological landscape of thermofluidic and biofluidic devices. 

To demonstrate the practical relevance of slippery surfaces for blood-contacting medical 

devices, we investigated the interactions of blood components (i.e., fibrinogen, platelets & 

leukocytes) on slippery surfaces using glass and PDMS substrates. We imparted slipperiness on 

glass by covalently attaching PEG brushes on hydroxylated glass slides. We imparted 
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slipperiness to PDMS by mixing PDMS with 50% silicone oil by weight to the PDMS base and 

curing agent mixture. We investigated blood-material interactions by studying fibrinogen 

adsorption and platelet & leukocyte adhesion using fluorescence microscopy. Based on our 

results, slippery surfaces demonstrate lower fibrinogen adsorption and platelet and leukocyte 

adhesion compared to non-slippery surfaces. Specifically, SLIC surfaces demonstrate 

significantly lower fibrinogen adsorption (99.5% lower surface coverage) and platelet and 

leukocyte adhesion (91.8% and 99.4% lower surface coverage, respectively) compared to 

untreated glass slides. SLIC surfaces also demonstrate lower fibrinogen adsorption (47% lower 

surface coverage) and platelet and leukocyte adhesion (86.2% and 97.5% lower surface 

coverage, respectively) compared to slippery PDMS. While a comprehensive study (on blood-

material interactions with different proteins and blood cells at longer incubation times with a 

wide variety of chemistries and substrates) is needed to develop a thorough understanding of the 

influence of slipperiness, our results indicate that SLIC surfaces can reduce protein adsorption 

(i.e., fibrinogen) and blood cell (platelets & leukocytes) adhesion. We envision that our study 

will encourage more investigations on blood-material interactions on slippery surfaces for 

developing improved biomedical devices with reduced risk of thrombosis. 

Unlike super-repellent surfaces, SLIC surfaces are in the rudimentary stages of 

development in terms of underlying physics and applications and have a lot more space for 

exploration. This is because SLIC surfaces are challenging to fabricate. So far, slipperiness along 

with hydrophilicity was achieved only using PEG chemistry. It is still unclear if other 

hydrophilic chemistries can result in slipperiness. More studies for developing SLIC surfaces 

with chemistries other than PEG like ionic polymers, polymers consisting of thiol, amino or 

carboxylic groups are necessary. More studies for a thorough molecular level understanding on 
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water dynamics at PEG-water interface are necessary. More studies on investigating the 

degradation (change in wettability and slipperiness) of SLIC coatings with temperature, liquid 

drag, and sunlight are necessary to employ them for industrial applications in thermofluidics and 

biofluidics. More studies on understanding the blood-material interactions with slipperiness 

using whole blood and different blood proteins and blood cells (platelets, leukocytes etc.) for 

longer incubation times on different substrates are required. More studies on exploring SLIC 

surfaces for novel applications like open miniaturized lab-on-a-chip platforms are necessary to 

commercialize SLIC coatings for biological and biomedical assays.  
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