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ABSTRACT 

Inkjet printing of a two dimensional conductor for cutaneous biosignal 

monitoring 

Abdulelah Saleh 

 

Wearables for health monitoring are rapidly advancing as evidenced by the number of 

wearable products on the market. More recently, the US Food and Drug Administration 

approved the Apple Watch for heart monitoring, indicating that wearables are going to be 

a part of our lives sooner than expected. However, wearables are still based on rigid, 

conventional electronic materials and fabrication procedures. The use of flexible 

conducting materials fabricated on flexible substrates allows for more comprehensive 

health monitoring because of the seamless integration and conformability of such devices 

with the human skin. Many materials can be used to fabricate flexible electronics such as 

thin metals, liquid metals, conducting polymers, and 1D and 2D materials. Ti3C2 MXene 

is a promising 2D material that shows flexibility as well as desirable electronic properties. 

Ti3C2 MXene is easily processable in aqueous solutions and can be an excellent functional 

ink for inkjet printing. Here we report the fabrication and the properties of Ti3C2 MXene 

films inkjet-printed from aqueous dispersions with a nonionic surfactant. The films are 

uniform and formed with only a few layers on glass and tattoo paper. The MXene films 

printed on tattoo are used to record ECG signals with comparable signal-to-noise ratio to 

commercial Ag/AgCl electrodes despite the absence of gels to lower skin-contact 

impedance. Due to their high charge storage capacity and mixed (ionic and electronic) 
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conductivity, inkjet-printed MXene films open up a new avenue for applications beyond 

health monitoring.   
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Chapter 1 Introduction 

1.1 Motivation and overview 

Electronics are becoming more ubiquitous than ever and exist in every facet of our lives, 

at home, at work, in our pockets, on our wrists, and even inside our bodies. Technology 

has come a long way from room-sized computers to intricate enough to interface with the 

human body. This is possible because of the advancements in medical technologies, which 

have enabled the use of electronics which interface with biological systems. These 

technologies assist in the treatments of many disabilities including cochlear implants for 

hearing loss, pacemakers which control the heartbeat, and deep brain stimulators for 

Parkinson’s Disease1 and even depression2.  More recently, Apple has introduced to the 

market the Apple Watch with a heart-monitoring module with an US Food and Drug 

Administration approval.  

These devices are designed and fabricated with technologies that allow for seamless 

communication between the body and electronic components. This interface is what 

enables these technologies to function, but is also where most difficulties lie. To understand 

how such technologies may properly interface with the body, one must understand the 

properties of the body, and how it relays signals within itself. The body is dynamic, soft, 

wet, and curvilinear. To be able to interface with the body, electronics must reflect those 

properties. Traditionally, electronics are made to be rigid and are optimized for electrical 

conductivity over any other parameter. These rigid electronics succeed at conducting 

electricity but are not the most suitable platforms to interface with biological systems which 

include the skin, cells grown in vitro, or tissues in vivo. Flexible electronics aim to close 

the gap between the two worlds of electronics and biological systems by matching the 
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mechanical properties of both. In this thesis, we will discuss flexible electronics. Flexibility 

refers to platforms that bend or trace a non-linear surface. Stretchable platforms, on the 

other hand, have bending capabilities but also have the ability to stretch, thus increasing 

the space between two points on the surface. 

1.2 Flexible electronics for flexible bodies 

Due to the mismatch between the mechanical properties of biological systems and 

electronics, it can be challenging for electronics to receive signals from the body. 

Traditionally, cutaneous measurements from the body (i.e., the skin) have been performed 

using silver/silver chloride (Ag/AgCl) electrodes coupled with ionic gels (i.e., wet 

Ag/AgCl) as shown in Figure 1. These are the standard electrodes currently used by 

physicians when a comprehensive examination of biosignals, such as those of the heart, 

muscles or the brain, is needed to provide information about the dynamic behavior of the 

underlying tissues3.  

 

Figure 1. Ag/AgCl electrode commonly used in biopotential recordings a) the snap side 

where the connection is made b) the skin side 
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Ag/AgCl is a nonpolarizable electrode that allows a current to pass across the 

metal/electrolyte interface. A conducting gel in between the Ag/AgCl and the skin is used 

to enhance adhesion of the metal and reduce the contact impedance as the dry skin has high 

epidermal impedance. However, these electrodes have several challenges. First, they cause 

large artifacts when recording signals from the moving body, which lowers the signal-to-

noise ratio (SNR)4 Next, they lead to skin irritation5, and last, the gels dry out over time, 

making the measurements unstable for chronic recordings6. On the other hand, dry metal 

electrodes, which are applied without gels, suffer from high contact impedance as well as 

motion artifacts5. These problems can be overcome by tackling the biotic/abiotic interface. 

The skin, while seemingly flat, is full of ridges (Figure 2a) and when a rigid electrode is in 

contact with the skin, it only connects with part of the skin, while leaving many gaps 

(Figure 2b). 

 

Figure 2. a) Scanning electron microscope (SEM) image of human skin7. b) Schematic of 

skin ridges with a rigid electrode placed on top. c) Schematic of skin ridges with flexible 

electrode tracing the skin. Adapted with permission from Springer. Scale bar is 0.5 mm.  

Therefore, the ideal electronic construct is one that can adhere fully to the skin (Figure 2c), 

that is, has skin-like electronics that give access to biosignals without motion artifacts. The 

signals recorded from cutaneous electrodes can thus be enhanced by reducing the surface 

mismatch. Flexible electronics also provide a platform that is easier to integrate with 
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wearable devices. Wearable devices are monitoring tools that are worn by the user to record 

signals continuously, not just when needed. The idea is that these devices can provide 

useful data to tackle diseases at early stages. These wearable devices are becoming more 

common due to an increased need in the aging population which requires continual 

monitoring of vital signals8. These devices can monitor cardiac activity9, blood pressure10, 

blood oxygenation11, to metabolites12. However, making these electronics flexible and 

durable can be complicated due to the many limitations in design and material. 

1.3 Materials for flexible electronics 

It is possible to develop flexible electronics that do not break due to mechanical disruption, 

that are light and small so that they do not bother the wearer, and that maintain performance 

under all mechanical states. Methods and techniques for developing flexible electronics 

can be classified under two main strategies. The first is done by rendering intrinsically rigid 

materials flexible by changing device dimensions (i.e., the thickness of the substrate) so 

they can tolerate applied bending without breaking. The second strategy relies on flexible 

materials that do not need to be extremely thin to bend. These materials are either inherently 

soft or are made of smaller rigid materials that allow for apparent inherent flexibility at the 

macro scale.   

1.3.1 Flexibly-thin materials 

Flexible materials are materials that can bend and withstand strain. It has been shown that 

inherently rigid materials can be made flexible by reducing their thickness, which 

significantly decreases strain on the material13. When fabricated thin enough, the bending 

limit of the material before fracture increases. This method has been demonstrated by 
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making thin silicon (Si) ribbons14. These ribbons are able to withstand small bending radii 

with very low bending strain, and they are still functional after hundreds of bending cycles. 

It is also possible to make flexible circuits using the same strategy. A fully integrated skin-

measuring device has been made from thin gold and polyimide15. This device is 7 µm thick 

and can be bent and stretched as shown in Figure 3. It was used to measure various signals 

from the skin such as electrocardiogram (ECG), electromyogram (EMG), and 

electroencephalogram (EEG), even when the subject was moving. Increasing the flexibility 

of the electrode in contact with the skin has led to better tracking of the surface curvature, 

and which has resulted in better adhesion on the skin via Van der Waals forces. 

 

Figure 3. Flexible and stretchable electronics platform using thin materials15. a) Schematic 

of device showing different sensors. b) Device made with thin gold and polyimide (PI) on 

polyester (PE) carrier substrate. Circuit can be easily attached and detached from the skin. 

c) Device does not damage under different deformation states. d) Circuit placed under skin 
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tattoo making it invisible without affecting function. Used with permission from the 

American Association for the Advancement of Science. 

Better adhesion of thin electronics material on the body has been shown to minimize 

motion artifacts for biosignal recordings16. Creating sufficiently thin electronics can make 

them imperceptible to the skin17. This imperceptible platform is lighter than a feather and 

can involve many architectures, including thin-film transistors that are used as tactile 

sensors (Figure 4).  

 

Figure 4. Imperceptible transistor matrix used as a tactile sensor17. a) Transistor matrix 

with weight placed on top; b) sensor output in response to weight; c) matrix can be easily 

placed on non-linear surface. Adapted with permission from Springer Nature. Scale bar is 

1 cm. 

While flexibility can be attained with alterations to substrate thickness, stretchability, a 

desired feature of wearable electronics, requires more elaborate designs13. Making 

stretchable platforms from flexible platforms typically involves introducing interconnects 

that can accommodate the stretch in two dimensions by rendering them wavy in-plane or 

out-of-plane. These interconnects can then stretch to a linear curve from their wavy 

structure and back to their original form (Figure 5)18-21.  
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Figure 5. Thin silicon-based circuit on a flexible substrate a) deformed with glass rod 

without breaking18 and b) manually bent showing different deformations without 

damage19. c) Copper nanowires on a flexible helical substrate allowing stretchability of 

700%21. Serpentine design of electrode showing conformability on skin in d) optical and 

e) SEM images20. Adapted with permission from National Academy of Sciences (2008, 

2009) and Springer Nature. Scale bar is d) 2 mm e) 0.5 mm. 

Pushing the thin approach to the limit can further increase advantages by making rigid 

materials not only stretchable but also flexible (Figure 6)22. These extremely thin gold 

fibers (70-100 nm) allow for high SNR recording of EMG, temperature, and strain even 

after thousands of cycles. They are made by coating electrospun polyvinyl alcohol (PVA) 

with gold by evaporation. 



25 
 

 

Figure 6. a) Schematic showing extremely thin gold fibers placed on skin by depositing 

gold-coated PVA fibers on skin, then dissolving the PVA. These fibers conform well on 

skin (b) and create a conductive mesh (c). Adapted with permission from Springer 

Nature22. Scale bar is b) 1mm c) 5 µm. 

By making the substrates thinner, flexibility can be achieved for electronics manufactures 

on traditional substrates and utilized for skin applications. These devices are well suited 

for biosignal recordings and physical recordings such as strain. By making devices thinner, 

conformable device architectures can be achieved. However, this approach is constrained 

by other properties of the body, as these materials can not efficiently communicate with 

the ionic signals of the body or work well in a wet environment. There are conducting 

materials, however, that are flexible and can interface with the wet environment of the 

body.  

1.3.2 Inherently flexible conducting materials 

Conductive materials must exhibit mechanical resilience so as to not become damaged 

under deformation of the substrate. The class of conductive materials discussed in this 

chapter that are compatible with flexible substrates will be referred to hereafter as flexible 
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materials, and flexible substrates will not be discussed in this thesis. Many flexible 

materials are both conductive and stable under strain. These flexible materials are divided 

into three main classes in the flexible electronics literature: liquid metals, conducting 

polymers, and one-dimensional (1D) and two-dimensional (2D) materials. The main 

advantage of this class of materials is that it provides extra features that are not possible 

with flexible metals. Features like high stretchability, electrochemical activity, 

photocurrent capabilities, and ease of functionalization will be discussed further in this 

chapter with each class.  

Liquid metals combine the high conductivity of metals with inherent flexibility. Eutectic 

gallium-indium (eGaIn) is a liquid metal that can be used for applications such as pressure 

and strain sensing23, 24. It is liquid at room temperature and can stretch up to eight times its 

original length25. However, because these metals are in liquid form, they have to be 

contained and are usually kept in flexible tubes that can stretch as needed. When these 

tubes are stretched, the liquid can easily take their shape. However, this method can be 

limiting for flexible applications where direct flexible contact is needed.   

Conducting polymers (CPs) are less conductive than metals yet provide a whole host of 

advantages. They are the most versatile materials for flexible applications since their 

chemistry can be easily tailored to feature a specific function. For the most part, they share 

certain properties: they are soft (lowest Young’s modulus amongst conducting materials), 

ionically and electronically conductive, and biocompatible, making them very attractive 

for biosignal transduction as they operate in the same ionic regime the body uses for 

communication. Furthermore, they are the closest materials in composition and operation 

to the body while also being conductive. The most popular CP is poly(3,4-
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ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:PSS). PEDOT:PSS is 

a commercially available polymer dispersion that has been used for many biomedical 

applications including implanted electrodes26, electrochemical sensing27, and drug 

delivery28. CPs also display considerable flexibility and stretchability. They have been used 

in many flexible applications such as flexible displays29, and disposable paper-based 

biosensors30. Thin metals cannot be used for these applications because they are not as 

functional as CPs. Despite their advantages, CPs have several disadvantages: they are more 

susceptible to changing electrical properties due to strain31, are less chemically stable than 

metals32, and have high charge transfer resistance. 

 

Figure 7. Flexible displays using CPs on skin29 showing a) color image and b) digital 

display. c) Flexible printed CP electrodes as glucose sensor30. Scale bar is a) 2 cm b) 1 cm 

c) 1 cm. 

1D materials are materials composed of small units that can only interact in one dimension. 

Examples are nanoparticles (NPs), nanoribbons, and nanowires. These materials interact 

with each other by closely associating to conduct electrons. 2D materials, on the other hand, 
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involve stacking layers on top of one another to conduct electrons. The more ordered the 

stacking and the more compact the film is, the more conductive the material is33. 1D and 

2D materials are usually based on rigid materials that are made sufficiently small so that 

strains affect them differently. When these materials are put under strain, the strain is not 

placed on the material itself. Due to the lack of chemical association along the material, 

any mechanical shifting will move the individual pieces of the material around. Having a 

big network of these materials compensates for this shifting and allows the material to be 

mobile in some parts without losing conductivity. This gives the appearance of flexibility 

on a macro scale. Metals are a common base for 1D and 2D materials. Metals are chosen 

due to high conductivity and long-term stability. Flexible electronics made with gold NPs 

can be bent and operated without loss in performance for thousands of cycles34. Gold is 

favorable because it’s noble and will not cause adverse reactions to the body. Metal 1D 

and 2D materials have been applied in many flexible applications such as pressure 

sensing35, prostheses interface36, wearable sensing37, and many other applications. 

However, it has the same limitations of the thin gold in that it cannot be easily 

functionalized. Another class of 1D and 2D materials are carbon-based materials. They 

combine some of the versatility of CPs with the high conductivity of metals. They also 

exhibit higher operational stability than CPs (but lower than metals38) and have been 

applied in a wide range of applications from biosignal recording39, physical sensing40, 

metabolite sensing41, and even wearable batteries42. Another advantage of carbon-based 

materials is the low cost of manufacturing which can be significant given the increased 

demand for flexible electronics. However, carbon-based materials are still not easily 

functionalized. 
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Figure 8. Flexible 1D and 2D materials as a) electronic tattoo sensors39, b) flexible fabric 

for wearable strain sensing40, and c) electrochemical diabetes sensors41. Adapted with 

permission from American Chemical Society, John Wiley and Sons, and Springer Nature.  

To render electronics compatible with biological tissues, we need new materials that 

exhibit high conductivity while combining ease of functionalization. These materials must 

also be non-toxic, water stable, inexpensive and easily processable as flexible electronics 

are becoming increasingly ubiquitous and more versatile.  

1.4 Making flexible electronics 

With an extensive library of materials to work with, producing flexible electronics should 

be simple, but instead can be extremely challenging. Traditionally, electronics have been 

manufactured using clean-room fabrication processes. These techniques, while precise and 

reliable, are not entirely compatible with flexible substrates and materials. While silicone-

based materials and polyimides are good candidates for microfabrication, many other 

flexible substrates cannot bear the process. Microfabrication procedures require substrates 

that are extremely flat, and that can handle high temperature and vacuum. For instance, 

while being flexible, plastics are not compatible with the microfabrication of electronics 

due to a process that requires high temperatures which melts plastics. Non-flat materials 
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are also hardly suitable, which includes paper, temporary tattoo, and textiles, which are 

substrates used to render electronics compatible at the biotic interface. 

1.4.1 Lithography 

In a classical fabrication method for electronics, the substrate is coated with a photoresist, 

which is a material that changes property upon exposure to ultraviolet (UV) light (Figure 

9). The photoresist is exposed selectively to UV light through a mask that has the pattern 

desired for the sample. This pattern is created by removing the uncrosslinked (loose) 

photoresist from the substrate using a solvent. Then, the desired material, usually metal, is 

deposited on the pattern via chemical or physical means, followed by the removal of the 

unwanted content and the photoresist underneath.  If this process were performed on a non-

flat material, the photoresists would not be coated homogeneously, leading to imperfect 

patterning. Deposition of the conductive material typically includes the step of heating, 

which will burn or melt materials such as paper or plastic. This reduces the number of 

materials that can be used as substrates. For flexible electronics, lithography may be 

utilized with substrates that can withstand the procedure conditions. One example is 

Parylene C, which is known as the insulating layer. Here, the glass used as the substrate is 

coated with an antiadhesive and the flexible polymer parylene. The advantage of 

lithography for making electronics is the precise feature size that can be achieved. Flexible 

electronic devices have been successfully produced with Parylene C and have been used 

as implantable electrocorticogram (ECoG) probes26.  
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Figure 9. Lithography process to pattern a conductive material on a rigid substrate.  

1.4.2 Printing 

An alternative technique to lithography for making flexible electronics is printing. Printing 

technologies have been utilized primarily for making books, newsletters, and other paper-

based publications. The main advantage of printing is the ability to use a large variety of 

substrates from very rigid to the soft. Printing techniques are also compatible with many 

different materials due to their broad range of viscosities. These techniques are generally 

divided into contact and non-contact printing. 

1.4.2.1 Contact printing 

Contact printing provides the fastest printing methods available. It is used often in large-

scale operations where a large number of prints is required. There are two types of contact 

printing, one where large rolls are used to pass substrate onto a roll where the ink is 

transferred, and another where a static mask is used with a blade to pass the ink over the 

mask producing the desired design.  



32 
 

Roll-based printing is a technique in where a substrate is rolled with a cylinder that makes 

an ink impression on the substrate via an impression mold that acts as a stamp. The most 

common types of roll-based printing are flexographic and gravure printing. These two 

types are very similar and only differ in the ink transfer mechanism. Flexographic printing 

relies on a flexible photosensitive plate that is patterned with UV exposure, while for 

gravure, a metal engraved cylinder is used. The printing process involves multiple rollers 

(Figure 10).  The ink reservoir is placed in contact with the roller to transfer precise 

amounts of ink to the substrate via a series of cylinders. The image is then stamped onto 

the substrate with the patterned cylinder. The paper is firmly squeezed between two 

cylinders to ensure that the right quantity of ink is deposited. Roll-based printing is a high-

speed process (up to 180 m/min43) and has high resolution (up to 20 µm43). However, it 

has a high setup cost and is only suitable for large-scale operations.  

 

Figure 10. Roll based printing processes. a) Gravure printing process employs an 

impression cylinder that pick up ink and deposits it on substrate rolled on it. b) Flexography 

printing operates in a similar way but employs more cylinders for ink deposition due to 

nature of impression cylinder, which acts like a stamp. 

Screen-printing is another contact printing method that does not conventionally use any 

rollers. Instead, it relies on a mask that has the desired pattern. The mask is placed over the 
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substrate where a blade (known as a squeegee) runs the ink over the mask to print the 

desired pattern (Figure 11). Screen-printing is compatible with a broader range of materials 

as it does not require any manipulation of substrates, but only requires good contact 

between the mask and the substrate. However, for screen-printing, a high viscosity ink is 

necessary to control the spread of the ink on the substrate. Inks that are too thin will run 

underneath the mask and reduce resolution and can dissipate into the substrate, if it is 

porous, leading to non-uniform coatings. The most significant advantage of screen-printing 

is the combination of the broad range of suitable substrates and high-speed printing. In the 

literature, screen printing has been widely investigated for printing biosensors44. Printed 

sensor companies such as PalmSens, Biosens, and DropSens have used this technique for 

the fabrication of their commercially available products. 

 

Figure 11. a) Screen printing process requires a pattern screen placed on substrate with 

close contact while a squeegee spreads ink through the pattern opening, b) an expanded 

view of screen printing.  

1.4.2.2 Non-contact printing 

While contact printing is preferred for high-speed and large-scale printing applications, 

non-contact printing is well suited for low-cost printing and versatility. Due to the absence 

of contact to the substrate, substrates of any type and shape can be used. Non-contact 
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printing has significantly lower setup costs, and is ink efficient, making it a valuable tool 

for research, prototyping, and low-cost operations. Non-contact printing comprises of 

aerosol and inkjet printing. 

Aerosol printing is a printing method where the ink is ejected from a nozzle as a spray. The 

ink is first atomized inside the ink reservoir and directed onto the substrate with a jet spray 

stream. Figure 12 shows the schematic of aerosol printing. Aerosols can produce high-

resolution prints on any substrate with a broad range of inks. Aerosol printing has been 

used to print CPs, and metal nanoparticles for thin-film transistors (TFTs)45 and can be 

used to print biomolecules such as enzymes46.  

 

Figure 12. Ink in aerosol printing is atomized in a chamber and then carried to nozzle via 

a carrier gas. A sheath gas is pumped through the nozzle with the atomized ink to direct 

the flow onto the substrate. 

1.4.3 Inkjet printing 

Inkjet printing is widely used in offices and homes due to its low cost and high ink 

efficiency. Inkjet printing is the most common non-contact printing type in the literature. 

It has been used to print all kinds of materials including liquid metals for flexible 
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electronics47, CPs for textile skin electronics48, 1D materials for cancer biomarker 

detection49, and 2D materials for dopamine sensing50. 

 

Figure 13. Inkjet printing for flexible applications using a) CPs (PEDOT:PSS)48, b) 1D 

material (gold nanoparticles)49, c,d) and 2D material (graphene oxide)50. Adapted with 

permission from Institute of Physics Publishing, Royal Society of Chemistry, and Springer 

Nature. Scale bar is a) 1 cm b) 0.5 mm c) 5 mm.  

1.4.3.1 How does it work? 

Inkjet printing is divided into two main methods, continuous inkjet (CIJ) and drop-on-

demand (DOD). CIJ is mainly utilized for high-frequency printing and high-resolution 

printing. However, CIJ is more limited when it comes to ink variety due to its jetting 

method, which is based on an electrostatic charging step. This step makes CIJ unfavorable. 

DOD, on the other hand, has many ejection modes and offers wider ink versatility. 
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DOD inkjet works by forming drops from a nozzle, which are then ejected from the nozzle 

at a specific frequency while the nozzle is moved to create the pattern. The drop formation 

can be done by two common modes: thermal and piezoelectric ejection (Figure 14). In 

thermal printing, the side of the ink reservoir is heated to a high temperature (300˚C) 

causing bubble formation, which in turn causes the ejection of an ink droplet. The heating 

block controls the speed of ejection. Thermal ejection is most commonly used for office 

printers, but it has less ink variety when compared to piezoelectric ejection. 

Piezoelectric inkjet printing uses a piezoelectric block to control the formation and ejection 

of ink droplets. The ink fills the reservoir up to the nozzle when the piezoelectric block is 

in the relaxed state. The piezoelectric element is then excited to pull more ink into the 

reservoir. The charge on the piezoelectric block is then reversed causing deflection in the 

reservoir, which increases the pressure, causing the formation of a drop on the nozzle. 

When the piezoelectric block is quickly relaxed, the ink pulled into the reservoir causes the 

release of an ink droplet, which is then ejected. Each cycle on the piezoelectric block ejects 

one droplet, and thus by controlling the rate of deflection, the frequency of ejection is 

controlled.  

 

Figure 14. DOD inkjet printing utilizing a) a piezoelectric transducer and b) thermal 

transducer. Piezoelectric transducers vibrate causing mechanical pushing and pulling on 
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ink reservoir, which creates droplets at the nozzle, while in thermal transduction, a bubble 

is created that pushes the droplet from the nozzle. 

1.4.3.2 Why inkjet printing? 

DOD inkjet printing using a piezoelectric transducer is the most versatile printing 

technique allowing the printing of virtually any ink on any substrate. It can eject aqueous 

solutions30, acidic solutions30, organic solvents such as chlorobenzene51 and chloroform52, 

and many others. It is also compatible with all types of materials for flexible electronics. 

However, the most advantageous feature of this type of printing is its low cost. Inkjet 

printers are much cheaper to produce when compared to other printing technologies. It is 

also efficient in ink use due to the precise droplet control in the DOD method and does not 

require any masks. These features make inkjet printing an indispensable tool for research 

and prototyping where printing parameters can be tweaked with no additional cost. They 

also provide a superior platform for the production of non-repeated units, such as printing 

sequence numbers, which cannot be done on a large scale using contact printing.  

Nonetheless, inkjet printing can be limited in speed due to jetting mechanisms which are 

typically slower than contact printing techniques. Moreover, for an ink to be compatible 

with inkjet printing, it must have certain rheological properties, which can be limiting for 

specific applications. However, these properties can be adjusted to make inks more 

compatible. 

1.4.3.3 Requirements of inkjet printing 

The rheological requirements for inkjet printing arise from the ejection mechanism which 

requires proper and stable formation of the droplet to print reproducibly. The parameters 

required are summarized in the Ohnesorge number (𝑂ℎ). The Ohnesorge number describes 
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the printability of an ink. It is defined in terms of Weber’s number (𝑊𝑒) and Reynold’s 

number (𝑅𝑒), respectively defined in equation 1 and 2. 𝑂ℎ is defined as shown in equation 

3, where 𝜈 is the velocity of the ejected droplet, 𝜌 is the density of the ink, 𝑟 is the radius 

of the nozzle, 𝛾 is the surface tension of the ink, and 𝜇 is the viscosity of the ink.  

𝑊𝑒 =
𝜈2𝜌𝑟

𝛾
      Equation 1 

𝑅𝑒 =
𝜈𝜌𝑟

𝜇
      Equation 2 

𝑂ℎ =
√𝑊𝑒

𝑅𝑒
=

𝜇

√𝜌𝑟𝛾
    Equation 3 

 

Figure 15. Printability of an ink as defined by Derby53 by measuring Weber and 

Reynolds number. Used with permission from Annual Reviews Inc.  
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Derby defines an ink as printable when it falls within the printable region as shown in 

Figure 1553. It can also be defined as when 𝑍 (1/𝑂ℎ) is 1 ≤ 𝑍 ≤ 10. 𝑍 only gives a general 

idea of the printability of an ink, and is not an absolute measure. It can, however, help in 

the troubleshooting of ink formulations to find which parameter to optimize. The ink can 

be optimized by changing concentrations, solvents, and additives. On the other hand, 

having an ink with Z in the optimal range does not guarantee “printability” because there 

are other factors to consider, such as the temperature of the substrate and the rate of 

evaporation of the solvent. 

Flexible electronics are challenging to manufacture because they utilize substrates that are 

incompatible with traditional fabrication methods. Thus, inkjet printing provides an 

indispensable tool for the research and manufacturing of flexible electronics. Inkjet 

printing is a very versatile tool that can print virtually any ink. However, inkjet printing is 

only as versatile as its range of printable inks is. There is, therefore, a need for printable 

inks that are highly conductive, biocompatible, ideally aqueous, and compatible with 

substrate of choice.   
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Chapter 2 MXene, a new 2D material 

2.1 What is MXene? 

MXene is a new class of 2D, conducting material discovered in 201154. MXene is derived 

from an indirect 3D precursor known as the MAX phase (Figure 16). The MAX phase is 

layered transition metals with carbides or nitrides, where M stands for an early transition 

metal such as scandium (Sc), titanium (Ti), vanadium (V), chromium (Cr), etc.; A stands 

for aluminum (Al) or Si; and X stands for carbon (C), nitrogen (N) or a combination of the 

two. MXene is produced by selectively removing the A layer of the MAX phase, leading 

to a 2D, multilayered material. The MAX phase described in the original discovery is 

Ti3AlC2, which, after removing Al, produces the MXene Ti3C2. Many other MXene 

structures have been predicted55-59. However, research has focused on the Ti3C2 MXene, 

which is also referred to as Ti3C2Tx where Tx is a surface group (–O, –OH, or –F).  

 

Figure 16. Selective etching of MAX phase to obtain MXene60. Adapted with permission 

from Royal Society of Chemistry. 

MXene is 2D where the z-axis is a few atoms thick, with the x- and y-axis being on the 

order of 1 µm61. Figure 17 shows the structure of a single layer of MXene. The A layer of 
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the MAX phase is etched using hydrofluoric acid (HF), either by adding HF, or by using 

HF formed in situ (Figure 18)62. In the HF method, the MAX phase is added to a diluted 

HF solution (10-50%)  for a few hours (5-18 hours). In the in situ HF method, the MAX 

phase is submerged in lithium fluoride (LiF) or ammonium hydrogen difluoride (NH4HF2) 

for 24 hours. MXene must then be intercalated to separate its layers into individual 2D 

flakes. In the HF method, intercalants such as dimethyl sulfoxide (DMSO) or 

tetramethylammonium hydroxide (TMAOH) can be used to separate the accordion-shaped 

middle product, also known as etched MAX into few-layer nanosheets. For the in-situ 

method, TMAOH is used when etching with NH4HF2, but when etching with LiF, lithium 

ions (Li+) act as the intercalant.  

 

Figure 17. a) MXene cross-section structure, dotted line shows repeatable atom pattern. 

b) MXene (Ti3C2Tx) flake63. Adapted with permission from American Chemical Society.  
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Figure 18. Synthesis methods for Ti3C2Tx MXene62. Adapted with permission from 

American Chemical Society.  

2.2 Properties of MXene 

MXene is gathering a lot of research interest because it has many exciting properties that 

can be useful for a broad range applications including energy storage, optoelectronics, and 

flexible electronics. MXene is made of three Ti atoms stacked vertically with a C atom 

between every other Ti atom. This structure gives MXene a metallic-like conductivity64. 

The metallic conductivity of a MXene flake is mainly carried by the Ti 3d band with charge 

carriers being mostly electrons65. However, the conduction direction plays a role in the 

conductivity of MXene. The conduction along the face of the flake is one order of 

magnitude higher than in the direction perpendicular to the face of the flake, in single flake 

MXene and in multi-flake films 65, 66. This is due to the surface groups on MXene flakes 

which are comprised of –OH, –F, and –O. The conductivity of MXene is easily influenced 

by these surface groups. For instance, the OH and F groups have been shown to decrease 

the conductivity of MXene. When these groups were removed, MXene conductivity was 

increased67. The functional groups impede the flow of charges by acting as resistors by 

reducing the density of charge carriers66. However, the conductivity is only reduced by one 

order of magnitude due to these surface groups, thus only having a small effect on the 

conductivity of MXene.  

MXene has experimental conductivity reported as high as 10000 S/cm as well as high 

capacitance (676 F/cm3)68. This makes MXene attractive in electronic and energy storage 

applications. Other types of MXenes have been predicted to have semiconducting and 

insulating behavior, but this is outside the scope of this thesis. Besides electronic 

properties, MXene is shown to have desirable optical properties and it exhibits lower 
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optical absorbance than reduced graphene which is good for applications where transparent 

conductors are needed60.  

Fortunately, MXenes can be assembled into flexible films (Figure 19). Because MXenes 

are 2D materials, they demonstrate flexibility on a macro scale even though the individual 

flakes are rigid. Aqueous MXene solutions are also easily processable, and have been 

processed by brush painting, stamping, spray coating, and ball-pen writing patterned on 

different materials including paper, plastic, and apples69. MXenes have been shown to be 

stable after thousands of bending cycles, and don’t decrease in conductivity70. As a 

standalone film, MXene is brittle, but it can be reinforced with PVA to create a stable 

nanocomposite71. 

 

Figure 19. MXene as a material for flexible applications69. MXene is used as ink with 

various deposition tools (a-d) on different substrates (e). f-j) Utilizing AxiDraw (automatic 

drawing machine) to draw MXene with pen on different substrates with different speeds. 

Adapted with permission from John Wiley and Sons.  
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2.3 Applications of MXene 

MXenes possess unique features that make them highly versatile for a wide range of 

applications. 

2.3.1 Energy applications 

MXene’s high conductivity and capacitance make it an attractive electrode material for 

supercapacitors. The potential of MXenes as electrode materials for supercapacitors has 

been investigated in several recent papers (Figure 20). While typically used alone, 61, 68 

MXenes have also been implemented in combination with different materials including 

metal oxides72, 73, CPs74, 75, graphene oxide (GO)76, carbon nanotubes (CNT)77. These 

capacitors exhibit capacitance values ranging from 30 F/g to 1061 F/g. They also show 

operational stability after thousands of cycles with capacitance retention of up to 100%. 

Other device types that rely on MXenes for energy generation/storage are Li ion batteries78, 

and light-to-heat convertors79. 

 

Figure 20. Application of MXene in supercapacitor configuration as a) standalone film61 

and b) combined with MnO2
73. Adapted with permission from The Royal Society of 

Chemistry and Elsevier.  
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2.3.2 Biomedical applications 

MXenes demonstrate chemical properties that make them attractive for biomedical 

applications (Figure 21). While the work in this area are still in its infancy, MXenes have 

been used in sensor configurations for detecting gases such as ammonia (NH3) as a 

standalone sensor80, hydrogen peroxide (H2O2) by immobilizing hemoglobin (Hb) on the 

film surface81, and for sensing of metabolites such as glucose by immobilizing glucose 

oxidase on MXene82. Besides being sensitive to a wide range of molecules, MXenes exhibit 

excellent biocompatibility, which we also observe in our findings, showing promise for 

biological applications. Moreover, MXenes can be processed to exhibit antibacterial 

properties83.  

 

Figure 21. Application of MXene films for biomedical applications. a) MXene/PVDF 

films show antibacterial properties83. b) MXene-based glucose sensor82. 

2.4 MXene as a colloidal suspension 

What makes MXene a good ink, besides its useful properties, is its ease of processability. 

MXene is stable in many solvents as a colloidal suspension. Due to the surface polar 

groups, it stays well dispersed in polar solutions for a long time84. The solutions that 

showed the best stability are ethanol, N,N-dimethylformamide (DMF), N-methyl-2-
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pyrrolidone (NMP), propylene carbonate (PC), and deionized (DI) water. However, DI 

water showed more oxidation than other solvents due to a reaction of MXene with the 

water-O2 mixture, which accelerated the oxidation of MXene85. None of these solvents has 

optimal rheological properties as defined in Chapter 1.4.3.3, but DI water is the most 

suitable for applications where MXene will be in contact with cells, given that NMP, DMF, 

and PC are toxic.  

2.5 Inkjet printing of MXene 

MXene is a good candidate for flexible electronics for use in biomedical applications. It 

has high electrical conductivity, high capacitance, negatively charged surface, is 

biocompatible, and can be functionalized with chemical moieties based on the targeted 

application. Because it exists as a dispersion in a variety of solvents, it is suitable for 

printing. However, due to the poor rheological properties of MXene suspensions, to the 

best of our knowledge, only two papers have reported inkjet printing of MXene. In the first 

study, MXene was mixed in dimethyl sulfoxide (DMSO) with a synthetic protein (TR42) 

inspired from squid ring teeth86. The TR42 protein acted as a cross linker, allowing the 

MXene to self-assemble into closely associated flakes. The ink could only be printed using 

an inkjet printer with a 120 µm diameter nozzle due to the large size of the MXene/TR42 

composite, which would otherwise clog the commercial printer nozzles (23 µm  diameter). 

The authors reported that with 50 layers of printed MXene, they were able to obtain a 

conductivity of 1000 S/cm. The printed MXene film showed sensitivity to air humidity due 

to the swelling of the film, which increased sheet resistance, and this humidity-controlled 

resistance change was reversible. They also showed that MXene could effectively block 

electromagnetic interference (EMI).  
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The other paper demonstrated inkjet printing of MXene suspended in NMP with a 

commercial inkjet printer with a 23 µm diameter nozzle without any additives87 The 

authors reproducibly printed MXene on paper and polyethylene terephthalate (PET). The 

printed MXene films exhibited conductivity of 2770 S/cm with five layers of MXene. The 

MXene films were shown to be reasonably stable in air, but exhibited some degradation 

due to the formation of titanium oxide (TiO2). However, the researchers were unable to 

print MXene on glass, and were unable to print aqueous MXene solutions. They utilized 

the MXene film to make a supercapacitor on a flexible substrate. Currently, most of the 

work reporting applications based on MXene rely on spray coating. This process is time 

consuming and not compatible for patterns at the nm scale.  Although there is considerable 

interest in inkjet printing of MXenes, much work remains to be done.  

 

Figure 22. Inkjet-printed MXene films. a) 30 layer MXene films i) without TR42 and ii) 

with TR4286. b) Additive-free MXene printed on PET showing conductivity from the first 

printed layer87. Adapted with permission from John Wiley and Sons. Line width in (b) is 2 

cm.  
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Chapter 3 Methods 
 

3.1 MXene preparation 

Ti3C2 MXene suspension was prepared by etching the Ti3AlC2 MAX phase (Carbon 

Ukraine) in HF/HCl for 15 hours. A lithium chloride (LiCl) solution was then added to this 

mixture and allowed for mixing for one hour. The obtained Ti3C2 aqueous dispersion was 

sonicated in a water bath for 1 hour to obtain flakes of size 500 nm. 

3.2 Inkjet printing and optimization of the MXene ink  

MXene ink preparation: MXene suspensions were diluted to 2 mg/mL with DI water. The 

diluted suspensions were stored at 4˚C. MXene/surfactant solutions were prepared at the 

time of use. 

Ionic vs. nonionic surfactants: To compare different classes of surfactants, 20 µL of ink 

was placed on a glass slide with a coverslip placed on top. The films were imaged while 

still in suspension, i.e., before drying. Digital photographs were taken with a mobile phone. 

Microscope images were taken with a Leica microscope with top illumination.  

Doctor blade optimization: We used an RK Printcoat Instruments K Control Coater for 

doctor blading MXene films. Bed temperature was optimized to be 50˚C. The speed of the 

coater was optimized to “2” on the dial. All samples were coated with a bar height of 1.5 

mm on glass slides of height 1.1mm. 

Surface tension: Surface tension measurements were conducted using a Krüss Drop Shape 

Analyzer DSA100. The surface tension was measured with the pendant drop mode. First, 

the device was calibrated with water until surface tension was measured to be 72±2 mN/m. 

The measurement was then carried out by suspending a drop from the syringe without 
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dropping it. The droplet was made to be as large as possible. The measurement was 

repeated 3 times. 

Inkjet printing: All printing was done on a Dimatix DMP-2850 inkjet printer with 10pL 

cartridges. The MXene used for printing was a 2 mg/mL MXene solution in water with 0.5 

mg/mL of saponin. The ink was vortexed before filling the cartridges. All substrates were 

heated to 50˚C before printing to enhance the properties of the ejected ink and to facilitate 

faster drying. MXene was printed using a wet-on-dry approach, where the next layer of 

MXene was not printed until the previous layer was dry. A cleaning cycle for the cartridge 

was run every 180 s. After printing two layers, the cartridge was taken out, wiped with a 

clean tissue, and shaken to homogenize the suspension. We did not (chemically) treat the 

substrate before or after printing.  

3.3 Characterization of MXene films 

3.3.1 Electrical characterization 

Conductivity: To measure the conductivity of the films, MXene samples with different 

surfactants were prepared by drop-casting on glass slides. The glass slides were then placed 

in a vacuum oven at 60˚C and left to dry overnight. Conductivity of different MXene 

formulations was measured using equation 4 where 𝜎  is conductivity, 𝑅𝑆  is the sheet 

resistance and 𝑑 is the thickness. Sheet resistance was measured with a four-point probe 

(4PP). 4PP measurements were performed using a Jandel RM3000+ Test Unit with an Rµ 

100 probe. The current applied was 1 mA. All voltages were checked to be above 1 mV.  
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𝜎 =
1

𝑅𝑆×𝑑
     Equation 4 

The 4PP is a direct current type technique that relies on Ohm’s law (equation 5). The 

concept is based on the application of a constant current (𝑖) (or voltage, 𝑉) and measuring 

the other quantity to get the resistance (𝑅) of the film.  

𝑉 = 𝑖𝑅     Equation 5 

To apply the current, two contact electrodes are required, and to measure the current, 

another two electrodes are necessary. Thus, four electrodes/contacts are used as shown in 

Figure 23. We used the 4PP method to extract sheet resistance. Sheet resistance (𝑅𝑆) is the 

resistance at the infinitesimally thin layer on top of the film. This method assumes that 

material is uniform across the film, in terms of its conductivity and thickness. The sheet 

resistance can be obtained using a modified Ohm’s law with an approximation shown in 

Figure 2388.  

 

Figure 23. Schematic of 4PP setup. Inset equation is used to calculate RS. 
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The thicknesses of the same MXene samples used for the sheet resistance measurement 

were carefully measured using a Tencor profilometer. The force applied was 1 mg, with a 

sampling frequency of 50 Hz. 

 

Figure 24. Schematic of transmission line measurement. The material of interest (blue) is 

between two metal contacts (gold), and the resistance is monitored by an ohmmeter.  

Contact resistance: Transmission line measurement (TLM) allows for the measurement of 

contact resistance. Contact resistance is defined as the resistance along the metal-material 

interface. In a traditional measurement, the material is placed between two metal 

conductors across the measurement apparatus. This gives a schematic similar to Figure 24. 

The resistance of the system is expressed as in equation 6:  

𝑅𝑇 = 2𝑅𝑚 + 2𝑅𝐶 + 𝑅𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙    Equation 6 

where 𝑅𝑇 is the resistance of the entire system as measured by the ohmmeter, 𝑅𝑚  is the 

resistance of the metal, 𝑅𝐶 is the contact resistance, and 𝑅𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 is the resistance of the 

material that we are interested in. From 𝑅𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙, one can calculate the resistance of a thin 

film of the material (sheet resistance) (𝑅𝑠) given its geometry: 

𝑅𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 =
𝑅𝑠𝐿

𝑊
     Equation 7 
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where 𝐿 is the distance between metal contacts and 𝑊 is the width of the materials (the 

contact interface). 𝑅𝐶 can then be defined as the resistivity of contact interface (𝜌𝐶) across 

the interface area (𝐴𝐶) as shown in equation 8. 

𝑅𝐶 =
𝜌𝐶

𝐴𝐶
     Equation 8 

Several assumptions can be made about this system. The resistance of the metal can be 

assumed to be much smaller than the contact resistance because the metal has extremely 

low resistance. Due to the placement of the electrodes on the bottom of the material, 

perpendicular to the flow of electrons, the electrons must curve to travel through the contact 

area. This creates a non-linear path for electrons, and 𝐿 cannot be assumed to be the length 

of the material. To account for this, the term “transfer length” is introduced. Transfer length 

(𝐿𝑇) is defined as the average distance the electrons travel parallel to the contact area before 

curving and flowing through the contact area  (equation 9). With this term, the contact area 

(𝐴𝐶) can be defined as in equation 10. Thus, 𝑅𝐶 can be redefined as in equation 11:  

𝐿𝑇 = √
𝜌𝐶

𝑅𝑠
      Equation 9 

𝐴𝐶 = 𝐿𝑇𝑊      Equation 10 

𝑅𝐶 =
𝑅𝑠𝐿𝑇

𝑊
      Equation 11 

Combining all previous equations, 𝑅𝑇 can now be rewritten as equation 12.  

𝑅𝑇 =
𝑅𝑠

𝑊
(𝐿 + 2𝐿𝑇)     Equation 12 
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If the system is measured at different values of 𝐿  and 𝑅𝑇  is measured at each 𝐿 , it is 

possible to draw a linear line to find the other variables. These variables are defined as is 

shown in Figure 25. 

 

Figure 25. Example of an experimentally obtained TLM plot. Squares are resistance values 

obtained at different 𝐿 values. The dashed line is a linear fit. 

Stability: Stability tests were done on MXene films to observe degradation effects on 

electrical conductivity over a two-week period. MXene solutions were prepared at a 

concentration of 2 mg/mL in water with 0.05 mg/mL of saponin. All MXene films were 

deposited on tattoo paper substrates. MXene films were divided into three categories: 

MXene with surfactant stored in air, MXene with surfactant stored in vacuum, and MXene 

without surfactant stored in air. Three samples from each group were prepared. The 

resistance of each sample was measured using a digital multimeter with a fixed gold pogo-

pin probe to control the measuring length. 

3.3.2 Chemical characterization 

X-ray photoelectron spectroscopy: The surface of MXene films was probed with X-ray 

photoelectron spectroscopy (XPS). XPS can be used to determine the atomic composition 
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of the top 10 nm of a surface. XPS utilizes an X-ray beam that facilitates the ejection of 

electrons from the material. The electrons are detected with an electron detector that also 

measures the kinetic energy of the electron. The kinetic energy of the electron corresponds 

to the binding energy of the electron to the atom. Each electron state for each atom has a 

specific binding energy, which can be used to identify the atom and the electron state. The 

number of electrons detected can be used to create ratios of atoms in the material. XPS 

analysis was conducted using an AMICUS/ESCA 3400 KRATOS instrument equipped 

with an achromatic Al Kα X-ray source (1468.6 eV). The source was operated at a voltage 

of 10 kV and a current of 10 mA. The elemental narrow scan region was acquired with a 

step of 0.1 eV. The pressure in the analysis chamber was 10-7 Pa during the course of 

measurements. The obtained spectra were calibrated to the reference C 1s at 284.8 eV. The 

spectra were deconvoluted using Gaussian and Lorentzian methods and background 

subtraction was carried out using the Tougaard method. 

Fourier-transformed infrared spectroscopy: To investigate the bulk of the material, 

Fourier-transformed infrared (FTIR) spectroscopy was utilized. FTIR relies on molecular 

vibrations. For a diatomic molecule, the vibrations can be modeled as a spring harmonic 

oscillator where the atoms have a mass of m, and the bond strength represents the spring 

constant. The harmonic oscillator will have frequency (f) as shown in equation 13, where 

k is the spring constant (bond strength) and x is defined as equation 14 where m1 and m2 

are the masses of the atoms.  

𝑓 =
1

2𝜋
√

𝑘

𝑥
      Equation 13 

𝑥 =
𝑚1𝑚2

𝑚1+𝑚2
      Equation 14 
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Knowing µ and k gives the mass of the atoms and their bond strength, allowing for 

identification of the bonding pair and the type of bond. FTIR measures the oscillation of 

the bonding pair by measuring the change in dipole moment that occurs when the pair 

vibrate. The FTIR measurement is done by exciting the sample with infrared (IR) radiation 

and measuring the absorbance of the sample. The output data is a spectrum of frequency 

to absorption at each frequency. Certain peaks are related to certain vibrations. FTIR relies 

on matching known spectra to measured spectra to analyze the content of the sample. FTIR 

was recorded at room temperature in the range of 500-4000 cm-1 using a Nicolet iS10 

spectrometer. An attenuated total reflection (ATR) mode was used to obtain the reflectance 

of infrared spectra from MXene films deposited on tattoo paper. The spectrum average of 

64 scans was plotted against transmittance and corrected for baseline. 

3.3.3 Morphological characterization 

Scanning electron microscope: SEM images were obtained using a Merlin SEM enhanced 

with a Gemini II column. Surface images were obtained at 5kX, 10kX, 30kX, and 50kX, 

with an electron high tension (EHT) of 5 kV, probe current of 120 pA, and a working 

distance (WD) of 5.2 mm for MXene only images and 4.7 mm for MXene with surfactant 

images. All SEM images were performed on Si wafer. 

Atomic force microscope: Images were taken using a Dimension Icon SPM atomic force 

microscope (AFM). A Bruker RTESPA MPP-11120-10 probe with a stiffness of 40 N/m 

was used to take the images of the film surface. All images were post-treated using 

Gwyddion. 
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3.3.4 Biological characterization 

Live/dead assay: The epithelial cells used are from a cervical cancer cell line from 

Henrietta Lacks, or HeLa cells (ATCC). The coverslips were sterilized by soaking in 

ethanol for 30 minutes. MXene/saponin inks were printed on six coverslips with three 

different sizes. HeLa cells were incubated on the MXene coated coverslips for 48 hours. 

The cells were then washed with PBS. After washing, 2.5 µL of Calcein AM (Invitrogen) 

and 2.5 µL of Propidium iodine (Sigma Aldrich) was added to 5 mL of phosphate buffered 

saline (PBS) (Invitrogen), which was added to cells grown on MXene films. These cells 

were then incubated at 37˚C for 5-30 minutes. The cells were then washed with PBS and 

imaged with a fluorescent microscope (Leica). Green and red cells were counted to obtain 

the live/dead ratio. Green color represents the living cells and red labels are for the dead 

cells. 

Saponin release assay: [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS) is a tetrazolium compound that can be converted into 

formazan by dehydrogenase enzymes. The number of living cells, or cells with active 

dehydrogenase enzymes, can be extracted from the amount of formazan produced. The 

formazan levels are measured by measuring the absorbance at 490 nm. The MTS assay was 

run to check if the MXene films release toxic materials when exposed to water. Dried 

MXene films in a well plate were incubated with cell media for 48 hours. The cell media 

were then sterilized by UV radiation. The cell media was afterwards distributed on a 96-

well plate to run MTS assay following the Promega CellTiter 96® AQueous Non-

Radioactive Cell Proliferation Assay89. 
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3.4 Tattoo-based printed MXene electrodes for biosignal recording 

Skin contact impedance: A PalmSense4 device was used to run electrical impedance 

spectroscopy (EIS) to obtain the impedance of working electrodes in contact with the skin. 

Ag/AgCl electrodes (Covidien) were used as counter and reference electrodes. The MXene 

working electrode was compared to a commercial Ag/AgCl electrode comprising an ionic 

gel (Covidien). The working and counter electrodes were placed 3 cm apart as shown in 

Figure 26. The reference electrode was also a commercial Ag/AgCl placed on the elbow. 

The impedance spectra were acquired between 0.1 Hz to 10000Hz with a 𝑉𝐷𝐶  of open 

circuit conditions and 𝑉𝐴𝐶  of 0.01 V. 

 

Figure 26. Electrode placement for EIS. a) Working and counter electrodes are placed 3 

cm apart. b) Zoom-in of tattoo-based MXene electrode with thin gold wire (black arrow) 

as a contact to EIS device. 

ECG recording:  When the heart beats, it produces an electrical signal that can be captured 

by strategically placing electrodes on the body. The electrical signal is generated from the 

action potential of heart muscles that beat to circulate the blood. The electrodes, placed on 
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three points on the body, form a triangle, known as the Einthoven’s triangle (Figure 27a), 

that captures this signal. When the heart beats, the sum of the action potentials of the heart 

muscle form a vector. The projection of this vector on one of the sides of the triangle 

produces the commonly known ECG signal, shown in Figure 27b. Each segment in the 

ECG signal corresponds to an action in the heartbeat cycle. The ECG signal can be captured 

by monitoring any of the sides of the triangles, or leads90.  

 

Figure 27. a) Einthoven triangle, which looks at the heart from three different viewpoints 

(three different leads)91. b) PQRST wave characteristic of a heartbeat92. 

ECG signal can be monitored using three leads, forming Einthoven’s triangle. The leads 

are placed on right hand, left hand, and left leg. This gives a reliable ECG signal with a 

clear PQRST wave. Each of the leads offers different viewpoints of the heart. Each lead 

forms a 2D projection of the heartbeat onto that lead, from which we can conclude that if 

there are more electrodes, more of the heart can be seen. Hence, most ECG recordings are 

done using a 12-lead system. Figure 28. The 12 leads are the three leads of Einthoven’s 

triangle plus nine other leads obtained by utilizing six additional electrodes, known as 

precordial electrodes. The new leads provide more viewpoints of the heart, allowing for a 

more comprehensive diagnosis. 
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Figure 28. Cross-section of the heart as seen by a 12-lead ECG system93. 

For our setup (Figure 29), we used the three-lead system to measure ECG. We use Lead I 

to measure ECG, as shown in Figure 27a, with each MXene tattoo electrode placed on the 

forearm. The remaining electrodes were Ag/AgCl electrodes. The tattoo was placed on a 

copper tape that was insulated from the skin due to the adhesive. The copper acted as the 

connection between the MXene and the ECG recording unit. The ECG signal was acquired 

using a Shimmer3 system. All data were filtered using the MATLAB Signal Analyzer 

through a bandpass filter in the window of 1-40Hz with 0.85 steepness and a 60 dB 

attenuation, then smoothed with Savitsky-Golay with a duration of 70 ms and the degree 

set to auto.  
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Figure 29. ECG setup using MXene and commercial electrodes. a) Copper tape is placed 

underneath tattoo as a connection (copper tape is insulated on skin side). b) Wire 

connection to electrodes. 
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Chapter 4 Results 

4.1 Optimization of MXene ink for inkjet printing 

To test the printability of MXene suspensions, we first attempted to print MXene at 

different concentrations (1 mg/mL, 2 mg/mL, and 4 mg/mL). We were only able to eject 

the 2 mg/mL MXene ink from the printer nozzle. The ejection of the ink was poor with 

frequent clogging of the nozzles. A 5 mm square pattern was printed with three layers as 

shown in Figure 30. The printed film was not homogeneous and needed to be optimized 

further. To evaluate the poor printability of MXene, the Ohnesorge number was calculated. 

MXene at 2 mg/mL was found to have a viscosity of 1.48 cP and a surface tension of 66.85 

mN/m. Thus, the inverse Ohnesorge number for MXene aqueous ink is 26.5. This number 

is higher than the desired value shown in Figure 15. To improve printability, the surface 

tension had to be lowered and the viscosity should have increased. To enhance both 

parameters, a surfactant could have been added to the ink. However, as there are many 

surfactants that could be used, we pre-screened a few to find the optimal one. Surfactants 

can be broadly classified as ionic and nonionic. We found that adding ionic surfactants to 

MXene causes nonhomogeneous film formation as shown in Figure 31a-b. On the contrary, 

when nonionic surfactants are added, no such effect is found (Figure 31c). The non-

homogeneity of the MXene films is attributed to the negative Zeta potential of MXene94. 

This negatively charged surface causes the charged surfactants to bind to the Ti in MXene, 

forming the phase separated film morphology and discontinuation of the MXene flakes.  



62 
 

 

Figure 30. Printed MXene without additives at three layers showing poor printability. 

Scale bar is 2 mm.  

 

Figure 31. MXene suspensions with a,d) anionic surfactant, b,e) cationic surfactant, and 

c,f) nonionic surfactant. Scale bar is a-c) 5 mm d-f) 100 µm. 

While eliminating ionic surfactants as viable additives reduced the number of surfactants 

to be tested, there were still many nonionic surfactants. A few nonionic surfactants were 

chosen for screening: Triton X-100, Tween 20, Pluronic F-68, Pluronic F-127, and 
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Saponin. These surfactants were optimized with a blade coater to find the optimal 

concentration, substrate treatment, substrate temperature, and drying temperature and time. 

The parameters were tested in ranges as shown in Table 1. MXene mixed with these 

surfactants at their optimized parameters formed films similar to the one shown in Figure 

31c. The parameters we care most about are surface tension and conductivity. Figure 32 

shows the surface tension and conductivity comparison of MXene films cast from inks that 

contain different surfactants. All surfactants decrease conductivity and surface tension, as 

expected. The optimal surfactant is the one that reduces the surface tension the most while 

still maintaining high conductivity. While with Triton X-100, MXene has the highest 

conductivity, the surface tension is still too high for optimal printing (<40 mN/m). Thus, 

saponin was chosen as the optimal surfactant for inkjet printing.  

Optimization target Range 

Surface O2 plasma treatment 0-2 minutes 

Surface UV ozone treatment 0-20 minutes 

Bed temperature 
Room temperature-

70˚C 

Commercial surfactants concentration 0.1-1 mg/mL 

Ionic surfactants concentration 0.1-2 mg/mL 

Nonionic surfactants concentration 0.1-3 mg/mL 

 

Table 1. Optimization of MXene ink formulation and substrate treatment.  
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Figure 32. a) Surface tension and b) conductivity comparison of MXene films cast from 

inks that contain different surfactants. 

MXene ink with saponin showed good printing qualities after optimization of inkjet 

parameters. The drop spacing of the nozzles were optimized between 10-25µm; bed 

temperature was optimized between room temperature to 60˚C; nozzle temperature was 

optimized between room temperature to 30˚C; other parameters such as ejection waveform, 

time between successive layers, and cleaning cycles were optimized. After optimization, 

jetting of the ink was stable with minimal nozzle clogging. Figure 33 shows MXene-

saponin films printed on glass with multiple layers. Even at one layer, the film showed 

some conductivity and for two or more layers, the films were uniform and had lower 

resistance. The only other work that printed MXene on glass achieved the same sheet 

resistance, but only with ten layers86. 
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Figure 33. Printing of MXene films with saponin on glass with 1-4 layers. Scale bar is 5 

mm.  

As a flexible substrate, we used temporary tattoos. Temporary tattoos are made of a paper 

carrying substrate covered with the tattoo substrate, and the two are bound together by a 

water-soluble glue. A digital photograph of MXene printed on tattoo paper is shown in 

Figure 34a. To get uniform films, five layers of MXene must be printed, which is similar 

to previous work that aimed to print MXene on paper86. The printed film is uniform and 

shows minimal out of bound MXene (Figure 34b). This is the first report of inkjet-printed 

MXene in aqueous solution. The ability to process this material from aqueous solutions 

enables a broad range of applications that require MXene cast from non-toxic solvents. 

Solvents used in the previous MXene inkjet printing papers are NMP and DMSO, both of 

which are toxic. For skin-based applications, unless the toxic solvents are completely 

removed, which was not the case as shown for the reported systems, the printed MXene 

films cannot be used.  
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Figure 34. MXene printed on tattoo paper at five layers. Scale bar is a) 1 cm b) 5 mm.  

Adding saponin to MXene suspension renders MXene inkjet- printable and allows for 

depositing uniform films with as few as two layers. Besides the effect of saponin on 

conductivity, it is unclear how saponin affects MXene films. To investigate this, we 

characterized MXene films using a combination of techniques. 

4.2 Electrical characterization 

TLM measurements were performed on MXene with saponin drop-casted on a glass 

substrate containing gold metal contacts. The results, as shown in Figure 35, are as follows: 

𝑅𝐶 = 0.85 Ω, 𝐿𝑇 = 0.25 𝑚𝑚, 𝑅𝑠 = 17.3 Ω/□, 𝜌𝐶 = 1.04 × 10−2 Ω ∙ 𝑐𝑚2 . MXene thus 

showed low resistance to gold contact, and that allowed us to use gold as a connection for 

the flexible tattoo application that will be shown later in this Chapter. 



67 
 

 

Figure 35. a) MXene with saponin drop casted in between two gold contacts with varying 

channel length. b) TLM measurement with the dashed line showing the linear fit.  

While MXene is conductive after printing, conductivity decreases over time for samples 

stored in ambient conditions, which is expected. Other studies reported that this decrease 

is due to the oxidation of Ti groups95. To study the change of conductivity of the printed 

MXene films over time, chronic resistance measurements were performed (Figure 36). We 

compared the electrical conductivity of printed MXene films kept in air with those that 

were stored under vacuum, as well as examined the effect of the added surfactant on the 

air-stability of the conductivity.  
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Figure 36. The normalized resistance of MXene films recorded over a period of two weeks. 

Films have been stored in air or in vacuum while the measurements were performed in air. 

Also shown is the normalized resistance of the films in air prepared without saponin (no 

surfactant). 

On day 1, MXene was measured right after printing before drying in vacuum. Overnight 

in vacuum increased the conductivity of the sample significantly. This was attributed to the 

presence of water in the printed sample, and drying the sample in vacuum removes the 

excess water trapped in the film, thus increasing the conductivity. It has been shown that 

MXene films can be used as humidity sensors because the conductivity changes depending 

on the water content inside the film86. We further confirm our hypothesis regarding the 

increased stability stemming from the reduced oxidation in the absence of water in Chapter 

3.3.2. As expected, vacuum storage reduced the degradation of MXene film with only 1.7% 

of degradation per day. The presence of the surfactant also seemed to stabilize the MXene 

films. For the samples with no surfactant, an average resistance increase of 20% per day 
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was observed, while in the presence of the surfactant, this increase was limited to 5.7%. 

Overall, MXene samples were exceptionally stable when they were stored under vacuum. 

4.3 Chemical characterization 

The addition of the surfactant, while reducing the conductivity, enhanced the rheological 

properties of the suspension. However, after MXene ink was printed and the water 

evaporated, it was unclear how the surfactant affected the MXene film. It was, therefore, 

essential to evaluate the chemical composition of the film surface as this was the part of 

the film that was in contact with the biological medium. To analyze the surface of the film 

(about the first 20 nm in z-direction), we used XPS. With XPS, it was possible to examine 

not only the chemical composition of the sample but also get information on the type and 

state of the elements located at the film surface. Figure 37a shows that the MXene film 

gain news peaks once cast from the surfactant containing solution, indicating the presence 

of the surfactant on its surface. These peaks were also present even after the films were 

washed with water. These results suggest that the surfactant was not just entrapped within 

the bulk of MXene, but present on the surface and strongly interacting with MXene. 

Looking at the deconvoluted spectra (Figure 37b), we observe an increase of the C-O peak 

compared to the C-Ti peak, which indicates the presence of saponin. We also observe the 

emergence of a C-N, which is only present in saponin and not in MXene. By calculating 

the area under curve for the C-N peak, we obtain a value of 5.9% of the total area under 

the curve for the spectrum. 
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Figure 37. a) XPS spectra of MXene only compared to MXene with saponin before and 

after washing with DIW. b) Deconvolution of XPS spectra. 

XPS was also used to analyze the stability of MXene stored under vacuum as compared to 

storage in air. As shown in Chapter 4.1, the decrease in electrical conductivity over time 

was significantly smaller when MXene film was stored in vacuum compared to the samples 

that were kept in air. Figure 38 shows the XPS spectrum of MXene after printing compared 

to the spectra taken after two weeks of storage in air and under vacuum. For the as printed 

MXene film (i.e., right after printing), the amount of TiO2 is 24%, determined from the 

area under TiO2 curve divided by the area under the complete spectrum. For the vacuum 

sample, this value is 23%. However, for the sample kept in air for two weeks, we see an 

increase of TiO2 content up to 28%. This confirms that in vacuum, the oxidation of Ti is 

suppressed, leading to the high stability summarized in Figure 36. The oxidation of Ti into 

TiO2 is responsible for the decrease in conductivity. 
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Figure 38. Deconvoluted XPS spectra of MXene films stored in air and vacuum for two 

weeks.   

XPS only gives information from the surface of the film. To get information from the bulk 

of the sample, FTIR was used. As shown with XPS data, the electrical instability of MXene 

in air is indeed due to the oxidation of Ti to TiO2. FTIR spectrum of the vacuumed film 

showed different water peaks compared with the one of the film stored in air (Figure 39). 

Films stored in vacuum showed a much smaller peak at 2094 cm-1 assigned to the combined 

bending and liberation vibration of water. The spectrum also shows a shift for the samples 

stored in air compared to ones stored in vacuum. This further suggests that when water is 

entrapped in the film, hydrogen bonding can strengthen the energy of vibrations, producing 

a higher wavenumber for the binding energy. The two sources of oxygen are molecular 

oxygen in air and water in air or in film. By vacuuming the sample, both sources of oxygen 

are eliminated. From the FTIR results, we can conclude that removing these sources 

enhances the electrical stability of the MXene films. 
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Figure 39. FTIR spectra of printed MXene sample on tattoo paper stored for two weeks in 

air (black) and in vacuum (orange). 

4.4 Morphological characterization 

Due to the integration of the surfactant within the MXene film, morphological changes are 

expected despite the low concentration of the surfactant in the ink formulation. The 

surfactant is expected to create a smoother film surface by filling the spaces between the 

MXene sheets. We evaluate the surface morphology of the films with SEM and AFM.  
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Figure 40. SEM surface image of printed MXene with saponin at a) 5kX, c) 30kX, e) 

50kX, and MXene only at b) 5kX, d) 30kX, and f) 50kX. Scale bar is a,b) 5 µm c,d) 1 µm 

e,f) 500 nm. 

MXene films prepared with and without saponin seem similar at a large scale. In Figure 

40a-d, we see no difference in flake layering or orientation; both films also seem to have 

the same packing structure. However, when observing Figure 40f (film with saponin) 

closely, we inspect small circular features lining the edges of MXene flakes that are not 

present in Figure 40e (film without saponin). These circular features are attributed to 

micelles of saponin that are interacting with the edges of MXene. We envisage that the 

edges are accumulated by less hydrophilic parts of MXene (such as carbon) with which the 

nonionic surfactant is more firmly bound. Furthermore, we investigate the cross-section of 
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printed MXene film. Figure 41 evidences the separation of layers in the printed film .This 

is because each layer of this film was printed sequentially with a wet-on-dry approach.  

 

Figure 41. Cross-sectional SEM image of printed MXene with saponin at five layers 

showing stacked printed layers. The image is taken at 60kX with the thickness measured 

between the green lines at 192 nm. Scale bar is 300 nm.  

To further investigate the surface morphology and the roughness of MXene films, we 

performed AFM. Figure 42 shows the AFM topography image of MXene film prepared 

with saponin film printed on a glass sample. The film surface was also imaged at a smaller 

scale (500 nm) in Figure 43. Figure 43a and c show the separation of the MXene flakes. In 

the phase plots in Figure 43b and d, the flake separation is clearer. It also seems that the 

flake at the bottom of another flake is observable in the phase plot. Moreover, one of the 

flakes has been deposited sideways, with its wide surface perpendicular to the imaging 

plane. It is evident in the phase plot that the flake is surrounded by an empty space due to 

the positioning of the flake. The flake seems to have deposited between two larger flakes, 

which is what led to the sideway deposition. 
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Figure 42. AFM topography image of printed MXene with saponin. a) 2D image, b) 3D 

image. Scale bar is 2 µm. 

 

Figure 43. AFM image of printed MXene with saponin. a) 2D image of amplitude, b) 2D 

image of phase, c) 3D image of amplitude, d) 3D image of phase, with the black box 

showing a flake deposited sideways. Scale bar is 200 nm. 

Using these topography images, we next compared the roughness of two drop-casted 

MXene films on glass. MXene without saponin shows an RMS roughness of 28.74 nm, 

compared to 37.46 nm for MXene with saponin. The increased roughness of MXene is 

attributed to saponin, which could be interfering with the layering of MXene, or 

aggregating on the surface. SEM images show some aggregates, but to confirm the source 

of the increased roughness, further analysis using X-ray diffraction (XRD) must be done. 

Conductive AFM may also help in identifying the nature of the aggregates. If the 

aggregates were surfactants, a decrease in conductivity would be observed.  
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4.5 Biological characterization 

Skin-like electronics, by definition, are closely associated with the body. Thus, they must 

be fully compatible as to not cause adverse reactions. Biocompatibility of materials should  

be analyzed in vitro before any skin contact measurements are performed. For this work, 

we performed two types of toxicity assays: 1) Live/dead assay and 2) MTS assay, each of 

them as detailed below. 

The most relevant experiment is growing epithelial cells directly on printed MXene films. 

This test represents a more strict model of skin tissue. HeLa cells are more sensitive to 

changes in environment, unlike the skin which has a layer of dead tissue for protection. 

Thus, results from this test, if they are biocompatible, should safely signal the 

biocompatibility of MXene films. HeLa cells were cultured on top of MXene films printed 

on glass coverslips. The printed MXene only covers the coverslip partially to allow for 

comparison of cell growth/behavior between the glass and MXene film. Note that here the 

adherent cells have direct contact with the film, without the use of any adhering 

biopolymers (such as fibronectin, laminin, and collagen). Figure 44 shows the results of 

the biocompatibility assay. MXene film underneath the cells does not affect the growth of 

the cells and does not cause any cytotoxic effect. The cells are growing on MXene just as 

well as on the coverslip. The adhesion of the cells is comparable as well as their 

morphology. 
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Figure 44. Live/dead assay on printed MXene with saponin. a) image of coverslip with 

printed MXene where the darker shade region is MXene covered region, and the lighter 

region is the cover slip, b) the same image under fluorescent light, where the dashed line 

traces the MXene film, green color represents live cells and red color is for dead cells. 

Scale bar is 100 µm. 

Toxicity of a material in film form is different from the inherent toxicity of a material. 

Because the material is trapped within the film, there is little chance that it will go inside 

the cell where it would cause the toxic effect. However, it can not always be assumed that 

the material will not break away from film and invade the skin, especially in the presence 

of sweat. Thus, a more strict test must be carried to determine at which conditions does the 

MXene and the surfactant become toxic to the cells. A standard cytotoxicity test is the MTS 

assay. The MTS assay is used to asses the release of toxic materials from MXene films 

when submerged in aqueous solutions. To quantify the amount of MXene with saponin 

needed to produce a toxic effect, a well plate was filled with MXene with surfactant at 

varying amounts and dried to make MXene films inside the wells. For this assay, the 

MXene-surfactant solution was not placed directly with the cells. Instead, the well plates 

with MXene films were UV-sterilized then incubated with cell media. That cell media were 

then used to culture cells following the aformentioned MTS protocol. The viability results 

show that MXene-surfactant films are not toxic until 300 µL amount, which is more than 
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3 times the amount used for printing fully uniform MXene films on tattoo paper. Thus, 

conclude that MXene-surfactant films are not toxic because they do not release enough 

surfactant (saponin) to affect the cells.  

4.6 Tattoo-based printed MXene electrodes for ECG recording 

To compare the performance of the tattoo MXene electrode to commercial electrodes, we 

first recorded the electrochemical impedance spectra of each electrode at the contact with 

human skin (Figure 45). MXene film shows similar impedance to the commercial 

electrode. Thus, the bio-signal obtained using MXene electrode is expected to have similar 

SNR to Ag/AgCl electrode. However, the MXene electrodes show more variance which is 

attributed to the connection of the MXene film to the wiring. In this measurement, MXene 

films are connected to the acquisition system using a thin gold wire, which is placed 

underneath the tattoo as shown in Figure 26. 
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Figure 45. Bode plot of MXene electrode compared to commercial Ag/AgCl electrodes 

obtained from EIS.  

MXene films printed on tattoo paper were utilized for signal recording from the skin. The 

electrodes were placed on the forearms to measure ECG signals from a volunteer using 

MXene tattoo as well as commercial electrodes. The electrodes were placed in the same 

locations on both arms. The signal was observed across the right and left hands. The 

obtained signal was then filtered as explained in Chapter 3.3.1. The signals from MXene 

and commercial Ag/AgCl electrodes are shown in Figure 46. Qualitatively, the signals 

seem similar. The PQRST peaks can be clearly seen in both graphs. As a quantitative 

measure of noise, the root-mean-squared (RMS) value of the noise is compared. The noise 

signal is obtained by subtracting the filtered signal from the unfiltered signal. The 



80 
 

commercial electrode has an RMS noise level of 0.0621, while the MXene electrodes have 

a level of 0.0462. This means that the filtered noise using MXene electrodes has less 

amplitude than the noise of the recordings with the Ag/AgCl electrodes. 

 

Figure 46. ECG data obtained from a) commercial Ag/AgCl electrodes and b) MXene 

electrodes.  

Despite the absence of ionic gels which are used in conjunction with Ag/AgCl electrodes, 

MXene electrodes performed comparable well in detecting ECG signals. Another 

advantage that MXene electrodes have is the absence of an adhesive to attach the electrode 

to the skin. The tattoo electrode can stick very well just by conforming onto the skin. The 

strong adhesives used in commercial electrodes can peel part of the top layer of the skin, 

which causes skin reactions such reddening of the peeled spot as shown in Figure 47. The 

MXene electrode, on the other hand, can be peeled very easily by wiping it gently from the 

skin. It causes no redness or peeling of the skin. Additionally, during the contact time (one 

hour) of the MXene film electrodes on the skin, no test subject showed any skin reactions.  
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Figure 47. Volunteers’ reaction to electrode placement. Volunteers show redness and skin 

peeling from commercial electrode but not from MXene electrodes. Black box shows the 

location of MXene electrode after peeling.  
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Chapter 5 Conclusion and outlook 

Flexible electronics provide a platform for next generation-biomedical applications where 

devices are designed with the biological aspects in mind instead of applying existing 

technologies developed for nonliving systems. These devices must be flexible enough to 

adapt with the curved body. In the absence of conformability, it is hard to presume that the 

bilateral communication of electrical signals between the electronics and the living systems 

will be efficient. I expect most of the next generation electronics to be made from materials 

that can be easily tailored to many applications, and to be manufactured using printing. 

Printing provides an excellent platform because it is compatible with a variety of inks and 

substrates and allows for the fabrication of features as small as 100 µm with high speed. 

As most of the technological advances have relied on advances in materials science, there 

is also a need for functional materials in this field. MXene is a relatively new material that 

has not yet been fully explored. For instance, in most of its applications, MXene has been 

spray coated, a technique which is slow, not allowing for large area coatings, and not able 

to control the final film properties. We here reported an original MXene formulation that 

allows, for the first time, the inkjet printing of MXene in aqueous solution. The addition of 

saponin surfactant greatly enhances the rheological properties of MXene with acceptable 

compromise in conductivity. We were able to print MXene on glass and obtained uniform 

films with only two layers, compared to ten layers in previous works. The addition of 

saponin increased the stability of MXene films and storage of MXene films in vacuum 

increased the stability further. MXene films with saponin have rougher surface, though 

further analysis is needed to determine mechanism of increased roughness. Printed MXene 

films were shown to be biocompatible in vitro and caused no reaction when placed on skin 
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for one hour. We showed, for the first time, the use of printed MXene electrodes on a 

temporary tattoo paper to record ECG signals with comparable SNR to the commercial 

electrodes, despite the absence of gels.  

Although it is clear that saponin enhances the rheological properties of MXene dispersion 

and reduces the conductivity, it is unclear how. We envisaged the intercalation of saponin 

between layers of MXene, however, further analysis is needed to verify this hypothesis. If 

this is understood to be adversely effecting conductivity, we can design formulations which 

will allow for MXene flakes to be in a continuous network in the film.  As shown, vacuum 

treatment of sample after printing increases conductivity, thus, further investigation should 

be carried to enhance conductivity further, perhaps by removing saponin from the films 

after printing. Furthermore, the most significant issue hindering efficient and the long-term 

use of MXene electrodes on the skin is due to the currently fragile connections established 

with the acquisition system. In future work, we hope to address the connection issue of 

MXene films to wearable devices. Connection using wires limits the application of flexible 

electronics and wireless systems should be considered. MXene-based antennas have been 

reported on flexible susbtrates96, which could be printed on tattoo for skin applications.   
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