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ABSTRACT

Murray, Allison K. Ph.D., Purdue University, December 2019. Exploring the Inkjet Print-
ing of Functional Materials and Their Use in Energetic Systems and Sensing Applications.
Major Professors: Dr. Jeffrey F. Rhoads and Dr. George T.-C. Chiu, School of Mechanical
Engineering.

With an eye towards applications such as the selective sensing of volatile organic com-

pounds (VOCs) or micro-scale thrust generation, inkjet printing was explored as a means

to selectively deposit functional materials. The work detailed herein explores a series of

fundamental steps to gain expertise related to the piezoelectric inkjet printing of functional

materials. The successful printing of nanothermite was demonstrated with two unique print-

ing techniques. Furthermore, the integration of this material with an ignition mechanism

was shown to create a fully printed igniter-energetic system. These advancements support

future work related to the printing of other energetic materials necessary to create tunable

reactive systems. This knowledge was then translated into the development of resonant mass

sensing devices that are selectively functionalized using inkjet printing. This approach to

functionalization allowed for the precise deposition of receptive chemistries on devices result-

ing in selective, highly-sensitive devices that successfully detected biomarkers secreted after

traumatic brain injuries and harmful VOCs. This work implemented oscillator-based sensors

to achieve a low-cost, low-power sensor platform with redundant elements. Furthermore, the

predictive capabilities of these devices were explored using least squares and linear regression

modeling.
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1. INTRODUCTION

The work herein leveraged additive manufacturing for the selective deposition of reactive

materials, sensitive chemistries, and metallic traces. This approach can open the door for

many additional applications that require the selective deposition of materials with tailorable

geometries or precise volumes. Presented herein are advancements related to the manufac-

turing of energetic material with integrated ignition sources. This work also encompasses

the fabrication of selective volatile organic compound (VOCs) sensors. Through the use of

additive manufacturing, sensor arrays capable of selectively detecting multiple analytes were

developed. These advancements addressed practical limitations of current sensor platforms

with regard to selectivity, scalability, and redundancy for improved predictive capabilities.

Additive manufacturing is used across many application spaces as a means of enabling

tailorable design. For example, inkjet printing has proven advantageous for the manufac-

turing of components including metallic nanoparticles [1], carbon nanotubes functionalized

with DNA [2], and/or hydrogels [3]. Inkjet printing has also previously been used to de-

posit trace quantities of energetic material for vapor detection standards [4, 5] and prelim-

inary studies on the functional properties of reactives manufactured in this way have been

conducted [6–9]. Additionally, inkjet printing has been shown to be a reliable sensor func-

tionalization mechanism across many sensor platforms [10–14], due to its drop-on-demand,

non-contact deposition approach that can be adaptive to the material and the desired form

factor [15,16].

The first study included in this work considered the additive manufacturing of energetic

material as a foundational exploration into piezoelectric inkjet printing. Many practical

applications require the use of miniaturized energetic materials, including microheating ele-

ments, micropower sources [17], micropropulsion systems [18,19], microactuation devices [19],

and microinitiators [20, 21]. These use cases all require precisely controlled energy sources

but pose manufacturing challenges due to their small form factors and reactive nature. To

address these needs, nanothermites were explored, due to their high energy density and rel-
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atively well understood performance [22–26]. However, there was a lack of understanding

with regard to the relationship between the deposition system and the performance of the

reactive materials. As such, Chapter 2 describes advancements in the inkjet printing of nan-

othermite and an analysis of the printing parameters that affected the propagation speed of

the printed material.

When considering inkjet-based additive manufacturing as a means to develop reactive

devices, safety and shelf stability of the ink may be of concern. As such, reactive inkjet

printing, which is the use of adjacent nozzles containing different materials depositing at the

same location, was explored to mitigate the risk of storing highly reactive inks without affect-

ing the performance of the printed device. This approach leveraged drop kinetics to provide

sufficient mixing energy to create a cohesive sample [27]. Previously, polyurethanes [28], self-

assembled gold nanoparticles [29], and conductive silver films [30] were successfully printed

using the two-component reactive inkjet printing method. This approach was advantageous

for printing energetic material with multiple components, as it enabled the separation of the

reactive ink into two relatively inert constituent inks, improving safety and shelf stability.

Chapter 3 details advancements in reactive inkjet printing necessary to fabricate nanother-

mite samples with reaction temperatures similar to those samples printed with traditional

inkjet printing. Transmission electron microscopy provided confirmation that the mixing of

the constituent inks was sufficient to create a cohesive printed nanothermite sample.

The development of the techniques to print energetic material was motivated by the de-

sire to create a fully printed initiation device that included reactive material and an ignition

source. Some traditional ignition sources for energetic materials, such as bridge wires and

spark gaps, require tedious fabrication processes, including some hand-made components.

Due to the wide use of igniters, such as airbag triggering systems [31, 32], micropropulsion

systems for microsatellites [33], and military ordnance [34, 35], the fabrication of these ig-

niters would advance significantly if sample throughput was increased. Bridge wires, which

utilize localized ohmic heating to react energetic materials [36, 37], and spark gaps, which

leverage an electrode gap with localized voltage to create a spark and ignite electrostatically

sensitive material [35,38,39], proved to be strong candidates for igniters manufactured with

energetic material. Chapter 4 details the fabrication and electrical characterization of metal-
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lic bridge wires and spark gaps. Additionally, these devices were implemented with printed

nanothermite for a fully printed igniter system.

The methods used to characterize an ink and optimally print the aforementioned energetic

materials and metallic inks could be applied to any unique material systems. For example,

functional chemistries that react to certain analytes, as found in sensing applications, could

be suitable candidates for inkjet printing. This approach allows for the volumetric control of

the functional chemistry, as well as its location, which is essential in the development of highly

selective sensing elements. Inkjet printing has been previously used for the functionalization

of resonant mass sensor elements [10–14]. The adsorption of the analyte on the receptive

resonant device results in a mass increase, and in turn a detectable resonant frequency shift.

This has been utilized in many applications including research related to the detection of

certain biomarkers in the medical field [40–43]. Chapter 5 details an investigation of an array

of quartz resonators functionalized with the aforementioned inkjet printing methodology.

This chapter demonstrates the ability to create devices sensitive to a biomarker commonly

secreted after a traumatic brain injury with a test sample volume in the nanoliter range.

This approach is translatable to a wide array of applications within, and tangential to, the

biological space.

Extensive reviews of the dynamics and applications of linear, resonant mass sensors, such

as the devices presented in Chapter 5, have been performed [44]. These devices have been

further studied in the non-linear regime [12–14, 45, 46]. Adding to the field, there has been

progress related to the use of oscillators as sensing elements [47–51]. However, much of this

work was geared toward improving the detection limits associated with the analytes of inter-

est, rather than providing technologies that can scale to practical field implementation. This

gap between successful laboratory sensing advancements and deployable analyte detectors is

multifaceted. One element of this challenge is the lack of predictive sensing capabilities in

current sensors [52, 53]. To find widespread adoption, sensing platforms need to develop a

means of identifying specific analytes and deliver quantitative measures of the analyte con-

centration [54–58]. Chapter 6 details work with a multi-channel sensing array based upon

Pierce oscillators functionalized with inkjet printing and integrated with a frequency count-

ing algorithm. This approach facilitated simultaneous data collection of 16 parallel channels
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with 1 Hz frequency resolution and 1 s temporal resolution. This experimental approach

also allowed for the implementation of a linear-regression model and least-squares solution

to predict the concentration of two analytes of interest based on the frequency shifts of 16

oscillators. This work provides an avenue for addressing the limitations of current VOC

sensors through a low-cost, low-power sensing platform that is integrable with a predictive

model.

To expand on the work presented in Chapter 6, the oscillator-based sensing approach

was applied to a VOC of interest, xylene, which has shown to be toxic even at low con-

centrations [59, 60]. Previously, VOCs have been primarily detected using photo ionization

detectors (PIDs), amperometric detectors, semiconductors (resistive sensors), portable gas

chromatographs, electronic noses/sensor arrays, and optical sensors [61–69]. These sensors

are capable of xylene detection at low concentrations but lack selectivity and have high power

requirements [52, 70]. As such, the need for a low-cost, low-power xylene sensor with selec-

tivity was well established. Chapter 7 describes an oscillator-based xylene sensor capable

of detecting xylene at or below 100 ppm. It also provides evidence that support claims of

selectivity to xylene when the device is exposed to toluene and trimethylbenzene, aromatic

hydrocarbons with one less and one more methyl group than xylene, respectively. This ad-

vancement is notable due to the meaningful signal to noise ratio achieved at 100 ppm and

the implementation of redundant channels to improve detection confidence.

This work is a series of advancements in the additive manufacturing of functional ma-

terials, specifically leveraging inkjet printing as a means to create tunable devices, from

energetic material systems to sensing platform. The contributions also spread beyond addi-

tive manufacturing to the deployment of VOC sensor arrays, manufactured using additive

techniques.
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2. PIEZOELECTRIC INKJET PRINTING OF NANOTHERMITES

The following chapter is reprinted, in part, from A. K. Murray et al. “Selectively-Deposited

Energetic Materials: A Feasibility Study of the Piezoelectric Inkjet Printing of Nanother-

mites” which appeared in Additive Manufacturing [71].

2.1 Introduction

With the miniaturization of many engineering components that contain energetic ma-

terial, there exists a need for manufacturing technologies that are capable of seamlessly

functionalizing micro-scale electronics with reactive or energetic materials. For example,

microheating elements, micropower sources [17], micropropulsion systems [18, 19], microac-

tuation devices [19], and microinitiators [20, 21] all require robust electronic packages with

precisely located energy sources. These devices pose manufacturing challenges due to the lack

of techniques suitable for the micrometer-scale deposition of energetic material. This chap-

ter proposes the use of piezoelectric inkjet printing for the selective deposition of energetic

materials to allow for a degree of volumetric and spatial control that is not obtainable with

current energetic deposition methods. This control will permit the integration of electronics

with energetic material, opening the door for a multitude of micro-energetic applications.

Nano-energetic materials have been shown to be useful for MEMS applications and thus

have been widely studied for a number of years [22, 23]. Within this class of materials,

nanothermites are gaining popularity due to their notable, highly-exothermic reactions and

relatively simple synthesis processes [23]. Nanothermites also offer significant energy density,

which can be advantageous when integrating energetic materials into small areas. Currently,

solutions for the deposition of energetic material include electrophoresis [24], magnetron

sputtering [72], and doctor blade casting [73]. These methods allow for the bulk deposition

of energetic materials on a substrate but lack sub-millimeter spatial control. Because of
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this, basic geometries, which are necessary for the integration of energetic material into

electronics, are difficult to achieve with these methods.

Across many industries, inkjet printing has proven to be beneficial for the small-scale

deposition of functional inks for fabricating components including carbon nanotubes func-

tionalized with DNA [2], metallic nanoparticles [1] and/or hydrogels [3]. Extensive reviews

of current micro- and nano-scale printing technologies have been conducted [74, 75]. Of the

many inkjet printing systems one could choose from, piezoelectric inkjet printing is advan-

tageous due to the flexibility of ink composition that this print head design allows. In this

approach, nozzles are actuated by the change in shape of a piezoelectric material. Reservoirs

are either squeezed, bent, or pushed based on their design [16]. In contrast to a thermal

inkjet head, which uses flash boiling to produce droplets [16], piezoelectric inkjet printing

achieves droplets without affecting the ink thermally. This is potentially safer and more

reliable for sensitive ink compositions, including energetic materials.

Previous work has utilized inkjet printing for the deposition of small quantities of ener-

getic material for the development of trace vapor calibration tools [4, 5]. These samples are

not necessarily intended for energetic performance but instead are manufactured as stan-

dard test samples for sensor performance validation. There has also been investigation into

the effect of ink deposition parameters on the morphological changes of cyclotrimethylen-

etrinitramine (RDX) [6]. Initial studies of inkjet printing as a deposition method for nan-

othermites, on a scale that allows for reaction rather than just detection, have been con-

ducted [7–9]. These initial works demonstrate multi-layer, single-width lines of printed nan-

othermites on glass slides with high ignition fidelity; however, they do not study the effects

of geometric or printer parameter variation on combustion performance.

This work further investigates the use of piezoelectric inkjet printing of nanothermites

as a suitable method for the controlled deposition of energetic material for the development

of samples with functional geometric features. It explores the utility of three deposition

systems in the precise spatial and volumetric control of deposited aluminum copper (II)

oxide. The systems are evaluated for drop formation reliability, robustness to high ink

solids loading, and the ignition fidelity of the printed energetic material. In addition, the

work demonstrates the energetic performance of the printed samples as characterized by
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propagation speed measurements. This class of measurement is widely used as an initial

metric for nanothermite performance evaluation [24–26]. Finally, this work demonstrates a

deposition system that allows for printed material flexibility and the spatial control of the

deposited energetic material, as well as the integration of energetic material with small-scale

components such as electronics.

2.2 Materials and Methods

2.2.1 Material Preparation

Due to its thermal stability, aluminum copper (II) oxide nanothermite was formulated

as an energetic ink to test the capabilities of several commercial deposition systems. To

prepare the material, copper (II) oxide nanoparticles (Sigma Aldrich, 50 nm) were mixed

with aluminum nanoparticles (NovaCentrix, 80 nm, 82% active aluminum) and suspended

in a solution of dimethylformamide (DMF) and polyvinylpyrrolidone (PVP), a surfactant.

The nanoparticles were mixed at stoichiometric ratios per the ideal reaction:

2Al + 3CuO → Al2O3 + 3Cu

and placed in a 10 mL syringe (BD, slip tip) [76]. DMF with 0.5% by weight PVP was

added to the syringe to achieve an 8% solids loading. Airtech Flashbreaker 1 tape was

placed over the tip of the syringe to prevent leaking. The syringe was then loaded into a

custom polytetrafluoroethylene (PTFE) holder and secured on a LabRAM resonant mixer

(Resodyn Acoustic Mixer, Inc.). The syringe was mixed at 80% intensity for 16 min and

inverted after 8 min [76]. After mixing was complete, the contents of the syringe were

emptied into a 1.5 mL microcentrifuge tube, the material was weighed, and additional DMF

was added to achieve a desired solids loading. The tube was sealed and stored until the print

process commenced.

This ink formulation was chosen based on the results of a previous study on the viscosity

and settling time of aluminum and copper (II) oxide nanoparticles in DMF with various

surfactants [77]. It was found that the surfactant concentration that optimized ink stability

while limiting the impact on reactivity was 0.5% PVP by weight of the solids. The viscosity
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of the ink used in these experiments was not tested because of concern for accidental ignition

of the energetic material. However, both of the constituents inks of aluminum in DMF with

PVP and copper (II) oxide in DMF with PVP had viscosities of 0.862 ± 0.035 mPas [77].

The surface tension of the aluminum copper (II) oxide ink used herein was 30.5 mN/m as

measured with the pendant drop technique using a Ramé-Hart goniometer, model 500.

Immediately before printing, the microcentrifuge tube was suspended in a Branson 1800

sonicating bath (Branson Ultrasonics) for 30 min to redistribute any particles that may have

fallen out of suspension. The solution was loaded into the deposition system 5 min after

sonication finished.

2.2.2 Deposition Methods

Three deposition systems were evaluated in this work to determine the most effective

process for reliable nanothermite printing. All of these systems are variations of open-end

piezoelectric inkjet printers. These print heads consist of an ink reservoir connected to a

pump chamber. This chamber includes a piezoelectric actuator that can deliver a prescribed

displacement pulse which forces droplets through the nozzle orifice [78].

The three print heads tested in this work were a 70 µm piezoelectric nozzle (Micro-

Drop MD-K-130), an 80 µm piezoelectric nozzle (MicroFab MJ-AL-01-80), and a 500 µm

piezoelectrically-actuated pipette (BioFluidix PipeJet P9). These print heads were mounted

above a dual-axis linear positioning stage (Aerotech Planar DL 200-XY, 200 mm travel,

0.5 µm accuracy) as seen in Figure 2.1(a). These components were controlled through an

in-house developed LabView script. The stage position was integrated with the nozzle firing

to fabricate complex geometries.

2.2.3 Side-View Imaging

Each printer was evaluated using side-view drop formation analysis techniques. For the

MicroFab and the MicroDrop systems, this was achieved using a 3X 110 mm telecentric lens

with a color USB camera (Edmund Optics EO-1312). Specifically, the camera, nozzle, and

a light-emitting diode (LED) were applied in series. The LED illuminated the nozzle and
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(a)

(b) (c) (d)

Figure 2.1. (a) An Aerotech Planar DL 200-XY, 200 mm travel, 0.5 µm ac-
curacy linear positioning stage mounted beneath a MicroFab MJ-AL-01 piezo-
electric nozzle, a MicroDrop MD-K-10 piezoelectric nozzle, and a PipeJet P9
piezoelectrically-actuated pipette; (b) MicroFab MJ-AL-01 80 µm piezoelectric
nozzle schematic; (c) MicroDrop MD-K-130 70 µm piezoelectric nozzle schematic;
and (d) PipeJet P9 500 µm pipe schematic.
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droplet at the nozzle firing frequency. Phase shifting the LED strobe allowed for droplet

observation at various positions in flight. The BioFluidix PipeJet P9 drop formation was

captured with a Black and White (BW) Phantom Camera V 7.3 (Vision Research, Inc.) in

series with the back lit nozzle. Printing was recorded at 4000 frames per second (fps) with

an exposure time of 240 µs.

2.2.4 Sample Preparation

To validate printed energetic performance, samples were prepared with the PipeJet P9

system due to its reliability. The 500 µm P9 pipe was attached to a 2 cm piece of 1.6 mm

inner diameter PTFE tubing. The tubing was secured to a 3 mL luer lock syringe (Terumo)

via a barbed socket connector. The syringe was fixed to a back pressure regulation system

(MicroFab) to prevent the undesirable loss of material during the printing process. The nan-

othermite was deposited on Novele, a mesoporous media which promotes strong adhesion and

uniform deposition (NovaCentrix, IJ-220) [79]. This substrate improved geometric control

for the printed material because the adhesion prevented the undesirable wetting previously

seen on silicon substrates. Further, Novele may be used in final applications. The energetic

material was deposited at volumes of 50 nL per drop; this equated to approximately 4.5

µg/drop as calculated from the mass of printed samples with 225, 450, and 675 drops. The

samples were printed from a bitmap of a 6 pixel circle with a 25 pixel long line attached.

When printing, the pixels corresponded to a single drop and were spaced at 0.6 mm. The

circles, approximately 3.6 mm in diameter, were printed to allow for an increased surface

area for initiation. The printed lines were approximately 15 mm long. Three line widths of 1,

2, and 3 pixels were printed, approximately 0.8, 1.6 and 2.4 mm wide respectively. Samples

of all of the line widths were deposited with 1, 3, and 5 layers of material.

2.2.5 Sample Testing

Printed samples were ignited using a capacitive discharge unit (Information Unlimited).

Initiation was focused at the center of the circle and the reaction along the line was observed
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with a BW Phantom Camera V 7.3 (Vision Research, Inc.). Videos were captured at 20,000

fps with an exposure time of 20 µs.

2.2.6 Propagation Speed Calculations

For all of the reactions, each frame of the high speed video was analyzed. In any given

image, the column with the greatest average light intensity was found. This was then cor-

related to a horizontal flame position using the resolution of the camera. By analyzing each

image in series, the reaction position with respect to time was tracked. Propagation speeds

were calculated as the slope of a linear best fit of the distance and time data.

2.3 Results

As previously noted, the work herein was completed using aluminum copper (II) oxide

nanothermite suspended in a solution of polyvinylpyrrolidone (PVP) and dimethylformamide

(DMF). Evaluation of the three printing systems was completed largely experimentally rather

than analytically because typical analytical measurements, such as viscosity, presented a

safety concern with the required amounts of energetic ink.

2.3.1 Side-View Imaging of Drop Formation

To evaluate the three deposition systems, drop formation was first investigated. Because

maintaining consistent particle suspension was challenging with the high solute-to-solvent

density ratio of the ink used for printing, it was critical that reliable drop formation be

achieved. Acceptable droplet formation consisted of a droplet head forming, followed by a

tail. As the droplet continued to form, the tail pinched off from the nozzle. As it fell to the

substrate, the tail began to rejoin the head of the droplet [80]. Satellite drops, undesirable

small droplets formed outside of the main drop, were deemed acceptable in this application

if they followed the same trajectory as the main droplet, due to the assumption that they

would impact the substrate within the spatial bounds of the original drop.



23

Representative side-view images for each of the printer systems can be found in Figure 2.2.

The systems were tested with the material at the highest solids loading, up to an 8% limit,

that allowed for repeatable printer performance. It can be seen that the MicroDrop system

achieved reliable drop formation with a consistent secondary drop following the main drop’s

trajectory with a 6% solids loading aluminum copper (II) oxide nanothermite suspension in

Figure 2.2(a). This resulted in repeatable print performance from the MicroDrop system.

The MicroFab system was unable to achieve this level of quality with the energetic ink

used for the testing, a 2% solids loading aluminum copper (II) oxide suspension. As seen in

Figure 2.2(b), this nozzle exhibited significant wetting near the nozzle orifice; an inconsistent

meniscus formed on the nozzle face. This was due, in part, to the solvent used, DMF, which

is not recommended for the MJ-AL-01 nozzles. Due to the wetting effect, the drop tail

did not snap off at the nozzle orifice but instead necked near the head of the drop. This

resulted in unstable drop formation and inconsistencies in drop volumes. Because of the

poor drop formation reliability in this application, this system was deemed impractical for

the energetic ink. Drop formation of an 8% solids loading aluminum copper (II) oxide

suspension printed with the BioFluidix system is displayed in Figure 2.2(c). This system

produces significantly larger drops than the other systems tested due to the 500 µm nozzle

orifice. Droplets exhibited necking as a pinch off for drop formation with a spherical drop

falling after pinching.

The drop formation process was not analyzed further within this study; however, ongoing

work is exploring the effect of drop formation on the material’s reactive performance.

2.3.2 Printer Robustness

To achieve high sample throughput, the deposition methods described above were re-

quired to demonstrate a certain level of robustness. The two main components for this

metric are solids loading capacity and the time scale over which acceptable print perfor-

mance could be maintained; a summary of other considerations is presented in Table 2.1.

Due to the frequent nozzle clogging exhibited by the MicroFab nozzle with this ink, energetic

material could not be printed at solids loadings higher than 2%. In turn, sample ignition
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(a)

(b)

(c)

Figure 2.2. Side-view imaging of drop formation captured with a Edmund Optics
3X 110 mm telecentric lens and EO-1312 color USB camera strobed with an LED
at the nozzle firing frequency. (a) MicroDrop MD-K-130 printing 6% AlCuO with
0.5% polyvinylpyrrolidone (PVP) in dimethylformamide (DMF) strobed at 10 µs
increments from 80 µs to 250 µs after the firing pulse. (b) MicroFab MJ-AL-01-80
printing 2% AlCuO with 1% PVP in DMF strobed at 5 µs increments from 40 µs
to 125 µs after the firing pulse. (c) BioFluidix PipeJet P9 500 µm pipe printing
8% AlCuO with 0.5% PVP in DMF captured with a back lit BW Phantom
Camera V 7.3. The images are captured at intervals of 0.5 ms.
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Table 2.1.
Multi-factor comparison of the piezoelectric inkjet printers examined herein as
a method for the deposition of energetic material where + indicates a positive
attribute and - indicates a negative attribute.

Manufacturer MicroDrop MicroFab BioFluidix

Model MD-K-130 MJ-AL-01 PipeJet P9

Nozzle Orifice 70 µm 80 µm 500 µm

Droplet Volume 20 - 180 pL 20 - 300 pL 10 - 60 nL

Viscosity Range ≤ 20 cP ≤ 20 cP 1 - 200 cP

Print Quality Lifetime + - +

Cleaning - + -

Ink Flexibility + - +

Parameter Control + + -

Sample Throughput - - +

Clogging - + +

Ease of Use + - +

Nozzle Cost - - +

was difficult to achieve. As such, the MicroFab system was determined to be less ideal for

this ink formulation. The MicroDrop system proved reliable at a solids loading of 6%, al-

lowing for high ignition fidelity from printed samples. However, due to the 70 µm nozzle

orifice, the reservoir/nozzle interface design with a small diameter ink supply line, and the

agglomeration of nanoparticles, clogging was a frequent problem. The BioFluidix PipeJet

system achieved reliable multi-hour print performance at an 8% solids loading with minimal

user input. Sample preparation was repeatable within a material batch and the energetic

performance proved reliable. However, due to the larger nozzle orifice, the observed drop

volume for the PipeJet system was about 50 nL; and this larger droplet footprint resulted

in a loss in spatial precision as compared to the other systems investigated.
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(a)

(b)

Figure 2.3. Representative printed samples of aluminum copper (II) oxide
printed with a PipeJet P9 500 µm pipe at 50 nL per drop. Pixels indicate
the width of the lines. Layers indicate the thickness of the samples out of the
page. (a) 1 pixel wide, 1 layer thick before initiation and (b) 1 pixel wide, 1 layer
thick after initiation

2.3.3 Propagation Speeds

As a means to evaluate the combustion performance of the printed material, the PipeJet

P9 500 µm pipe was used to prepare samples that highlighted the relationship between

reaction propagation speed and the geometry of a printed sample. The samples were tested

no sooner than 24 hr after they were printed in an effort to eliminate the effect of solvent

retention on the reaction performance. Images of representative printed samples before and

after ignition can be seen in Figure 2.3.

Figure 2.4 shows still images from a representative high speed video of sample ignition

with width and thickness as 1 pixel and 1 layer, respectively. Figure 2.5 demonstrates the

flame front position tracking for the sample in Figure 2.4. The best fit line approximation

found the propagation speed to be 2.7 m/s. As seen, the reaction propagation is nearly

constant.

Figure 2.6 offers a comprehensive look at the propagation speeds across the two param-

eters varied in this study: line width (pixels) and thickness (layers). The nominal widths
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Figure 2.4. An image sequence obtained from a typical sample reaction: The
flame propagation of a printed single pixel wide, single layer thick sample cap-
tured with BW Phantom Camera V 7.3 at 1 ms intervals.
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Figure 2.5. The reaction location with respect to time as determined by tracking
the greatest light intensity through frames of a high speed video for a single pixel
wide, single layer sample. The experimental results are shown with a linear best
fit overlay; R2 of 99.98%.
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Figure 2.6. Propagation speeds determined by tracking the greatest light inten-
sity through frames of a high speed video captured with a BW Phantom Camera
V 7.3, as obtained across all of the batches as a function of pixels and layers.
The symbols indicate different sample batches. A batch is considered a set of
samples printed in the same job from one vial of energetic material.

of the lines for 1, 2 and 3 pixels were 1.1 ± 0.2 mm, 1.7 ± 0.3 mm, and 2.1 ± 0.2 mm,

respectively. The symbols used in Figure 2.6 indicate the batch from which samples were

printed. A batch is a set of samples printed in the same job from one vial of energetic

material. There is a wide variation for the thinnest samples considered. However, relatively

consistent results were obtained for multi-layered samples.

2.4 Discussion

As previously noted, each of the printing systems examined for nanothermite deposition

had inherit benefits and drawbacks, as detailed in Table 2.1. Overall, the system must reli-

ably deposit the energetic material to achieve controlled geometries and deposited volumes.

In prior work, it was found that the MicroFab system was the best suited for the deposition

of metal inks for circuit design due to the use of a manufactured ink with well defined pa-

rameters [81]. However, reliable drop formation could not be achieved with the energetic ink.

The MicroDrop system has proven to be the most robust for the small-scale deposition of low
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solids loading energetic material. This system delivers small enough quantities of energetic

material to for allow micrometer precision in deposited geometry. However, the significant

cleaning and clogging issues, attributable to the lengthy siphon tube at the nozzle/reservoir

interface, limit solids loading below practically useful values. The BioFluidix system has the

most potential for a wide range of energetic material due to its ability to deposit material

with a wide range of viscosities. However, the deposition occurs on the order of nanoliters

rather than picoliters, preventing the extent of small-scale spatial control that the other

systems offer.

The printed energetic material proved to have repeatable propagation performance when

evaluated within a particular batch, where a batch is defined as a set of samples printed in

the same job from one vial of energetic material; however, significant interbatch variation

was observed. As seen in Figure 2.6, the batch-to-batch variation outweighs significant

conclusions that could be made about the data set as a whole, especially for the 1 layer

cases. Within any particular batch, it was seen that the width of a line, in pixels, was a

factor. However, on the whole it was not a strong factor. There were no apparent trends

attributable to the number of layers deposited. This is supported by previous electrophoretic

deposition work of aluminum copper (II) oxide which suggests material thickness does not

affect the propagation speed until a film is 50 µm thick [24]. The measured thickness of the

printed samples were 10-30 µm as determined by a Hirox 3D Microscope.

The ink-substrate interaction is a critical area of future study within this class of work.

Due to the wicking behavior of the substrate, the single drops or rows of drops had crisp

boundaries. However, this substrate behavior implies a variable surface roughness that

could cause an inconsistent density of energetic material resulting in unpredictable reaction

behavior. An extensive study is necessary in the future to fully understand the substrate’s

impact on the reaction with the deposited energetic material.

The potential sources of the significant interbatch variability include: inconsistencies

in mixing processes; nanoparticles settling out of suspension in storage or in the printing

reservoir resulting in different printed solids loadings; variability of the deposited mass due to

low solids loading and small drop volume; unknown substrate and ink interactions; variability
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in the substrate absorption potential; and shelf stability of the printed samples. The potential

sources of variability will be investigated in future work to fully isolate process effects.

2.5 Conclusions

This work successfully demonstrated the ability to use inkjet printing for the small-scale

deposition of an energetic material. This opens avenues for energetic integration into small-

scale electronics and/or micropropulsion components, which previously were unattainable

due to the lack of spatial control in energetic deposition techniques such as doctor blading,

magnetron sputtering, and electrophoresis. Utilizing piezoelectric inkjet printing, energetic

material was deposited with basic geometric features: lines of varying widths and thicknesses.

The propagation speeds of the deposited material were measured through high speed imaging

techniques. Within a material batch, it was found that line width and burn rate were

correlated; however, no trends were attributed to the number of layers printed. In addition,

inter-batch variability was a significant problem currently preventing such conclusions on a

batch-to-batch level.

The primary goal for future work in this topical area will be to determine the source of the

significant batch variation observed in the propagation speeds. This includes investigating

how the mesoporous substrate variability affects the energetic ink; how the mixing processes

contribute to material inconsistencies; and how material degradation over time affects printed

material performance.
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3. REACTIVE INKJET PRINTING OF NANOTHERMITES

The following chapter is reprinted, in part, from A. K. Murray et al. “Two-Component

Additive Manufacturing of Nanothermite Structures via Reactive Inkjet Printing” which

appeared in the Journal of Applied Physics [82].

3.1 Introduction

In the growing field of micromechanical devices, there is a subset of systems that require

the microscale integration of energetic material. These applications range from micropropul-

sion systems [18,19] to microinitiators [20,21]. However, there is an inherent risk associated

with handling energetic materials that limits the diversity of materials deposited using tradi-

tional methods, such as electrophoresis [24], doctor blade casting [73], and conventional inkjet

printing [7–9]. In addition, methods such as electrophoresis and doctor blade casting lack

the spatial and volumetric control of the deposited energetic material that is advantageous

in the aforementioned microscale applications.

In many industries, reactive inkjet printing, the process of combining one droplet of ink

A with a droplet of ink B to produce a new material, has been used to overcome material

incompatibilities with inkjet printers [27]. Full reactive inkjet printing has been used for

the deposition of polyurethanes [28], self-assembled gold nanoparticles [29], and conductive

silver films [30]. Due to the separate nature of the inks, reactive inkjet printing opens the

door for the fabrication of devices using a wider range of materials. The individual inks can

be fine tuned with the appropriate solvent or surfactant for only one key element rather than

trying to optimize an ink formulation for many constituents, as in traditional inkjet printing.

In addition, materials that are volatile when mixed together can remain separate until the

fabrication process to improve material safety and handling. The most significant challenge

with this process lies in the significant coordination of the printer systems to achieve reliable

droplet placement of the inks respective to one another. However, this can be mitigated
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with a well-controlled fabrication system. Ultimately, this technique has been shown to

produce picoliter volumetric control and microscale spatial precision in the deposition of

new materials previously unobtainable with inkjet printing, due to material property and

safety concerns.

This work utilized a piezoelectric inkjet printer for the side-by-side deposition of col-

loidal suspensions of aluminum and copper (II) oxide nanoparticles. These suspensions were

printed sequentially such that their droplets were partially overlapping. This method resulted

in the localized mixing of two inert components that produced a nanothermite. This nan-

othermite was analyzed with high speed thermal imaging and scanning transmission electron

microscopy to compare its reaction performance and constituents to that of nanothermite

printed with a single-nozzle piezoelectric inkjet printer.

3.2 Experimental Methods

3.2.1 Ink Preparation

As a means to test reactive inkjet printing as a method for the manufacturing of nan-

othermite samples, two ink suspensions, a fuel and an oxidizer, were prepared and printed,

and the resulting samples were tested for energetic performance. These suspensions were

created to achieve a stoichiometric ratio of solids when the inks were mixed volumetri-

cally 1:1. An aluminum and a copper (II) oxide nanoparticle suspension, of 3.5% and 6%

volumetric solids loading respectively, were prepared in dimethylformamide (DMF) with

0.5% polyvinylpyrrolidone (PVP) immediately prior to printing [77]. The copper (II) oxide

nanoparticles (Sigma Aldrich, 50 nm) and aluminum nanoparticles (NovaCentrix, 80 nm,

82% active aluminum) were deposited in 1.5 mL microcentrifuge tubes. Subsequently, a

solution of DMF with 0.5% PVP was added to the vials. These vials were then suspended in

a sonicating bath (Branson Ultrasonics) for 30 min. The solution was loaded into the inkjet

printer 5 min after sonication finished.

As a comparison, a pre-mixed aluminum copper (II) oxide suspension was mixed at a

6% volumetric solids loading [76]. To prepare the material, copper (II) oxide nanoparticles

were mixed with aluminum nanoparticles and suspended in a solution of DMF and PVP and
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Figure 3.1. An Aerotech Planar DL 200-XY, 200 mm travel, 0.5 µm accuracy,
linear positioning stage mounted beneath two MicroDrop MD-K-130-022 70 µm
piezoelectric inkjet nozzles.

placed in a 10 mL syringe (BD, slip tip). The syringe was loaded into a custom polytetraflu-

oroethylene (PTFE) holder and secured on a LabRAM resonant mixer (Resodyn Acoustic

Mixer, Inc.). The syringe was mixed at 80% intensity for 16 min and inverted after 8 min.

3.2.2 Inkjet Printing

The prepared inks were loaded into 70 µm piezoelectric inkjet nozzles (MicroDrop, MD-

K-130-022) and secured above a dual-axis linear positioning stage (Aerotech Planar DL

200-XY, 200 mm travel, 0.5 µm accuracy) that was controlled by an in-house LabView

program, see Figure 3.1.

For the samples printed with dual nozzles, the aluminum nanoparticle ink, ink α herein,

was printed with a 143 V trigger pulse, 27 µs pulse width, 75 Hz firing frequency, and -8 mbar

back pressure. The copper (II) oxide nanoparticle ink, ink β herein, was printed with a 93 V

trigger pulse, 25 µs pulse width, 230 Hz firing frequency, and -8 mbar back pressure. These

settings were optimized for quality droplet formation as observed using side-view imaging

with a 3X 110 mm telecentric lens and a color USB camera (Edmund Optics EO-1312)

backlit by a light emitting diode (LED). Acceptable droplet formation consisted of a droplet
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head forming at the nozzle orifice, followed by the necking of the droplet to produce a tail.

This droplet then pinched away from the orifice as it fell to the substrate. The majority of

the tail morphed back into the main droplet while the remainder produced a small satellite

drop. The satellite drops were deemed acceptable in this study if they fell within the spatial

bounds of the main drop. Representative drop formation images can be found in Figure 3.2.

Samples were prepared using a four pass printing method in which a 10 pixel by 10 pixel

square bitmap was parsed into four sublayers, described herein as A, B, C and D. Each

pixel was assigned to one of the sublayers using the pattern shown in Figure 3.3. Sample

preparation was achieved by printing sublayers A and D using ink β immediately followed

by the printing of sublayers B and C with ink α. This pattern was repeated to achieve the

desired number of layers; however, the sublayer associated with a particular ink alternated

with each layer. For example, ink β was printed from sublayers A and D on layer 1 but

sublayers B and C on layer 2. Samples of 3, 5, and 7 layers were printed on Novele, a

mesoporous media which promotes strong adhesion and uniform deposition (NovaCentrix,

IJ-220) [79].

A pre-mixed aluminum copper (II) oxide nanothermite ink was printed using the same

10 pixel by 10 pixel square bitmap and a 70 µm piezoelectric inkjet nozzle (MicroDrop,

MD-K-130-022) on Novele to offer a comparison to the dual nozzle system.

After sufficient drying, printed samples were ignited using a capacitive discharge unit

(Information Unlimited). The ignition was observed with a Black and White (BW) Phantom

Camera V 7.3 (Vision Research, Inc.) at 20,000 fps with an exposure time of 48 µs and an

SC2500 infrared camera (FLIR Systems, Inc.) at 2,000 fps with an exposure time of 6 µs.

Samples prepared with the two different printing methods were examined with a scanning

transmission electron microscopy (STEM, Titan 80-300 kV Environmental Transmission

Electron Microscope) equipped with an X-ray energy dispersive spectroscopy (EDX) detector

to compare localized mixing and the spatial distribution of the aluminum and copper (II)

oxide particles. The inks were directly deposited on copper mesh carbon coated TEM grids

and dried in air.
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(a)

(b)

Figure 3.2. Side-view imaging of the drop formation realized with MD-K-130-
022 nozzles as captured with an Edmund Optics 3X 110 mm telecentric lens and
EO-1312 color USB camera strobed with an LED at the nozzle firing frequency.
(a) The aluminum ink printed with a 143 V trigger pulse, 27 µs pulse width, 75
Hz firing frequency, and -8 mbar back pressure. (b) The copper (II) oxide ink
was printed with a 93 V trigger pulse, 25 µs pulse width, 230 Hz firing frequency,
and -8 mbar back pressure.
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Figure 3.3. Four pass printing sublayer assignments.
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3.3 Results

Representative images of the printed samples before and after ignition are shown in Figure

3.4.

The ignition of the dual and single nozzle samples were qualitatively compared using a

high speed camera as an initial proof of concept for the dual nozzle manufacturing technique.

The ignition progression of a 5 layer sample prepared with dual nozzle printing is shown in

Figure 3.5(a). The corresponding ignition of a 5 layer sample prepared with pre-mixed ink

using a single nozzle system is found in Figure 3.5(b). These images suggested comparable

reaction performance due to the brightness and time scale of the reaction. As such, the

samples were tested further with infrared thermography and scanning transmission electron

microscopy (STEM).

The maximum temperature reached by the nanothermite samples, as determined by high

speed infrared thermography, is shown in Figure 3.6. These measurements were taken assum-

ing an emissivity of 1, thus the reported temperature is a lower bound. The data suggests

that there is approximately a 200 K difference in maximum reaction temperature between

the dual nozzle and single nozzle printed samples. Both types of samples reached peak

temperatures above 1000 K. Samples with 5 and 7 layers had overlapping bounds of peak

reaction temperature. This result confirms that there is reasonable reaction performance

of the samples created with the dual nozzle system when compared to that of the samples

printed using a single nozzle. When sufficient material is deposited, the two methods pro-

duce samples that are qualitatively similar. The dual nozzle technique results in samples that

are slightly inferior, quantitatively, but still demonstrate acceptable relative performance for

many applications. As such, this indicates that the dual nozzle system is a viable deposi-

tion technique that improves upon the safety of the single nozzle system without notably

compromising reaction performance.

Representative STEM images for single nozzle, Figure 3.7(a); the sequentially deposited

dual nozzle samples, Figure 3.7(b); and the corresponding EDX mapping from the insets,

Figures 3.7(c) and 3.7(d), clearly show the contrast between the copper (II) oxide and alu-

minum nanoparticles and that both methods are consistent with each other with respect to
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(a)

(b)

Figure 3.4. Representative images of samples printed using two piezoelectric
nozzles with a fuel ink and an oxidizer ink that is mixed in situ. The samples
are squares with 10 drops per side. (a) A 3 layer nanothermite sample before
ignition. (b) A 3 layer nanothermite sample after ignition.
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(a)

(b)

Figure 3.5. Still frames of the reacting samples printed with 5 layers captured
with a BW Phantom Camera V 7.3. (a) The ignition of 5 layer samples printed
with a dual nozzle system and in situ mixing. (b) The ignition of 5 layer samples
printed with a single nozzle and premixed nanothermite ink.
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Figure 3.6. The maximum temperature reached by printed aluminum copper
(II) oxide samples as observed with a FLIR SC2500 thermal imaging camera at
2,000 fps.
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the particle distributions; these results are indicative of several identical samples tested at

multiple locations on the sample. The single nozzle sample shows a mixture of agglomerates

of copper (II) oxide and aluminum nanoparticles, with length scales for both agglomerate

sizes and mixing on the order of 100s to 1000s of nanometers. It is probable that the reso-

nant mixing method used for the pre-mixed ink is not completely effective in breaking up the

agglomerates, which might limit the degree of mixing. On the other hand, the dual nozzle

samples show a more layered structure. Interestingly, uniform layers of copper (II) oxide

nanoparticles were observed to cover only the layer of aluminum nanoparticles, possibly due

to the preferential wetting of the aluminum nanoparticle layer and subsequent drying. The

thickness of the copper (II) oxide nanoparticle layer was about the size of the agglomerates,

so the degree of mixing is quite similar to the single nozzle case. This is due to the minute

volume of the individual droplets that only deposit a very small amount of nanoparticles.

This indicates that a dual nozzle system is a viable safer alternative to a single nozzle system

containing a premixed nanothermite solution. Uniquely, it can also be used to produce mul-

tilayered structures with tailorable characteristic thicknesses that can have different reaction

rates by only modifying inkjet printing rates.

3.4 Conclusions

This work demonstrates the ability to perform in situ mixing of a fuel and an oxidizer

to produce a nanothermite with notable energetic performance. Suitable inkjet printing of

two colloidal suspension inks was achieved and used for the precise deposition of material

with picoliter-scale volumetric control. When sufficient material was deposited, there was

no qualitative difference between the combinatorial printing method and traditional inkjet

printing. Quantitatively, the dual nozzle samples produced slightly less heat than the single

nozzle samples, but still operated within acceptable ranges. By utilizing two part reactive

printing, materials can be mixed and stored as inert components which improves safety and

shelf stability. In addition, the separation allows for ink tuning based on one key component

rather than a mixture of constituents, as required with conventional inkjet printing. This

method opens the door for integrated deposition and mixing techniques for delivering precise
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Figure 3.7. (a) An STEM image of a single nozzle sample; (b) an STEM image
of a double nozzle sample; (c) and (d) the EDX mapping results collected from
a portion of subfigures (a) and (b) respectively. Note that red, blue, and green
areas denote the presence of copper, aluminum, and oxygen respectively.
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quantities of energetic material without the added safety concern of handling energetic ma-

terial prior to deposition. It can also be easily translated to other multi-component materials

that are incompatible with traditional inkjet printing.

The work presented herein provides a proof of concept for the use of reactive inkjet

printing as a means to fabricate nanothermite samples. However, there are many avenues to

still explore in this area of interest. For instance, there is a need to develop a technique for

the bulk characterization of the samples in future work. It is acknowledged by the authors

that the SEM imaging of a small component of a sample is not sufficient to definitively

represent the bulk properties of the printed materials due to the significant size discrepancy.

In addition, the deposition feature size is an avenue of future exploration, particularly as

to how it relates to the overall energetic performance of the material. This initial proof of

concept and testing provide ground work for the future development of this technique as it

applies to energetic materials.
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4. PIEZOELECTRIC INKJET PRINTED METALLIC IGNITERS

The following chapter is reprinted, in part, from A. K. Murray et al. “Piezoelectric Inkjet

Printed Metallic Igniters”, which appeared in the Journal of Imaging Science and Technology

[81]. A subset of this work was also reported in W. A. Novotny “Inkjet Printing of Metallic

Initiators” [83].

4.1 Introduction

Initiators and igniters are used in a wide variety of applications in both the civilian and

military sectors. These applications include airbag triggering systems [31, 32], micropropul-

sion systems for microsatellites [33], and military ordnance [34, 35]. Two such igniters are

spark gaps and bridge wires. Spark gaps consist of two electrodes that are separated by a

small distance, typically a fraction of a millimeter to a few millimeters. A high voltage, but

relatively low current, is passed across these two electrodes resulting in an electrical break-

down spark-over. This ignites a relatively sensitive component of the energetic material and

subsequently relies on propagation for the remainder of the material to ignite [35, 38, 39].

Bridge wires, on the other hand, consist of a thin wire that is designed to ignite energetic

material from ohmic heating or wire vaporization [36,37].

The current methods of fabrication for bridge wires and spark gaps are time consuming

and tedious; many devices are fabricated by hand. This study explores the development

of printed igniters that are fabricated using a piezoelectric inkjet printer. This method

has proven to be an easy and efficient means for rapid production, while allowing for a

wide material selection [84–86]. A printed bridge wire or spark gap has the advantages of

automated fabrication, low cost, and device-to-device performance repeatability at scale,

provided certain conditions are met. Additionally, it has been demonstrated that some

energetic materials, when made into a dispersion, can also be utilized in an inkjet printing

system, allowing for rapid system integration [71,87].
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Other methods of printing, such as lithography, flexography, gravure, and screen printing,

rely on repeatedly transferring the ink to the substrate using a previously built master

pattern. Inkjet printing uses the deposition of drops to additively build up a pattern. This

allows the pattern to be changed with each print, which is difficult to realize with other

methods [15].

This work used a flexible polyethylene terephthalate (PET) based substrate that promotes

adhesion between the substrate and ink, which allowed for the deposition of a conductive

trace without the need for thermal curing. Fabrication of the igniters without thermal curing

was ideal to smooth the transition between silver printing and energetic material printing in

the manufacturing process.

The objective of this work was to explore the use of piezoelectric inkjet printing as a

means of rapidly fabricating printed spark gap and bridge wire igniters. The geometric

features of the spark gaps were varied to determine the effect of the gap width on the spark-

over voltage. Similarly, the bridge wire length was varied to investigate the effect of wire

length on break time. Both types of devices were then functionalized with an inkjet-printed

nanothermite to validate their respective performance as an ignition mechanism for energetic

material.

4.2 Experimental Methods

4.2.1 Sample Preparation

The igniters in this work were fabricated with a piezoelectric inkjet printer (MicroFab

MJ-AL-01-80) secured above a dual-axis linear positioning stage (Aerotech Planar DL 200-

XY, 200 mm travel, 0.5 µm accuracy). The stage and nozzle were controlled with an in-house

LabView program that coordinated the firing of the nozzle with the location of the stage.

This resulted in the development of printed geometries using a zigzag printing path built

from bitmap images in which each bit corresponded to 5 drops of silver ink. The samples were

printed on a flexible, mesoporous printing medium (NovaCentrix, IJ-220) with an aqueous

dispersion of silver nanoparticles (NovaCentrix, JS-B25HV, 25 wt% Silver) filtered with a 1

µm filter (Chroma Fil Extra, GF-100/25). This substrate was used due to its polymer coating
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Figure 4.1. Drop formation of the Metalon silver nanoparticle ink at 40 V, 1100
Hz as imaged from a side mounted camera (Edmund Optics, EO-1312 Color)
with telecentric lens (3x, 110 mm WD).

which promotes adhesion. In addition, the wicking ability of the substrate eliminated the

need for thermal curing, as it removed the solvent immediately after printing. The samples

were printed with a firing voltage of 35-55 V and a firing frequency of 1-1.2 kHz. The

voltage, pulsewidth, and firing frequency were tuned until optimal firing settings were found

through sideview imaging, see Figure 4.1, wherein drops with compact tails and limited

satellites droplets was desired. The droplet volume was approximately 90 pL. Samples were

fabricated with a single layer of printed material, approximately 80-100 µm thick as observed

with a 3D Optical Profiler (Zeta Instruments, 10x lens). The stage printed the samples row-

by-row from left to right with a forward speed of 2 mm/s and a reverse speed of 8 mm/s.

After printing, the samples were allowed to cure at room temperature for 24 hr.

Bridge wires, Figure 4.2(a), were printed with three different wire lengths, nominally 1.08

mm, 1.62 mm, and 2.16 mm. Spark gaps, Figure 4.2(b), were fabricated with three different

gap widths: nominally 0.5 mm, 0.85 mm, and 1.7 mm.

Select samples were functionalized with energetic material to test the effectiveness of the

device as an igniter. For the spark gaps, copper (II) oxide nanoparticles (Sigma Aldrich,

50 nm) and aluminum nanoparticles (NovaCentrix, 80 nm, 82% active aluminum) were sus-

pended in dimethylformamide (DMF) with polyvinylpyrrolidone (PVP) to achieve an 8%

solids loading. For the bridge wires, bismuth (III) oxide nanoparticles (Nanophase Tech-

nologies Corporation, 38 nm) and the aluminum nanoparticles were suspended in DMF with

Solsperse to achieve an 8% solids loading. Either mixture was then mixed with an acoustical

mixer (LabRAM) for 16 min. The material was printed with a 500 µm piezoelectrically-
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Figure 4.2. (a) A bridge wire and (b) a 0.85 mm spark gap both printed with a
single layer of an aqueous dispersion of silver on a flexible, mesoporous medium
using a MicroFab piezoelectric inkjet printer. (c) Nanothermite printed on a
spark gap, covering both electrodes, with a BioFluidix piezoelectrically actuated
pipette.

actuated pipette (BioFluidix, PipeJet P9). The material was printed using the aforemen-

tioned dual-axis linear positioning stage such that nanothermite was deposited directly on

the spark gap or bridge wire, see Figure 4.2(c).

4.2.2 Sample Testing

To test the bridge wires, a custom circuit was designed and fabricated to pulse power

through the device. The functional schematic of the circuit is shown in Figure 4.3. [Note that

the decoupling capacitors, integrated circuit (IC) power supply connections, and a trigger

conditioning circuit (two series inverting Schmitt trigger stages) have been omitted from

the figure for clarity]. A function generator (Agilent 33210A) was used to produce a logic-

level (3.3 V logic high, 0 V logic low) pulse with a duration of 10 ms. This voltage pulse

drove a gate driver (Fairchild Semiconductor FAN3180, peak source and sink current of 2.5

A) integrated circuit, which in turn drove the base of a high-current N-channel MOSFET

(International Rectifier IRFR2405). The gate driver was critical for turning the MOSFET

quickly. The output rise time of the MOSFET was measured with an oscilloscope to be

less than 1 µs. The MOSFET had its source connected to ground and a drain connected

to the low side of the test device. The test device was incorporated into the circuit by

sliding the printed contacts into a gap containing spring contacts for the pulse circuit. A
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Figure 4.3. A schematic of the test circuit used for bridge wire characterization.

shunt resistor array (eight 8 Ω resistors in parallel) with a total parallel resistance of 1

Ω was connected in series between the power supply and the device under test. A Texas

Instruments INA169 high-side measurement current shunt monitor IC was connected across

the resistor array, and a 750 Ω load resistor on the current shunt monitor output produced

a measurement gain of 0.75 V/A. Estimated from the manufacturer datasheet, the current

measurement bandwidth at this gain should be higher than 1 MHz. A Texas Instruments

LM7321 operational amplifier served as a unity gain output buffer to the DAQ system. The

power supply could be driven from a minimum input of 5 V to a maximum input voltage of

18 V, due to the power supply being shared between all of the ICs, with the limiting device

being the FAN3180 gate driver.

Four signals were measured simultaneously by an Agilent DS6014A 100 MHz bandwidth

oscilloscope: (i) the function generator pulse signal, (ii) the high-side current shunt monitor

output VI , (iii) the test bridge wire high-side voltage VH , and (iv) the test bridge wire low-side

voltage VL. These channels were all recorded using a single-shot measurement triggered on

the pulse and configured to have a sub-microsecond sampling period, with the voltage ranges

of the individual channels configured to maximize the dynamic range of the signal relative

to the input voltage range without saturating the input. The data was saved as a time series

for each initiation event, and the instantaneous differential device voltage Vd = VH −VL was

computed, as well as the instantaneous current Id = 0.75VI . The instantaneous power was

computed as Pd = VdId and plotted as a time series. The effect of the input power on the
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Figure 4.4. The average power through the 1 mm bridge wire compared to the
failure time.

failure of the bridge wire was determined by varying the input voltage from 7.5 V to 13.75

V in increments of 1.25 V (Power Source: Agilent E3634A).

The spark gaps were tested with a high voltage power supply (Stanford Research Systems,

PS365) with the voltage and current maximums set at 5.2 kV and 50 µA respectively. The

power supply was connected to the samples at the square pads using flat alligator clips. The

power supply was connected to an oscilloscope to monitor the maximum voltage and current

required for spark-over. To test the samples, the voltage output on the power supply was

slowly ramped until spark-over occurred, or the voltage maximum was reached. This test

was repeated for samples of varying gap widths.

4.3 Results

4.3.1 Electrical Characterization

Bridge wires

The voltage, current, and time needed to break a bridge wire for the three lengths tested

are shown in Table 4.1.

The time to failure of the bridge wires with a length of 1 mm is presented in Figure 4.4,

wherein the input power was varied and the corresponding failure time was determined.
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Table 4.1.
The effects of bridge wire length on failure.

Length (mm) 1.08 1.62 2.16

Average Failure
1.63 1.09 1.10

Time (ms)

Failure Range (ms) (0.55, 4.7) (0.79, 2.1) (0.80, 1.4)

Voltage (V) 6.36±0.5 6.68±0.3 6.55±0.2

Current (A) 1.21±0.4 0.97±0.2 1.09±0.1

Resistance (Ω) 5.54±2.8 7.04±1.6 6.01±0.7

Power (W) 7.62±2.0 6.44±1.0 7.16±0.5

Samples 5 7 6
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The resistance of the whole bridge wire circuit was calculated using the obtained current

and voltage data and was found to be between 4.3 and 9.1 Ω. Resistivity, ρ, was found using

ρ = RA/l where the resistance, R, area, A, and length, l, are as reported. The average

resistivity was 26 µΩ·cm. When compared to the bulk resistivity of silver, 1.59 µΩ·cm, this

method does not appear promising. However, upon comparison with other printed silver

electronics, the performance of the samples described herein is acceptable. It has been

reported that printed silver can have resistivities ranging from 12 to 150 µΩ·cm based on the

substrate, thermal curing, and geometric consistencies of the material [88–90]. This work is

on the low end of the reported range, even in the absence of thermal curing, and as such, it

is claimed that the printed performance of these devices is on par with that of other printing

approaches.

Spark gaps

The voltages required for spark-over for all of the spark gaps tested, without deposited

energetic material, are reported in Figure 4.5. 30 of the 31 samples tested successfully sparked

below the 5.2 kV maximum voltage threshold. Previous modeling had been conducted for the

breakdown in air with sub-millimeter electrode gaps [91] and gap widths in the millimeter to

centimeter range [92]. The estimates for breakdown voltages for flat or large radii spherical

electrodes and sharp, needle-like electrodes in air are given by given by V = 3pd + 1.3
√
d

and V = pd + 0.7 respectively, where d represents the gap width (mm), p represents the

atmospheric pressure (atm), and V is the breakdown voltage (kV) [92]. The importance of

the electrode geometry is due to the localization of the energy at the electrode tip. It is

theorized that an electrode with a small point will require a smaller voltage to spark-over

due to the localization of the charge. The validity of these approximations is very sensitive

to the environment in which a spark gap is tested; these effects have been investigated

thoroughly [93]. The expected spark-over voltages for each gap width tested in this work

when modeled as a needle-like or sphere-like electrode are included in Table 4.2.
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Figure 4.5. The voltage required for a spark discharge across the three different
spark gap widths. 30 of 31 samples exhibited a spark-over behavior.

Table 4.2.
The estimated breakdown voltage for three spark gap widths in air for needle- and
sphere-like electrodes. The approximations begin to break down for gap widths
below 1 mm because gaseous and surface discharge begin to play a role [92].

Gap Width Needle-like Sphere-like

Electrodes Electrodes

0.5 mm 1.2 kV 2.42 kV

0.85 mm 1.55 kV 3.75 kV

1.7 mm 2.4 kV 6.79 kV
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Figure 4.6. High-speed video schlieren images of the ignition of aluminum and
bismuth (III) oxide nanothermite obtained with a printed igniter excited at 13.75
V using the test circuit detailed in Figure 4.3. The observed failure time was 70
µs.

4.3.2 Igniter Testing with Energetic Material

To demonstrate the effectiveness of the bridge wires as igniters for energetic material,

samples with a 1 mm bridge wire length were functionalized with printed nanothermite: alu-

minum bismuth (III) oxide. The ignition was captured with a high-speed camera (Phantom

v7.0, 20,000 fps), as seen in Figure 4.6. The input voltage for these tests was set to 13.75 V,

which is the highest voltage tested. Successful ignition of the nanothermite was observed.

Due to the support system and the flexible nature of the substrate, the ignition caused the

observed bending of the substrate.

The spark gaps were subsequently tested with deposited nanothermite, in this case,

aluminum copper (II) oxide. The nanothermite ignited for 7 of 10 samples tested with

the current and voltage limits at 75 µA and 5.2 kV respectively. Figure 4.7 demonstrates

the ignition of the deposited energetic material with the printed spark gap. In Figure 4.7(b),

the spark jumps over the energetic material between the two electrodes. In the second high

speed video frame, Figure 4.7(c), the printed energetic ignites at the two nodes of the spark

gap. The final frame, Figure 4.7(d), shows a single flame from the union of the two initial

ignition points.
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(a) (b) (c) (d)

Figure 4.7. (a) Unreacted nanothermite printed on a spark gap. (b)-(d) High-
speed video images of the ignition of the printed nanothermite with a printed
spark gap.
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4.4 Discussion

The manufacturing technique described in this work has provided a solution to fabricate

metallic initiators on flexible substrates. They can be directly functionalized with energetic

material due to the lack of thermal curing required in the fabrication process. This offers

inherent benefits when compared to the traditional inkjet printing of metals, which requires

high temperature sintering. As such, both the spark gaps and bridge wires fabricated in this

manner can be part of a fully printed solution with deposited energetic material to rapidly

fabricate precise igniters.

For the spark gaps, it was found that the width of the gap is a critical design factor due

to its correlation with spark-over voltage. In addition, the shape of the printed electrode is

critical for accurately predicting the spark-over voltage; the voltage needed decreases with

the sharpness of the electrode point. Arguably, the variability of the voltage data for a

single gap width in this work can be attributed, in part, to the slight variations in the

printed electrode shape.

On the other hand, the key criterion for the bridge wires was the consistency of the

deposited material to produce low resistance devices. The resistance of the device was highly

correlated to the precision of the geometric features and sufficient solvent evaporation. Due

to the nature of the inkjet process, there was wide variability in the resistance of the various

bridge wires, and thus the power required for failure. The manufacturing defects can be

worked around if the voltage delivered by the power source in these devices is higher than

the expected threshold of the lower quality bridge wires produced. Further work fine tuning

the fabrication process and defining a narrower input power range is critical before the bridge

wires can be reliably implemented.

The spark gaps developed were effective mechanisms for the ignition of energetic material.

The limitation to these mechanisms, however, was the miniaturization of the high voltage

power source and the environment’s influence on breakdown voltage. Overcoming these

obstacles with efficient packaging could prove nontrivial. However, in applications where

space or power are not limiting factors, these devices would be advantageous.
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When compared to each other, spark gaps and bridge wires offer complementary but

unique benefits. Both devices can be fabricated relatively quickly with high precision through

the use of inkjet printing. As such, they can be functionalized directly with energetic material

in the fabrication process. Bridge wires require low voltages, and as such, can be easily

miniaturized. However, the spark gaps’ large voltage requirement could make packaging the

device non-trivial. The uniqueness of these igniters ultimately lie in the energetic material

that they can be implemented with. Bridge wires work better with an energetic material

that is shock or heat sensitive, while spark gaps are more effective with energetic materials

that are sensitive to electrostatic discharge.

Both spark gaps and bridge wires were successful in igniting energetic material. They can

be developed into fully printed igniters, however, there is more work to be done with regard

to their reliability. In addition, it is imperative that the sensitivity to accidental ignition be

studied with these devices before their true feasibility can be assessed.

4.5 Conclusions

In this work spark gaps and bridge wires were fabricated with inkjet printing as a means

to develop ignition systems for energetic material. The spark gaps offer an effective ignition

mechanism for energetic material that is sensitive to electrostatic discharge. It is acknowl-

edged that fine tuning the performance of the system would be essential for implementation

and enhancing the reliability. On the other hand, the bridge wires tested here proved to

be most sensitive to the power input. A correlation between input power and failure time

for the bridge wires was developed. The devices in this study have proven effective for the

ignition of nanothermite. The work described herein is intended as a demonstration of the

fabrication process and a comparison of the ignition mechanisms. The repeatability of a sin-

gle device was not investigated because both the spark gaps and bridge wires were designed

to be single use igniters. However, future studies on reliability and manufacturing controls

are required.
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5. RESONANT MASS SENSORS FOR THE DETECTION OF TRAUMATIC BRAIN

INJURY BIOMARKERS

The following chapter is reprinted, in part, from M. Wadas et al. “Detection of Traumatic

Brain Injury Protein Biomarkers with Resonant Microsystems,” which appeared in IEEE

Sensors Letters [94].

5.1 Introduction

Piezoelectrically transduced resonant microsystems have recently emerged as a promising

medical diagnostic tool. Their high sensitivities make them excellent candidates for the mass-

based detection of the biomarkers associated with certain diseases and medical conditions

[40–43]. The mechanism for detection of the current work relies on the relationship between

the mass and resonant frequency of a lumped-mass system,

ω2 =
K

m
(5.1)

where ω is the resonant frequency, K is the effective spring constant, and m is the effect

mass associated with the vibration mode of interest. The mass added to the resonator as a

result of the adsorption of a biomarker, ∆m, can then be approximated as

∆m = K

(
1

ω2
1

− 1

ω2
2

)
(5.2)

where ω1 and ω2 are the resonant frequencies of the resonator before and after the adsorption

of the biomarker, respectively. This relationship implies that a change in the mass on the

surface of a resonator caused by the binding of a biomarker will induce a resonant frequency

shift. Furthermore, the sensitivity of the resonator increases as the resonant frequency

increases, making high-frequency resonators excellent candidates for biomarker detection. If

the surface of such a resonator can be functionalized to allow for the specific adsorption of

a biomarker of interest, the binding of that biomarker will cause a change in mass that is
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detectable via frequency response analysis. This technique was employed by Fischer et al.

in 2008 to detect the presence of streptavidin [95], by Varshney et al. in the same year to

detect prion proteins [96], and by Hanay et al. in 2012 to demonstrate single-molecule mass

spectrometry in real time [97]. Additional examples of prior work can be found in reviews

by Chen [40] and Ziegler [41].

While the most dependable methods of identifying biomarkers rely on immunoassay tech-

niques like the popular enzyme-linked immunosorbent assay (ELISA) test, these methods

are cumbersome and involve multiple, time-consuming steps that severely limit their utility

for on-site diagnosis [98]. Specifically, ELISA tests require sample, detector antibody, and

labeling reagent incubation processes and multiple washing steps that require anywhere from

3 to 8 hr. Mechanical, label-free sensing techniques therefore have a unique niche because

they provide portable, high-sensitivity sensing in a fraction of the time [40].

The biomarker of interest for the current work is s100β, a protein closely associated

with Traumatic Brain Injury (TBI). The concentrations of s100β in the cerebrospinal fluid

of TBI victims immediately after injury typically increase from several ng/ml to several

hundreds of ng/ml, making it a promising diagnostic biomarker for TBI [99]. This research

leverages recent advancements in mechanical, label-free sensing procedures to demonstrate

the successful detection of s100β utilizing a simple, yet powerful, sensor functionalization

technique. The work contributes to the aforementioned advancements in label-free sensing

and the development of medical tools for TBI diagnosis. The following sections include

a description of the methods followed to functionalize the resonators, a description of the

experimental procedure, a presentation of results, and a discussion of key implications, areas

for improvement, and conclusions.

5.2 Methods

Plate-style, 16 MHz quartz crystal resonators (Kyocera Corp., CX3225) act as the sensors.

A single resonator measures 3.20 mm by 2.50 mm and can be seen in Figure 5.1(a). Each

sensor was integrated with a circuit that enables its frequency response characterization via

an HF2LI Lock-In Amplifier (Zurich Instruments). The characterization was achieved with
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Figure 5.1. (left) A close up view of a 16 MHz plate-style resonator prior to
functionalization. (right) The same resonator after functionalization.

1 Hz resolution over a 300 Hz frequency range containing the sensor’s resonant frequency.

From the frequency response, the peak frequency was taken to be the frequency that yields

the highest magnitude output. Any shift in the peak frequency was assumed to be equivalent

to a corresponding shift in the resonant frequency, an approximation supported by the high

Q-factor of the resonators. A shift in the peak frequency therefore indicated an increase in

mass on the surface of the resonator, thus enabling the detection of s100β.

To functionalize the sensors, polystyrene and anti-s100β (Abcam, 100µL) were sus-

pended in dimethylformamide (DMF) to create a solution of 1.3 mg/mL polystyrene and

0.106 mg/mL anti-s100β in DMF. A piezoelectrically actuated pipette system (BioFluidix)

was used to deposit 5.0 nL of this solution onto each sensor, as shown in Figure 5.2. A close

up view of a sensor after the solution was deposited is shown in Figure 5.1(b).

The DMF was subsequently allowed to evaporate over a period of approximately 3 hr.

This resulted in functionalized sensors with a polystyrene/anti-s100β coating that allowed

for the adsorption of s100β. Polystyrene was chosen as a coating due to its relatively low

damping on the frequency response of the resonators as compared to other polymers [100].

Anti-s100β was chosen to functionalize the sensors because of its high degree of specificity

and affinity for s100β [101]. DMF was chosen as the solvent because of its high evaporation

rate and its ability to dissolve polystyrene without denaturing anti-s100β.

Confocal imaging was performed to confirm that the surface of the functionalized sen-

sors would promote the adsorption of s100β. A functionalized sensor was exposed via mi-

cropipette to a solution of phosphate buffered saline (PBS) (Abcam) and a fluorescent con-

jugation of s100β containing a dye known as Alexa Fluor R© (Abcam, 100 µL). The exposed
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Figure 5.2. The piezoelectrically actuated pipette system. A 200µm diameter
nozzle was used to deposit 5.0 nL of anti-s100β and polystyrene in DMF onto the
surface of each sensor.
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resonator was subsequently imaged with a confocal microscope to confirm the success of the

functionalization. A 20X air lens was used with a pinhole size of 18.01 AU, a laser intensity

of 2 %, a gain of 750, and a 1.58µs pixel dwell time. The fluorescent images taken con-

firmed the adsorption of the Alexa Fluor R© onto the surface of the resonator, validating the

functionalization technique.

Forty seven sensors were functionalized as described. After functionalization, the fre-

quency response of each sensor was obtained using the aforementioned experimental setup.

An experimental group of 28 sensors was then exposed to 5.0 nL of a 19.6 µg/mL solution

of s100β (Abcam, 500µg) in PBS deposited directly onto the surface of the sensor using

the piezoelectrically actuated pipette system. A control group of 19 separate sensors was

exposed to 5.0 nL of PBS in the same manner. All of the sensors were subsequently rinsed

with 5.0 nL of deionized water deposited onto each resonator again using the piezoelectrically

actuated pipette system. After drying over a period of approximately 3 hr, the frequency

response of each sensor was again obtained.

5.3 Results

The variable of interest in the experiment is the relative shift in resonant frequency

between the experimental group and the control group. An example of this shift is shown in

Figure 5.3.

The resonant frequency shift of the sensor represented in Figure 5.3 after exposure to

s100β was 23,244 Hz. The resonant frequency shifts of all of the sensors tested are presented

in Figure 5.4.

The average frequency shift among the 28 resonators in the experimental group was

13,704 Hz with a standard deviation of 6,259 Hz. The average frequency shift among the

19 resonators in the control group was 1,504 Hz with a standard deviation of 11,431 Hz.

Therefore, the average difference in the frequency shift between the experimental and control

groups was 12,200 Hz.

A one-sided, two-sample t-test was performed challenging the null hypothesis that the

frequency shift experienced by the experimental group is equal to the frequency shift of the
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Figure 5.3. The frequency response of a 16 MHz resonator driven by a 200 mV
amplitude signal both before and after exposure to a solution of PBS containing
s100β. The shift of the resonant frequency is caused by the adsorption of s100β
onto the sensor’s surface.

Figure 5.4. The resulting frequency shifts of the 28 sensors in the experimental
group that were exposed to PBS and s100β and the 19 sensors in the control
group that were exposed to PBS only.
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control group. The alternative hypothesis states that the average frequency shift experienced

by the sensors in the experimental group is greater than the average frequency shift of the

sensors in the control group. A small significance level of α = 0.001 was chosen in order

to minimize the risk of a Type I error. The resulting probability value was p = 0.000012.

Therefore the null hypothesis was rejected and the experiment provides strong statistical

evidence of the successful detection of s100β.

The total amount of s100β deposited onto the sensors in the experimental group, de-

termined by multiplying the concentration of s100β in the exposure solution by the volume

deposited, was approximately 98 pg. This corresponds to an overall sensor sensitivity of

124.49 Hz/pg. This is theoretically sufficient to enable the detection of s100β in victims of

TBI, who typically have s100β concentrations on the order of hundreds of ng/ml in their

cerebrospinal fluid [99].

5.4 Discussion

On average, the sensors exposed to s100β experienced a resonant frequency shift 12,200

Hz greater than the sensors exposed to PBS only. The experiment thus provides strong

evidence that s100β was successfully detected (p = 0.000012). It should be noted, however,

that despite the statistical significance, there was still a large amount of overlap between the

two groups of sensors. This overlap can be explained by a number of factors including the

variation in the nominal resonant frequency of the resonators, the variation in the volume of

the solution deposited onto the sensors during the functionalization procedure and the s100β

exposure procedure, and the spatially dependent mass sensitivity of the resonators. This

limits the ability of a single sensor to provide conclusive evidence of the successful detection

of the biomarker. As in this experiment, an array of sensors can be used to generate sample

statistics to provide conclusive results.

The detection of biomarkers in their native biological fluids is of interest among the

research community. This endeavor is complicated by the damping effect of the fluid on the

frequency response of the resonators. This obstacle was circumvented in this experiment

by allowing the sensors to dry after exposure and rinsing. While sensing in fluids may be
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necessary to enable continuous health monitoring applications, the dry sensing techniques

utilized in this experiment may be more advantageous for single-use, portable diagnostic

applications, akin to the on-site diagnosis of TBI. While the sensors were allowed to dry for

approximately 3 hr, prior work not included in this report indicates that a minimum drying

time of only 20 min was required.

Another advantage offered by the technique presented is the small volume of fluid (5.0 nL)

required for deposition onto the sensors. This is particularly beneficial for TBI diagnosis

given the medical difficulties associated with lumbar puncture, otherwise known as a spinal

tap, and collecting large amounts of cerebrospinal fluid [102].

It should be noted that an issue was encountered involving a loss of the polystyrene and

anti-s100β functional coating on the surface of several sensors in both the experimental and

control groups during the rinsing step. This caused an increase in the resonant frequency

of those sensors due to the lost mass associated to the coating. The statistical effect of this

functional coating loss was reduced in this experiment through the use of multiple sensors and

by tracking the relative difference in resonant frequency shift of both groups as the variable

of interest. This functional coating loss may have also had an effect on the measured Q

factors of the resonators. The average measured Q factors for the native, functionalized,

and s100β-exposed resonators were 79,182, 18,786, and 21,248, respectively. The decrease

in average Q factor between the native and functionalized resonators is explained by the

increased damping from the functional coating. The additional mass of the s100β should

further decrease the Q factor between the functionalized and s100β-exposed sensors, but a

slight increase was observed instead. Further improvements could be made by incorporating

a method for ensuring the strong adherence of the polystyrene/anti-s100β coating to the

surface of the sensor, such as surface etching the resonator prior to functionalization. This

technique was utilized by Fischer et al. to create nanostructures on the surface of silicon

resonators to facilitate the binding of a polymer/biotin functional coating used to detect

streptavidin [95].

Finally, the resonator functionalization was at times limited due to the high wetting of

DMF on quartz, a non-porous substrate. This sometimes caused the coating solution to

spread out past the edge of the resonator. When this happened, binding sites for the s100β
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may have been lost, as not all of the anti-s100β settled onto the piezoelectrically active area

of the resonator. This may also partially explain the large variance of the experimental

data, as some of the sensors may have randomly had a greater potential to bind s100β than

others. While the statistical effect of this issue was minimized through the use of a large

number of resonators (47 total), future experiments may utilize gold-plated resonators, which

cause the coating solution to bead onto the surface rather than spread, or a solvent with a

greater surface tension than DMF. This would prevent the coating solution from escaping

the boundaries of the piezoelectrically active area of the resonator.

5.5 Conclusions

A novel functionalization technique utilizing a piezoelectrically actuated pipette system to

deposit a functional coating solution of polystyrene and anti-s100β in DMF onto the surface

of piezoelectric resonators was presented. An experiment was then performed with the

functionalized sensors attempting to detect the presence of s100β, a protein biomarker used

for diagnosing TBI. Statistical analysis of the experimental results yielded strong evidence

of the successful detection of s100β with sensitivities that theoretically enable the diagnosis

of TBI. The detection of s100β and the feasibility of rapid TBI diagnostics via mechanical

resonators have thus been demonstrated. The novelties of this technique include the small

biological sample volume required, the decreased assay time, and the improved portability

compared to conventional methods.
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6. ADDRESSING THE PREDICTIVE CAPABILITIES OF VOLATILE ORGANIC

COMPOUND SENSORS

6.1 Introduction

As society spends more time indoors, the exposure to volatile organic compounds (VOCs)

released by building materials, coatings, colorants, and amongst other common sources be-

comes more prevalent. VOCs are chemicals with high vapor pressures at room temperature

and are often detrimental to human health [103]. As regulations and safety concerns increase,

the need for reliable, sensitive, and selective VOC sensors is pressing. Lab-based sensing ad-

vancements have shown promise for VOC detection [52,53,55]. However, most of these tech-

nologies struggle to span the valley of death associated with transforming research successes

to market-ready products. A major factor in this lack of technology transfer is the difference

between bench-top detection claims and predictions of species concentrations in realistic en-

vironments. Extensive work has been done to develop portable VOC sensors with detection

limits in the low parts-per-million to hundreds of parts-per-billion range [55,104,105]. How-

ever, there has been comparatively little work extrapolating the concentration of a specific

analyte directly from the sensor’s voltage or frequency output [52, 53]. For practical imple-

mentation, sensing platforms should be designed to maximize predictive capabilities without

compromising detection limits [56–58].

There has been extensive research on metal-oxide chemiresistive VOC sensors with parts-

per-million sensitivity [104]. These resistive sensors require high operational temperatures,

and thus appreciable power budgets. This results in cumbersome and/or costly sensor inte-

gration. Additionally, reviews of the subject have concluded there exists a need for a more

selective, not just sensitive, approach when identifying specific analytes of interest [104].

Electronic-nose arrays are capable of identifying analytes through large data set processing,

but require an appreciable number of sensors to gain information [54, 106]. Furthermore,

these sensor networks typically lack quantitative information regarding analyte concentra-
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tion and are unable to identify individual chemical gas components [54, 55]. To practically

implement selective VOC sensors, low-cost platforms with reliable predictive capabilities are

needed.

This work utilized a multi-channel oscillator-based sensing array with a frequency count-

ing algorithm to address the aforementioned limitations in current sensing capabilities. Os-

cillators have previously been used as the sensing element in mass detection across various

applications to achieve sensitive detection at a low cost [47–50]. In this work, a field pro-

grammable gate array (FPGA) based frequency counter was used to simultaneously monitor

of 16 sensing channels in parallel. Previous work has leveraged frequency counting to monitor

the oscillation frequency of mass sensors [107]. Similarly, shifts in the resonance frequency

of MEMS resonators and quartz crystal microbalances (QCM) have been quantified using

frequency counting for the detection of VOCs in power-efficient devices [108,109].

The oscillators in this work were functionalized via inkjet printing for tailored manufac-

turing. This allowed for the deposition of multiple materials across a single sensing array.

This manufacturing approach has been used with appreciable success in prior work to pre-

cisely deposit a functional chemistry onto the sensing element [10–12, 14, 108]. Through

inkjet printing, the amount of functional chemistry and the area of functionalization can be

tuned to enable high sensitivity without compromising the nature of oscillation by adding

too much mass or damping.

By leveraging 16 parallel channels with redundant elements, simultaneous data collec-

tion, and 1 s temporal resolution, a non-trivial amount of frequency shift and concentration

level data was collected. This approach facilitated the development of a preliminary linear

regression model of ambient air concentration with multiple analyte selectivity. The sensing

array demonstrated herein can provide a first step towards predicting resonant mass detec-

tion limits based off of large data sets. This work also helps assist laboratory sensors in the

translation into practical field implementation with similar performance.
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Figure 6.1. A Pierce oscillator circuit with the oscillator (red) and a series of
inverters (green) depicted along with the resonator board and instrumentation
board offset to show electrical connections.

6.2 Materials and Methods

6.2.1 Sensor Design and Fabrication

A sensor array of 16 Pierce oscillators (see Figure 6.1) was fabricated for this work.

Each oscillator consisted of an inverter, two load capacitors, C1 = 22 pF and C2 = 22

pF, one feedback resistor, R1 = 2 MΩ, one isolation resistor, R2 = 510 Ω, and a 16 MHz

quartz crystal resonator (Kyocera Corp., CX3225), CL = 12 pF. The crystal oscillator driver,

COD (Texas Instruments, SN74LVC1GX04), provided the circuit with the Pierce oscillator

inverter, as well as three additional inverters which converted the oscillator output signal

to a square wave. The hardware implementation of the oscillator circuit resulted in two

printed circuit boards: a board with solely an array of resonators and an instrumentation

board containing the remaining elements of the oscillator circuit (see Figure 6.1). The

resonator board was secured to the instrumentation board such that spring connection pins

provided the necessary electrical coupling to place the resonator within the oscillator circuit.

Given this, the resonator boards could be interchanged quickly and without incurring high

component costs. The instrumentation board also served as the bottom of the 9.5 cm

diameter test chamber.
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Figure 6.2. A graphical representation of the frequency counting method to ac-
cept 16 oscillator outputs and compute the corresponding oscillation frequencies
every second with 1 Hz resolution

A frequency counter was implemented to monitor the oscillation frequency of each device

in parallel, a schematic of which is shown in Figure 6.2. The instances of the rising edge

of the oscillator output voltage were counted. The number of rising edges per second was

reported as the oscillation frequency. Because this method required multiple analyses for

each cycle of the input signal, the frequency counter loop needed to run significantly faster

than 16 MHz, the nominal oscillation frequency of the devices. To achieve the computational

speeds required, the frequency counter was synthesized and executed on an NI myRio field-

programmable gate array (FPGA) with a 120 MHz internal clock. The FPGA allowed for

parallel computing on all 16 channels.

6.2.2 Sensor Functionalization

A BioFluidix PipeJet P9 piezoelectrically actuated pipette with a 200 µm nozzle was used

to deposit 5 nL of a functional ink onto each quartz resonator. A machine vision and spa-

tial registration system was implemented with a high-precision linear axis stage (AeroTech
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(a) (b)

Figure 6.3. Representative view of a resonator (a) before and (b) after func-
tionalization. Note the center of the resonator is coated with a thin film of
poly(4-vinylpyridine).

Table 6.1.
Functional chemistries inkjet printed on the resonators at 5 nL per device. All
of the solvents and polymer were sourced from Sigma Aldrich.

Solvent Polymer Concentration (mg/mL)

Toluene Polymethylmethacrylate 1

Toluene Polystyrene 0.3

Ethanol Poly(4-vinylpyridine) 1

PlanarDL-200-XY) to deposit the material at the center of the device to maximize sensitiv-

ity [14]. A representative image of a resonator before and after functionalization is shown in

Figure 6.3. The three polymers detailed in Table 6.1 were chosen as the solutes in this work

due to their previously demonstrated sensitivities to volatile organic compounds [110]. The

inks were randomly assigned to resonator locations and additional resonators were left un-

functionalized to serve as temperature and humidity references. After functionalization, the

resonator board was stored under vacuum for a minimum of 24 hr to remove any remaining

solvent.
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Figure 6.4. Schematic representation of the experimental apparatus used for
oscillator-based VOC sensing.

6.2.3 Sensor Testing

Immediately prior to testing, the resonator board was secured to the instrumentation

board and the chamber was sealed. The chamber was secured with an inline flow distribution

system (see Figure 6.4) to achieve the desired concentrations of the analytes. Nitrogen was

connected to three mass flow controllers (MFCs) in parallel. Two of the MFCs (MKS 1480A,

40 ccm) were connected to bubblers (Chemglass, AF-0085) with either 10 mL of methanol

or toluene. The other line (MKS 1179A, 500 ccm) remained a pure nitrogen source. The

three inlets were connected to a manifold, the output of which was connected directly to the

chamber inlet.

The chamber was flushed with pure nitrogen at 150 ccm to create an inert environment,

which was used as the baseline for experimentation. Subsequently, the analyte gas was

injected into the chamber to achieve the desired concentrations. Concurrently, the oscillation

frequencies were recorded every second.
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6.3 Results

An array of 16 oscillators was fabricated such that four resonators were left unfunction-

alized and three sets of four resonators were functionalized with 5 nL of an ink from Table

6.1. The oscillation frequency recorded as a function of time for each set of devices is shown

in Figure 6.5. The data is presented as a shift from the initial oscillation frequency. The

stacked color bars represent the makeup of the gas flowing into the chamber at 150 ccm with

yellow and purple indicating the concentration of methanol and toluene, respectively. To

show the resolution achieved with this approach, a 30 min data subset of a single channel

reported in Figure 6.5 is presented in Figure 6.6.

A linear regression model relating frequency shifts and analyte concentration was created.

The frequency shift for each oscillator during every analyte exposure event was recorded as

the difference in frequency of the oscillator 3 min before and 15 min after the analyte pulse

was initiated. Shifts due to methanol and toluene concentrations ranging from 4000 to 14000

ppm were used as a training data set. The set was divided into n = 4 subsets according to

the functional ink. A linear-regression model of the form:

δΩ1 = a1,0 + a1,1M + a1,2T

...

δΩn = an,0 + an,1M + an,2T

was developed, where δΩi is the frequency shift of an oscillator functionalized with the ith ink,

M is the concentration of methanol (ppm), and T is the concentration of toluene (ppm). Ad-

ditional model terms that were not included due to a lack of predictive significance included

resonator location; resonator number; concentration cross terms (e.g., M ∗ T ); higher-order

concentration terms (e.g., M2); and functional material’s position on the resonator. The

effect of the aforementioned terms was determined to be negligible through an ANOVA test.

The training data set produced four regression equations, a unique equation for each ink in

Table 6.1 and an equation for the reference channels. The regression coefficients and the

coefficients of determination (R2) for these four models are presented in Table 6.2.

A new experimental data set with analyte exposure limits within the same range as the

training data set was used to test the model. The frequency shifts of the 16 devices were
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Figure 6.5. The oscillation frequencies of 16 oscillators reported as shifts from
the initial frequencies. The devices in (a) were left unfunctionalized as a reference
channel and the remaining were functionalized with (b) 1 mg/mL of polymethyl-
methacrylate in toluene, (c) 0.3 mg/mL of polystyrene in toluene, and (d) 1
mg/mL of poly(4-vinylpyridine) in ethanol. The stacked color bars represent a
makeup of the inlet gas at 150 ccm where yellow and purple indicate the methanol
and toluene concentrations, respectively.
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Figure 6.6. A subset of a single channel presented in Figure 6.5 to demonstrate
the resolution achievable with the presented sensing method. This device was
functionalized with polymethylmethacrylate.

Table 6.2.
Linear regression coefficients and coefficients of determination for each ink group-
ing where PMMA is polymethylmethacrylate and P4VP is poly(4-vinylpyridine).

Material Intercept Methanol Toluene R2

an,0 an,1 an,2

(Hz) (Hz/ppm) (Hz/ppm)

Reference 1.5 −0.4 · 10−4 −1.7 · 10−3 0.98

PMMA 0.3 −7.2 · 10−4 −3.7 · 10−3 0.48

Polystyrene 2.3 −5.2 · 10−4 −2.9 · 10−3 0.75

P4VP 0.2 −13 · 10−4 −2.5 · 10−3 0.87
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Figure 6.7. The actual concentration of methanol (blue) and toluene (red)
plotted against the predicted analyte concentration. An ideal fit would follow
the black line.

known and the methanol and toluene concentrations for each pulse were predicted. Due to

the over-constrained nature of the data set (i.e. 16 known shifts but only 2 unknown concen-

trations) a generalized inverse, or least squares, approach was used to invert the coefficient

matrix and solve for M and T . To show the accuracy of the model, the experimental con-

centration was plotted against the predicted concentration in Figure 6.7 with the black line

indicating an ideal fit. The methanol and toluene concentrations were predicted with an R2

of 0.81 and 0.99, respectively. The residuals of the methanol and toluene model are shown in

Figure 6.8. These preliminary results suggest a first-step at using redundant training data

to predict the analyte concentration based on frequency shifts of functionalized resonators.

6.4 Discussion and Conclusions

It can be seen from Figure 6.5 that the time response of 16 oscillators can be monitored in

parallel with this method. This approach generated an appreciable amount of data with 16

parallel channels reporting oscillation frequency once per second. This data provided a real-

time picture of the system performance with realistic adsorption and desorption timescales.
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Figure 6.8. The residuals of methanol (blue) and toluene (red) plotted against
the predicted analyte concentration.
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The data in Figure 6.5 includes an initial drift period of 20 min as the system reached an

equilibrium under gas flow and temperature changes. This is of importance as implementa-

tion would require sufficient equilibration time. Additionally, Figure 6.6 demonstrated the

timescale at which adsorption and desorption occurred in this system. All of the shift data

used herein was presented when the system was at steady state, 15 min after the analyte

pulse began. When considering practical implementation, the definition of steady state for

concentration calculations would need to be defined.

In this work, the shift in oscillation frequency due to the addition of nitrogen, methanol,

or toluene is different for each type of functional chemistry. When grouped by the functional

ink, a one-way ANOVA test showed statistically significant differences in oscillation frequency

shifts due to the addition of methanol, toluene, or a mixture there of. The sensitivity in

response to methanol was 2326, 2857, and 833 (ppm/Hz) for PMMA, polystyrene, and P4VP

channels, respectively. The sensitivity in response to toluene was 370, 357, and 370 (ppm/Hz)

for PMMA, polystyrene and P4VP channels, respectively. The nature of this work was not to

develop a more sensitive methanol or toluene sensor but was instead to analyze how predictive

capabilities could improved with existing sensors. The key result of these sensitivities is the

difference in magnitude between the responses to the analytes of interest. This difference is

paramount when identifying candidate functional materials for multi-analyte, multi-channel

sensing platforms. Initial ink screening should include identifying functional materials with

different responses to the analytes of interest.

A key component in creating an effective sensor model lies in the training data and

model terms chosen. Possible additional model terms such as higher order or cross terms,

as detailed in the results section, were included in original versions of the regression model.

However, when tested they were not significant (α = 0.01) predictors of frequency shift due

to concentration changes. By choosing to include fewer terms in the model, the degrees of

freedom increased. This allowed for more confidence in the detection claims.

The nature of this system of linear regression equations resulted in decisions regarding

which equations should be included when performing the generalized inverse to determine

the chamber concentration. It was found that to predict methanol concentrations, the data

from channels functionalized with poly(4-vinylpyridine) was critical. If these channels were
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ignored the R2 for the methanol concentration did not exceed 0.44 in any other combination

of model equations. If that data was used alone, the methanol concentration was predicted

with an R2 of 0.30. However, if that data was used with any of the remaining channels’

information, or pairs thereof, the R2 increased to 0.80-0.84 with the reference channel and

poly(4-vinylpyridine) combination producing the highest R2. This implies that the poly(4-

vinylpyridine) was an effective predictor of methanol concentration but required an additional

channel to assist in discerning the difference between toluene and methanol in the chamber.

This can be seen most clearly from the linear-regression coefficients in Table 6.2. The

methanol coefficient for the poly(4-vinylpyridine) equations is an order of magnitude higher

than that for the other groupings. This distinction is a driving factor in the significant effect

of these channels on predicting the methanol concentration accurately.

When considering the prediction of toluene, any channel type, or combination of channels,

resulted in an R2 greater than or equal to 0.86 with the exception of a model including

only polystyrene and polymethylmethacrylate, the two weakest predictors, which resulted

in an R2 of 0.65. This indicates that the functional chemistries chosen were not selective to

toluene and thus the response of a bare quartz crystal, the reference channel, was just as

significant as the functional channels. This is demonstrated in Table 6.2 in which all of the

toluene coefficients are of the same order of magnitude. This result informs the selection of

functional chemistries. It is critical to implement functional materials that have significant

responses to the analytes of interest and are distinct in their behavior to accurately predict

the concentration of several analytes.

Figure 6.5 shows the oscillation frequency of 16 oscillators over time. Each subfigure

represents a group of four oscillators with the same functional material. Ideally, these four

channels would perform identically. However, it can be seen that the channels have sim-

ilar qualitative trends but have significant quantitative spread in their data. This can be

attributed, in part, to the error in droplet placement during functionalization. It was pre-

viously found that the devices used were most sensitive at their geometric center [14]. The

location of the functional material was included in an iteration of the concentration/shift

model; however, it did not prove to be a significant predictor. As such, the material location

is not the only element that this spread can be attributed to. It is hypothesized that there is
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a non-trivial effect of surface interactions with the various solvents used. Namely, the same

volume of deposited material may spread more or less depending on the surface/ink inter-

actions. Additionally, this spread could result in non-uniform film thickness across devices.

These added effects represent some of the device-to-device differences.

Due to the apparent spread in frequency shifts within an ink group, it is important to

discern if the resonator has a random effect on the shift. To do so, the linear regression

model with four ink groupings was expanded to 16 unique resonator equations. The least

squares approach was then used to invert the equations and predict the methanol and toluene

concentrations based on the same experimental data set. The result did not produce an

improved concentration prediction. As such, it was concluded that the random resonator-

based effects are not as significant as the ink effects. Moving forward, the ink-based groupings

are sufficient to capture behavior with as few model equations as possible.

By implementing an array of oscillators functionalized with inkjet printing, a multi-

channel sensing platform was created. The use of an FPGA-based frequency monitoring

algorithm allowed for oscillation frequency data to be recorded every second and in parallel on

all 16 channels. For practical field implementation, the FPGA approach can be miniaturized

and integrated on chip for a fully deployable solution. The sensing platform and approach

produced a low-cost, scalable sensing array for multiple analyte monitoring once per second.

This allows the system to capture processes with non-trivial time scales. Furthermore, the

redundant elements and multiple functional inks resulted in a linear regression model with

high correlation coefficients, R2 = 0.81 and R2 = 0.99 for toluene and methanol predictions,

respectively. Through the use of least squares analysis, the model was able to be inverted and

experimental shifts could be used to predict analyte concentrations. This step is meaningful

because it brings the technology a step beyond claiming detection through demonstrated

frequency shifts and towards building models to interpret the relationship between these

shifts and possible analyte concentrations. Future sensor developments should keep practical

sensing considerations in mind when developing platforms so the systems can be scalable and

integrate with predictive methods for analyte concentrations.
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7. SELECTIVE DETECTION OF AROMATIC HYDROCARBONS USING PIERCE

OSCILLATOR SENSORS

The work presented herein was a shared effort in which A. K. Murray was responsible for

subsections 7.2.2-7.2.4, and 7.3.2 and J. N. Hodul was responsible for subsections 7.2.1 and

7.3.1. The remainder of Chapter 7 was a shared effort.

7.1 Introduction

While several factors influence public health in interior spaces, a main contributor to long-

term deleterious health effects are volatile organic compounds (VOCs) [111–114]. VOCs,

such as xylene, toluene, and benzene, have been shown to be toxic even at low concen-

trations [59, 60]. As a result, these chemicals have been strictly regulated in many coun-

tries [115]. This regulation and the associated health hazards have created a need for a

variety of VOC sensing platforms [52, 70, 105]. To date VOCs have been primarily de-

tected using photo ionization detectors (PIDs), amperometric detectors, semiconductors (re-

sistive sensors), portable gas chromatographs, electronic noses/sensor arrays, and optical

sensors [61–69]. These sensors though capable of VOC detection lack adequate selectivity,

durability, energy consumption, cost, performance, and/or humidity stability [52,70]. Given

this, there is a need for simple, low-cost, long-lasting, and efficient indoor sensors for the

detection of VOCs that can seamlessly be incorporated into existing buildings for interior

monitoring.

Xylene, specifically, is a toxic, colorless, and sweet smelling volatile aromatic hydrocarbon

which is emitted by building materials, coatings, colorants, adhesives, solvents, and paints

[116, 117]. Xylene has a chemical formula of C6H4(CH3)2 and consists of a six-carbon ring

to which two methyl groups are bound. It exists in three isomeric forms: ortho-, meta-

and para-xylene. Exposure to xylene has been linked to many deleterious health effects

such as nervous system depression (headaches, brain hemorrhages, seizures, and memory
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loss), gastrointestinal tract irritation (vomiting), skin irritation (burns and blistering), and

even death [117–121]. The permissible exposure limit for xylene given by the Occupational

Safety and Health Administration is 100 ppm as an 8 hr time-weighted average (TWA)

[122]. Therefore, it is of critical importance to personal safety in interior monitoring that a

reliable and cost effective sensing platform, specifically tailored to the selectively of xylene,

be integrated into environments where xylene could potentially be present.

Xylene has previously been detected using metal oxide based resistive sensing [123–126].

Though efficient in the selective sensing of xylene, these sensors typically utilize expensive

metals such as tin, cobalt, and nickel [52]. Metal oxides also require manipulation to be more

selective to xylene versus other aromatic hydrocarbons, such as toluene [127]. Additionally,

resistive sensing requires high operational temperatures, > 200◦C, and thus high energy

input [127]. In addition, single ppm detection of p-xylene has been demonstrated with

functionalized quartz crystal microbalances (QCM) [128,129]. These QCMs have also shown

promise when implemented with frequency counting algorithms in the selective detection of

xylene at 2500 ppm [130]. However, QCMs tend to be high cost. Similarly, functionalized

resonators have been widely used for aromatic hydrocarbon detection but lack the sampling

rate needed for vapor-phase detection [131]. Additionally, the practical implementation

of VOC sensors requires redundant sensing channels to adequately achieve the selective

sensing of a specific analyte. As such, there exists a need to develop a low-cost, low-power

sensor array that has ppm level sensitivity with xylene selectivity and single second temporal

resolution.

Previously, hydroxylamine hydrochloride (HHCl) has been used in sensing technology for

the sub ppm detection of formaldehyde, releasing HCl gas upon chemical interaction with

formaldehyde requiring sensor modifications to adapt to the surface chemistry [132]. In this

work, quantitative detection of xylene (100 ppm) using a resonant mass sensor functionalized

with HHCl drop cast on single-walled carbon nanotubes (SWCNTs) was shown. These

sensors demonstrated the reusable and reliable detection of xylene through both adsorption

and desorption pathways. An array of Pierce oscillators implemented with a frequency

counting algorithm resulted in simultaneous monitoring of 16 sensors each with a temporal
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resolution of 1 s and frequency resolution of 1 Hz. This produced a low-cost, low-power,

multi-channel sensing array capable of detecting xylene at 100 ppm.

7.2 Experimental Methods

7.2.1 Material Preparation and Characterization

Raw (HiPCO) SWCNTs, used as received from ChemElectronics Inc. were further puri-

fied by exposure to air at 300 ◦C followed by a concentrated hydrochloric acid (HCl) wash

to remove remaining metal catalysts prior to use following a previously reported proce-

dure [133,134]. HHCl was purchased from Sigma Aldrich, stored under inert conditions, and

used as received.

To characterize the structural integrity of the SWCNTs before and after the addition of

HHCl, a 633 nm He:Ne laser Horiba/Jobin-Yvon LabRAM HR800 confocal microscope Ra-

man Spectrometer setup was implemented. Additionally a Rigaku SmartLab X-ray diffrac-

tometer was utilized.

7.2.2 Sensor Configuration

This work utilized an array of 16 Pierce oscillators, Figure 7.1. Each oscillator con-

sisted of an inverter, two load capacitors, C1 = 22 pF and C2 = 22 pF, one feedback

resistor, R1 = 2 MΩ, one isolation resistor, R2 = 510 Ω, and a quartz crystal resonator

(Kyocera Corp., CX3225), CL = 12 pF. The crystal oscillator driver, COD (Texas Instru-

ments, SN74LVC1GX04), provided the circuit with the Pierce oscillator inverter, as well as

three additional inverters which converted the oscillator output signal to a square wave. A

Field Programmable Gate Array (FPGA) was implemented as a frequency counter to track

the oscillation frequency of each oscillator in parallel. This resulted in 16 parallel frequency

measurements every second with 1 Hz resolution. To improve experimental efficiency, the 16

resonators were isolated on a disposable resonator board. This was mechanically coupled to

an instrumentation board that contained the remaining elements of the oscillator circuitry.
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Figure 7.1. A Pierce oscillator circuit with the oscillator (red) and a series of
inverters (green) depicted along with the resonator board and instrumentation
board offset to show connections.
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7.2.3 Device Functionalization

SWCNTs were functionalized with HHCl via inkjet printing in an adaptation of a previ-

ously reported procedure [132]. The SWCNTs ink was prepared by dispersing SWCNTs in a

tetrahydrofuran (THF) solution at 0.1 mg/mL loading using a probe tip sonicator (QSonica,

LLC). The suspension of SWCNTs in THF was drop cast at 1 µL on the quartz resonator

surface. The devices were left to dry in a vacuum oven at room temperature for a minimum

of 30 min to allow for solvent evaporation. Subsequently, 5 nL of a suspension of HHCl in

methanol, various concentrations, was printed on the resonator surface using a BioFluidix

PipeJet P9 piezoelectrically actuated pipette. After functionalization, the resonator board

was stored under vacuum for a minimum of 24 hr to remove any remaining solvent.

7.2.4 Sensor Testing

Prior to sensor tests, the resonator board was secured to the instrumentation board

and the 9.5 cm diameter chamber was sealed. The chamber was secured with an inline

flow distribution system to achieve the desired concentrations of the analytes, Figure 7.2.

Nitrogen was connected to multiple (n) mass flow controllers (MFC) in parallel. A subset

(n − 1) of the MFCs (MKS 1480A, 40 ccm) were connected to bubblers (Chemglass, AF-

0085) with 10 mL of the analyte of interest in the bubbler. The other line (MKS 1179A, 500

ccm) remained a pure nitrogen source. The source lines were connected to a manifold, the

output of which was connected directly to the chamber inlet.

The chamber was flushed with nitrogen at 500 cm3/min to create an inert environment

as the baseline for experimentation. Subsequently, the analyte gases were injected into the

chamber to achieve the desired concentrations. Simultaneously, the oscillation frequencies

were recorded every second with a 1 Hz resolution using the aforementioned myRio FPGA

and an in-house LabVIEW program.
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Figure 7.2. Experimental setup for gas testing of oscillators for xylene detection.
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Figure 7.3. Schematic illustration of the chemical synthesis functionalization
of the HHCl SWCNTs. A diluted solution of HHCl in methanol ranging from
0.2 mg/mL to 100 mg/mL was drop cast printed onto SWCNTs and then dried
under vacuum prior to device testing.

7.3 Results

7.3.1 Chemical Characterization

SWCNTs were functionalized with HHCl, Figure 7.3, to observe if the dispersion of

SWCNTs was concentration dependent. Additionally, Raman spectroscopy was used to

investigate if the dispersion of the SWCNTs had an impact on the structural integrity of the

SWCNTs. The Raman spectra is shown in Figure 7.4. Additionally, XRDs of the SWCNTs,

SWCNTs after HHCl 1 mg/mL and 100 mg/mL, and HHCl can be observed in Figure 7.5

and Figure 7.6 below.

7.3.2 Sensor Testing

To determine the effect of HHCl concentration on oscillation frequency, a device with 32

MHz resonant elements was created. The 16 Pierce oscillators were divided into 6 groups

to determine the functional chemistry on each device (Table 7.1). Note two resonators were

left unfunctionalized to serve as a reference channels to account for changes in temperature

and humidity. The board was exposed to five 20 min xylene pulses at 100 ppm using the

aforementioned experimental setup (n = 2), see Figure 7.2, with each pulse separated by 20

min of nitrogen. Table 7.1 details the minimum, mean, and maximum frequency shift of each
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Figure 7.4. Raman spectra of SWCNTs before and after the drop casting of the
100 mg/mL HHCl solution. The Raman spectra shows similar peak locations
and peak intensities before and after HHCl indicating that no structural changes
occurred on the surface of the nanotubes.
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Figure 7.5. Comparison XRD of the SWCNTs, SWCNTs after HHCl Treatment
at 1 mg/mL, and HHCl separately. A different XRD pattern for each of the
different samples was observed. Note important peak location at 38.11 for the
SWCNTs after HHCl Treatment at 1 mg/mL.
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Figure 7.6. Comparison XRD of the SWCNTs, SWCNTs after HHCl Treatment
at 100 mg/mL, and HHCl separately. A different XRD pattern for each of the
different samples was observed. Note important peak location at 48.6 for the
SWCNTs after HHCl Treatment at 100 mg/mL.
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Table 7.1.
The minimum, mean, and maximum shift of resonator groups exposed to five
pulses of 100 ppm of xylene. Note that the first group was not functionalized to
account for temperature and humidity changes.

No. of HHCl SWCNTs Min Shift Mean Shift Max Shift

Resonators (mg/mL) (mg/mL) (Hz) (Hz) (Hz)

2 None None 0 6 13

3 25 0.1 2 15 41

3 5 0.1 5 29 100

3 1 0.1 0 29 90

3 0.2 0.1 0 13 24

2 None 0.1 0 9 26

resonator group in response to 100 ppm of xylene. Figure 7.7 is the oscillation frequency

of a single channel from Table 7.1 to demonstrate the repeatable nature of adsorption and

desorption. The yellow bars indicate the concentration of xylene and the blue lines indicate

the oscillation frequency of each device. It should be noted that the device was still reaching

a steady state under test conditions during the first 20 minutes.

To determine the selectivity of the device to analytes similar to xylene, devices were ex-

posed to toluene, xylene, and trimethylbenzene while the oscillation frequency was recorded.

A 16 MHz resonator board was divided into two groups, as detailed in Table 7.2. Note only

10 resonators on the board were used in this test. Figure 7.8 shows the oscillation frequency

of the devices in response to xylene, toluene, and trimethylbenzene. The blue lines indicate

the oscillation frequency and the yellow, purple, and red bars represent the concentration of

xylene, toluene, and trimethylbenzene, respectively, in ppm. Each analyte pulse was 20 min

and was separated by 30 min of nitrogen.
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Figure 7.7. The oscillation frequency of a single resonator functionalized with 0.2
mg/mL of HHCl and 0.1 mg/mL SWCNTs. The blue line indicates oscillation
frequency and the yellow bars indicate the concentration of xylene in the chamber.

Table 7.2.
Functional materials deposited on the resonators for toluene, xylene, and
trimethylbenzene selectivity tests.

Resonators HHCl SWCNTs Figure 7.8

(mg/mL) (mg/mL) Subplot

4 None None (a)

6 1 0.1 (b)
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Figure 7.8. The oscillation frequency of devices exposed to 2000 ppm of either
xylene, toluene, or trimethylbenzene. The blue lines represent the oscillation
frequency of the device while the yellow, purple, and red bars indicate the con-
centration of xylene, toluene, and trimethylbenzene, respectively. The devices
were functionalized as follows: (a) reference channels and (b) 1 mg/mL HHCl
and SWCNTs.
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7.4 Discussion

Pierce oscillators functionalized with SWCNTs and HHCl led to the detection of xylene at

100 ppm. This is the first demonstration of xylene detection using SWCNTs with HHCl. The

repeatable nature of this sensing technique was shown in Figure 7.7. The oscillation frequency

of the device shown had a rapid response to xylene. Additionally, the frequency nominally

returned to its original value after exposure. This adsorption and desorption is critical

when designing sensors for repeatable detection of analytes. To improve the sensitivity of

the devices, 32 MHz resonators were used, as opposed to the 16 MHz resonators of other

tests. This increase in nominal operating frequency resulted in a larger frequency shift due

to added mass improving the sensitivity. However, there were trade-offs to be had with

the improved sensitivity. The noise of the signal greatly increased, as seen in Figure 7.7.

As such, when choosing the resonator for a sensing platform a trade-off must be analyzed

to balance a desire of improved sensitivity or reduced noise, and thus improved selectivity.

Ultimately, the oscillator-based approach which resulted in 1 Hz frequency resolution allowed

for detection at 100 ppm, the TWA exposure limit, with a frequency shift above this noise

floor. Additionally, the oscillation frequency was recorded once a second and thus captured

information about the chamber with meaningful timescales.

It was determined that HHCl selectively disperses SWCNTs onto the resonator sub-

strates which allows for the selective sensing of xylene. This dispersion allows for better

surface coverage of the resonators specifically which allows for the selectivity of xylene ver-

sus other aromatic hydrocarbons. To achieve the maximum sensitivity of the devices the

ideal concentration of deposited HHCl was determined. HHCl concentrations (5 mg/mL and

1 mg/mL) when paired with SWCNTs produced frequency shifts that were larger in magni-

tude than exclusively SWCNTs, as detailed in Table 7.1. It was shown that it is possible to

detect xylene at 100 ppm using a combination of SWCNTs and HHCl; the reference channels

had an average frequency shift of approximately 6 Hz while all other channels had an average

above 12 Hz. The best performing groups, devices with 1 mg/mL and 5 mg/mL HHCl in

methanol, both had average frequency shifts of approximately 29 Hz. The concentration

dependence of HHCl is due to the fact that when the HHCl dissociates in solution, it forms
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positive ions in solution which are attracted to the SWCNT’s surface causing electrostatic

repulsions among nanotubes [135]. The 1 mg/mL and 5 mg/mL HHCl solutions provided

the necessary amount of ions to separate the tubes specifically which selectively fit one hy-

drocarbon over the other. Whereas at high concentrations of HHCl (100 mg/mL) there is

not as high of selective adsorption as detailed in Figure 7.1.

To further expand and test the selectivity of the functional chemistry, devices were tested

with xylene, toluene, and trimethylbenzene. Toluene and trimethylbenzene were of interest

due to their similar aromatic structure to xylene. The average shifts in frequency to 2000

ppm of toluene, xylene, and trimethylbenzene were approximately 35 Hz, 71 Hz, and 206 Hz,

respectively. The shifts in the reference channels for toluene, xylene, and trimethylbenzene

were 2 Hz, 8 Hz, and 10 Hz, respectively. Due to the distinct differences in frequency shift

when compared to the reference channels, it is concluded that the SWCNTs and HHCl

combination produced a significant response to toluene, xylene, and trimethylbenzene. The

difference in shifts due to each analytes resulted in a selective sensing approach. However,

more work must be done to distinguish the analytes at different concentrations. For example,

trimethylbenzene causes nominally three times the shift as xylene at the same concentration.

But if there is three times more xylene than trimethylbenzene they could exhibit the same

response. This risk could be mitigated through redundant channels with unique sensitivities

or additional selective materials that can assist in discerning the unique analytes.

Carbon nanotube sensing of VOCs has been explored from the perspective of chemire-

sistive sensors where carbon nanotube sensors exhibited specific electronic sensing mech-

anisms [136, 137]. Additionally, these sensors require a need for structural integrity and

alignment or other alterations in nanotube ordering to achieve adequate selective sensing

of non-polar VOCs [138, 139]. The structural integrity and alignment of carbon nanotubes

promotes the electronic properties of the carbon nanotubes upon the adsorption of ana-

lytes. On resonant mass sensors, these mechanisms are not necessarily required from an

electronic perspective, but still are important in terms of enhancing the interaction between

carbon nanotube and analyte. Thus, it was necessary to investigate if any structural changes

or alignment alterations of the carbon nanotubes occurred. Therefore, the SWCNTs were

investigated using Raman spectroscopy and XRD to determine if these features in the SWC-
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NTs were occurring. The SWCNTs, when characterized with Raman spectroscopy, did not

show any electronic structural changes. As shown in Figure 7.4, the HHCl drop cast SWC-

NTs showed similar D bands at 1330 cm−1, D′ at 1610 cm−1, and G bands at 1580 cm−1.

This indicates that the SWCNTs before and after functionalization had the same amount

of sp2 defects on the carbon nanotube surface. In other words, the surface structure of

the SWCNTs did not change when in direct contact with HHCl. No chemical or structural

changes occurred on the surface of the SWCNTs. This is an intriguing result because without

disruption of the carbon cage structure and without excessive loss of the aromatic density

of the surface of the SWCNTs, a great basis for modifying nanotubes to work in various

sensor applications is formed [140]. Next, XRD testing was performed on the nanotubes to

determine if there was any alignment of the nanotubes occurring. Alignment of SWCNTs

has been observed through XRD testing previously [141, 142]. When observing the XRD

spectra in Figures 7.5 and 7.6, 2Θ peaks were located at 38.1◦ and 48.6◦ for the SWCNTs

after 1 mg/mL and 100 mg/mL HHCl treatment, respectively. These peaks did not exist

in either the SWCNTs or HHCl samples when they were analyzed separately. These peaks

have been determined to be due to the formation of in-plane spacing effects induced upon

the exposure to HHCl. These in-plane spacing effects determine the distance between layers

in a particular lattice [142]. This means the nanotubes are more spaced from each other at

the 1 mg/mL HHCl treatment than the 100 mg/mL treatment. This means there is likely

a selective concentration dependence between the space between nanotubes and the amount

of HHCl used. This likely explains why the HHCl concentration made a difference in the

sensing ability of xylene and why it was necessary to have the HHCl concentration set at 1

mg/mL and 5 mg/mL when performing these tests.

7.5 Conclusions

This work leveraged SWCNTs functionalized with HHCl for enhanced selective xylene

sensing. This chemistry resulted in a novel, selective xylene adsorption pathway. For practi-

cal VOC monitoring, this approach achieved both meaningful concentration detection limits,

100 ppm, and sensing temporal resolution, 1 s. Through the use of 32 MHz resonators, the
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repeatable detection of xylene at low concentrations was achieved. However, this frequency

improvement resulted in a noise trade-off. As such, 16 MHz resonators were used with a

reduction in noise to show the selective nature of the aromatic hydrocarbon detection by

exhibiting a unique response to xylene, toluene, and trimethylbenzene. As such, sensor

implementation can be tailored to sensitivity or selectivity through the choice of nominal

operating frequency. Additionally, low-cost components and functional materials combined

with additive manufacturing resulted in an efficient, reusable, economical VOC sensor.
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8. CONCLUSIONS

The work presented herein demonstrated a sustained ability to print functional materials

for a wide range of applications. These developments led to improvements in the additive

manufacturing of energetic material. Additionally, metallic igniters fabricated with inkjet

printing have been studied. Inkjet printing was further utilized to functionalize sensors for

the detection of traumatic brain injuries and volatile organic compounds. These sensing plat-

forms were further studied and improved to address various practical limitations of current

sensing platforms.

Chapter 2 provided an extensive review of three printing systems for the deposition of

nanothermite. This work included ink characterization at various solids loadings to deter-

mine the optimized ink formulation for each printing process. Furthermore, it presented

a qualitative evaluation of the presented systems with respect to their ability to achieve

several printing metrics, most importantly high sample throughput and ink solids loading.

Finally, the BioFluidix system, which proved the optimal solution for high solids loading

suspensions, was used to successfully deposit nanothermite and determine how geometric

parameters affect the performance of the energetic material. Utilizing high speed videos

and imaging processing techniques, the propagation speeds of printed nanothermite were

reported. This work has contributed to safely and efficiently printing a wide range of other

energetic materials.

In connection with the nanothermite deposition of Chapter 2, Chapter 3 detailed the

printing of energetic materials through reactive inkjet printing. This work developed a dual-

nozzle technique to separate the components of nanothermite into individual inks, that are

relatively inert, and use drop kinetics to provide sufficient mixing for energetic performance

during the printing process. In doing so, the risks associated with the storage and trans-

portation of the constituent inks was greatly reduced. The reaction performance of the

nanothermite printed with this method was comparable to that of the pre-mixed nanother-

mite. Thermal and STEM images suggested that the samples fabricated with the reactive
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inkjet printing were more evenly mixed than the pre-mixed ink deposited with traditional

inkjet printing.

Inkjet printing has proven to be valuable for the fabrication of metallic igniters, as detailed

in Chapter 4. This work demonstrated the development of two igniters for energetic material,

bridge wires and spark gaps. Both of these igniters were printed using traditional inkjet

printing. The bridge wires were found to be a low-voltage igniter option that could ignite

nanothermite, but proved to be sensitive to repeatability constraints. These were attributed

to the dependence on consistent, and low, resistance values for the bridge wire which were not

reliably achievable with inkjet printing. However, the spark gap igniters developed proved

reliable for electrostatically sensitive energetic material.

Chapter 5 details how inkjet printing could be used with functional chemicals for the

development of resonant mass sensors. This work utilized printing to functionalize resonators

with a protein anti-body such that the resonator would be sensitive to s100β, a protein

typically secreted after a traumatic brain injury. It was shown that this use of inkjet printing

was sufficient to create devices with sensitivities previously unrealizable for detecting this

protein. This approach should be easily transferrable to other sensing applications, biological

or otherwise, in which the receptive chemistries can be made into an ink, and in turn, used

to functionalize sensors.

To expand on the successes of analyte detection using resonators, Chapter 6 detailed

the implementation of Pierce oscillator sensors functionalized with inkjet printing for the

detection of volatile organic compounds. This work leveraged previous additive manufac-

turing successes to functionalize sensors. Through the use of an FPGA controlled frequency

counter, the oscillator-based sensing array recorded the oscillation frequency of 16 parallel

sensors once per second with 1 Hz resolution. This approach resulted in a large dataset that

was used to train a linear regression model. Using least squares, the model was flipped and

a predictive model for analyte concentration based on frequency shifts was deployed. This

approach addressed many of the practical limitations of currents sensors by providing an

array with redundant elements that had predictive capabilities and was selective to multiple

analytes.
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The platform developed in Chapter 6 was implemented for the selective detection of xy-

lene, as detailed in Chapter 7. The repeatable detection of xylene at 100 ppm, the 8-hr TWA

safe exposure limit for humans, was demonstrated by leveraging SWCNTs functionalized

with HHCl. Additionally, these devices were exposed to toluene, xylene, and trimethylben-

zene to investigate the selectivity of the devices. These advancements demonstrate a realistic

application for oscillator-based sensors.

As a whole, this work demonstrated the sustained ability to additively manufacture func-

tional materials. The ground work was laid for depositing energetic material and initiation

devices. Additionally, sensing platforms for volatile organic compounds have been studied.

Future work to expand on this work has begun in several areas. First, there is work studying

new energetic material systems and destruction mechanisms using the techniques pioneered

in this work. These advancements address current and realistic needs of defense customers

while continuing to develop the understanding of inkjet printed energetic materials. Fur-

thermore, the sensing work advanced with these efforts is continuing with the selective and

sensitive detection of several harmful VOCs. These devices are working to improve sensor

platforms and, in turn, human safety. The modeling steps in this work are translatable to

other VOC sensors to push more advanced technology into the field. Ultimately, the work

presented herein addressed many customer needs, laid the ground work for future major

advancements, and addressed current gaps in scientific understanding.
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