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Abstract—Biometric observation using portable and wearable
sensors is transforming health monitoring since patients can now
have their conditions frequently checked outside the hospital
setting. However, modern biosensors mostly use the standard
printed circuit board substrate, which is physically incompatible
with irregular-surface applications. The need for a flexible,
low-cost and high-resolution monitoring device for observing
elderly patient mobility out of hospital settings is the motivation
driving this research. The following paper is a characterization
of an experimental inkjet-printed sensor that circumvents the
problem of rigidity by using a highly flexible substrate while
also benefiting from low fabrication costs, low power usage,
and environmental friendliness. The sensor is a 4 × 4 grid of
Aluminum-doped Zinc Oxide nodes inkjet-printed on paper-based
substrates. The tests performed show nodes are capable of
responding to applied pressures of over 540 PSI. Notably,
they exhibit sensitivity to heat and humidity without shielding
measures, making it more useful for physical therapy. Power usage
of the device is shown to be as low as 5 μW. Silver nanoparticle ink
was chosen as electrical routing between the Zinc Oxide and data
collection scheme. The analog signal is connected through ELVIS
II+ analog pins, where a MATLAB script retrieves and stores the
data for visual analysis. The cost of printing a single pressure
node of this sensor is estimated to be $0.01. These conditions
make it a monetarily attractive pressure sensing and mapping
option for human impact monitoring applications.

Index Terms—biometric sensor, AZO, pressure gauge,
inkjet-printed sensor

I. INTRODUCTION

Pressure sensing is a critical parameter to observe in

healthcare for patients undergoing physical therapy, those with

physically high-risk jobs (e.g. construction workers, sports

players, tower maintenance, etc.), and populations with delicate

health as often seen in the elderly community. Thus, a pressure

sensor that maintains flexibility with a minimal profile is a

desirable technology and the motivation behind this work.

Inkjet-printed sensors is a promising approach due to

ultra-low fabrication/setup costs, environmental friendliness,

fast print times, flexibility for irregular surfaces and rich variety

of sensor applications. Hazardous chemicals or scrap metal

byproducts seen from etching in printed circuit boards (PCBs)

are entirely avoided [1], [2]. Many materials such as the

nanoparticle inks and paper-based substrates are biodegradable.

The time from design to fabrication for a page of sensors may

be only a couple of hours, making reprints from revised circuits

quick and easy.

There are shortfalls of inkjet-printed circuits that prevent

them from being largely commercialized. The print quality of

Fig. 1: Conceptual diagram of a system-level data processing

scheme for usage as a commercialized, IoT-connected sensor

device.

drop-on-demand printers is variable between samples due to

ink viscosity, material interaction and uneven curing [3]–[5].

Layering is an issue since there is no complete uniformity

from printing. The gate bleeds through the insulating layer,

shorting with the semiconductor. Another limitation is with

the variety of commercially available nanoparticle inks. For

instance, Millipore-Sigma is limited to carbon nanotubes

(CNTs), graphene (GN), PEDOT:PSS, boron nitride (hBN),

Aluminum-doped Zinc Oxide (AZO) and silver (Ag). The

semiconductors’ properties, barring some forms of graphene,

are depletion-mode materials (p-type) and thus cannot achieve

complimentary pairs for logic gates or higher forms of

computation like arithmetic logic units [6], [7]. Some n-type

materials are being researched but have not reached the market.

Additionally, paper substrates are sensitive to environmental

conditions such as oxygen, humidity and temperature. These

limitations make reliability and repeatability a challenge.

The printed sensor characterized in this report is

conceptually shown as input to a system-level data acquisition

scheme in Fig. 1. The sensor consists of a silver pattern with

Aluminum-doped Zinc Oxide forming the active region. Zinc

Oxide is a well known piezoelectric material [8]–[10]. Its

conductivity increases when a deformation of its lattice takes

place. This makes it particularly useful as a strain gauge, and

especially useful when manufactured via thin-film deposition

as many researchers have pursued [11]–[15]. Lately, Zinc

Oxide has been used as a photosensitive applications [16], [17].

The goal of this research is to establish the metrics of this

sensor such that there is evidence supporting its application

to a system-level design. The applications of this is most



notably a cost-effective pressure mapping sensor for mobility

[18], [19]. However, the sensor may be used for impact

assessment of high-risk jobs (e.g. contact sports, construction,

physical therapy, etc.). The charging/discharging effect of

the temperature exposures to AZO and the paper-based

substrate make this sensor also useful for mapping small

temperature-specific events such as the growth of incubated

bacteria cultures.

The organization of the paper is as follows. The

inkjet-printed, AZO sensor array fabrication is elaborated in

section II. Section III explores the various behaviors and

characterizations of the device for usage in a system-level

scheme. Lastly, section IV summarizes findings from the test

results with a look into what is next for this research.

II. AZO PRESSURE SENSOR ARRAY MATERIALS,

FABRICATION AND TESTING EQUIPMENT

The sensor is printed, cured and tested in the BioInspired

Integrated Circuits (https://sites.uab.edu/mrhaider/) laboratory

at the University of Alabama Birmingham. The nanoparticle

inks are from Millipore-Sigma and Mitzubishi Paper Mills Inc.

Aluminum-doped ZnO (model 901065) was ordered from the

former and silver nanoparticle ink (model NBSIJ-MU01) from

the latter. Ink is printed onto the glossy photopaper substrate

using a Brother MFC-J5910DW inkjet printer containing the

nanoparticles. The sensor in this report is made by printing the

semiconducting layer and feeding the paper back through for

the conductive layer (Fig. 2). The area of each node as seen

in Fig. 2 is 0.0259 in2. After printing, the circuit cures on a

hotplate at 160 oC for 15 minutes [20].

The nature of a pressure sensor is that physical contact

is being made with the material and nanoparticles are

removed/damaged if anything brushes against them. Thus,

these sensors are meant to be used once and discarded.

However, based on an approximation of ink used per sensor, the

cost comes out to only about $0.01 per node so the monetary

impact of its usage is minimal. Tests were performed using

a Keithley 2604B Dual SourceMeter, MATLAB and the NI

ELVIS II+ prototyping board.

III. SINGLE NODE BEHAVIOR AND METRICS

A single node, as seen in the image of Fig. 2, was tested

to understand its behavior before exploring the entire pressure

array. An overview of a single node’s general functions, and

its linear relationship between supply voltage and output

Fig. 2: Three layers of the printed array required to fabricate

the sensor.

Fig. 3: Current output response when various pressure profiles

are applied to node a11.

current was shown in [18]. The response from the I-V curves

of Fig. 6 show that the supply voltage may be reduced

to 5V for an output of about 1 μA (5 μW of power).

Channel resistance due to the conductivity of AZO as a

single printed layer causes the node resistance to be in the

mega-ohm range in its unused state. As pressure is applied, the

resistance decreases dramatically. Fig. 4 shows the sensor’s

response from various pressure profiles applied with the

finger. It is clear that nodes of this printed array are highly

sensitive to gradual, constant and chaotic pressure changes by

human contact. This report characterizes its behavior further

such that it may be refined and applied to system-level designs.

1) Sensor Behavior: Since the previous study, testing has

indicated that the sensor is highly responsive to heat and

humidity, helping to explain its behavior. Electron mobility

Fig. 4: Closer look at the effect of charging on the output

current using pressure applied with the index finger. Charging

occurs by hovering the finger a distance of 1 mm from the

node. Nodes are a44 (top) and a14 (bottom). Vsupply = 20 V.



across the node slowly increases when a heat source is within 4

mm from the surface. The heat slowly excites electrons across

the AZO, reducing its conductivity (as seen from the charging

portion of the top graph in Fig. 4). When contact is made with

the node, there is a discharge of electrons across the channel

that can be noticed from the immediate increase in current from

the top plot of Fig. 4. Also seen from the top plot of Fig. 4 is

a gradual reduction in conductivity until pressure is released,

a behavior explained by charge accumulation before contact.

Heating the parallel plate structure of the silver routing

pattern before contact causes a capacitive charging behavior,

where electrons gradually collect at the plates. After making

contact, the current spikes and the accumulated charge

dissipates slowly before reaching an equilibrium current.

When pressure is released with no additional heat exposed to

the sensor, the node slowly discharges. This charge/discharge

feature is only barely noticeable in the constant pressure

profile of Fig. 3 because there was little to no charge before

contact. The bottom plot of Fig. 4 has charging regions where

the heat source (index finger) was placed 1 mm above the

surface of a node to heat it and accumulate charge. Greater

charging before contact resulted in higher current output of

equally applied pressures as indicated in Fig. 4.

2) Application Viability: This sensor’s implementation as a

foot pressure mapping element for physical therapy was tested

for a single node to further explore its charging behavior in

the application domain. Fig. 5 shows the response of a single

node when various movements were performed such as sitting,

standing, and walking. The pressures applied during these tests

was up to 26.9 PSI, as calculated by the weight imposed

Fig. 5: Current response when various weight is applied to node

a11. Supply voltage is 5V with a max pressure of 130 pounds

(i.e. approximately the weight of a human). Pressures are as

follows: (a) varying pressures without pre-charge by the foot,

(b) foot pressure from sitting, (c) foot pressure from standing

and (d) is random foot pressures after pre-charge.

Fig. 6: I-V curves of the pressure array nodes. Print variability

causes inconsistent slopes at each node.

through the foot (135 lb) divided by surface area of the heel

touching the sensor (5.02 in2). Heat from the foot transfers to

the sensor, gradually increasing its current output (i.e. charging)

under constant pressure while sitting and standing (parts (b)

and (c) of Fig. 5, respectively). Fig. 5 (d) shows that the current

variations after it has been charged from sitting or standing is

much greater than when the same pressures were applied before

the charging effect was imposed on the node as seen in Fig. 5

(a). Thus, the nodes will charge when the user is not moving

and will have an increasing/decreasing average when walking

or running, depending on the heat output of the foot. This forms

a link for calibrating pressure and classifying the movements

at each node, thus forming the desired mapping function. The

rate of output current changes when standing or sitting, coupled

with a thermostat to cross-reference the user’s temperature at

the foot would be used to validate the relationship between

output signal and thermal exposure.

3) Calibration: Pressure calibration of this sensor begins

with mapping the range of output current to the known applied

pressures. The maximum pressure applied during these tests

was 540 PSI as calculated from the maximum weight applied

by the finger (14 lb) divided by the area of pressure application

to the node (0.0259 in2). The maximum output seen from Fig.

3 is 10 μA, making the ratio of PSI-to-power output equal 2.7

PSI/μW. The same calculation was made with the uncharged

region of Fig. 5 (portion (a) of the figure). The maximum

output current is approximately 500 nA for a power output

of 2.5μW, and with the foot pressure of 26.9 PSI the ratio is

10.8 PSI/μW. The PSI-to-power ratio can be used during data

processing to calibrate the applied PSI of uncharged nodes.

All of these findings indicate that the node’s current response

can be mapped to pressure regardless of the supply voltage

value or applied force, making the single node compatible as

a system-level sensing device. Changes in heat and humidity

alters the calibration ratio, giving sensing ability to those

variables.



Fig. 7: Single pressure point response of nodes a31 through a44 (the second eight nodes) with color scale. Note that rows are

more dependent with each other than columns and each node exhibits independent scales of response.

4) System-Level Considerations: In order to understand the

viability of this sensor as an input to system-level designs,

the variability of electrical behavior among the nodes was

explored. Inkjet printers output slightly variable prints and

with uneven curing, differences between identical samples

complicates the ability standardize all nodes for processing as

a single unit. These differences can be seen from the zoomed

in region of the IV curve (Fig. 6), where the curves for each

node are not identical. Fig. 7 is the generated output of 8

nodes from the array, observed at the same time. Note that

each node is slightly biased at a different voltage, and their

maximum amplitudes are not the same. Thus, each node must

be standardized according to the calibration settings at the

beginning of data acquisition. This plot also shows that each

node has its highest amplitude when touched, meaning that

the node with the greatest amplitude at any given time (after

being standardized) indicates which node was pressed. There

is an outlier with node a44 as it does not indicate the correct

node being pressed, and that goes to show how inconsistency

of the print effects total functionality. The top four sub-plots

of Fig. 7 are all on the same row of the array (third row),

while the second four sub-plots are all on the fourth row.

The voltage output of nodes along the columns show good

sensor selectivity. However, nodes show more dependence

along the rows and reduces the pressure mapping resolution.

The geometry will be considered for system-level designs.

IV. CONCLUSION

The low-cost, flexible printed pressure array sensor explored

in this report was shown to exhibit a range of behaviors

resulting from its geometry, materials, printing/curing

consistency, and heat/humidity conditions. The maximum

pressure applied (540 PSI) was easily sensed and after

cross-validating tests, calibration ratios comparing PSI to

power output was calculated for uncharged samples. Charging

effects occur when a heat source is within 4 mm of the

node, adding a temperature-sensing variable to the pressure

sensor. Evaluating the output signal’s rate of change and

PSI/μW differences during charging gives insight to the user’s

thermal conditions. These parameters will be standardized for

each node during signal pre-conditioning since the printed

nodes are not entirely identical. Future work will include

this sensor integrated with a signal processing scheme for

proof-of-concept as a human-touch pressure mapping sensor.

The calibration settings will be evaluated for reliability during

operation and critical parameters such as sample lifetime, node

variability, and print geometry will be refined for improved

responses. This inkjet-printed sensor will one day provide

a method of ultra-inexpensive pressure mapping for topics

including physical training, mobility monitoring and human

impact studies.
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