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Abstract: In this paper, a low cost, printable pressure sensor model is presented. The pressure sensor could be used in
personal navigation system which was designed based on micro jet fabrication structure. Micro jet printing and line pat-
terning methods have been used to fabricate polymer resistors and field effect transistors on flexible substrates. A proto-
type sensor was designed, and the models of mechanical structure and digital fabrication was also given, fabricated and
tested with standard experimental measurements. Results verify that the pressure sensitivity can be measured for both fre-
quency and minimum power level difference in good performance. The dynamic performance of pressure sensor was also
tested by micro jet printing on to flexible substrates including paper, with high resolution in just seconds. General struc-
ture of our proposed printable pressure sensor is detailed in the next section. Some resistors in pressure sensor were divid-
ed into two parts getting high sensitivity. The flexible spots and the elastic models for wearing substrate were given. In the
experiment the flexibility, sensitivity and dynamic performance were tested which were in acceptable level.
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1. INTRODUCTION

Research on MEMS pressure sensor has been concentrat-
ing in integration of sensing within the substrate for PNS
(Personal Navigation System). The main goal is to get low
cost, printable sensing capabilities. The benefit would be
enhanced product quality, storage, transport and safety
through ubiquitous sensing. A number of research groups
have resulted in various printable sensor or actuator designs
such as [1, 2] line based sensor (ii) pattern based (iii) R2R
based etc. Fabrication progress makes it possible to produce
more chipper sensor in large area with low requirement on
substrate [3, 4].

Pressure is one of most important physical parameters of
measurement device such as navigation device for directing,
electronic products for sensing, undersea vehicles [3] avoid-
ing collisions with moving object, and so on. So the pressure
sensors are used in many fields to better our lives. It became
smaller in volume and higher in resolution. What we want to
do is to design the printable sensor on to soft substrate, like
coats, shoes, paper and plastic. Moreover, the printable
sensor is flexible and able to fit inside various structures [5,
6].

General structure of our proposed printable pressure sen-
sor is detailed in the next section. Some resistors in pressure
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sensor were divided into two parts getting high sensitivity.
The flexible spots and the elastic models for wearing sub-
strate were given. In the experiment the flexibility, sensitivi-
ty and dynamic performance were tested.

2. STRUCTURE OF THE PRINTABLE PRESSURE
SENSOR

In PNS (personal navigation system) the pressure sensor
can give the height of the person wearing the device. The
position on or under the bridge can be recognized by the
device. The main component of the pressure sensor is the
Wheatstone bridge architecture. The pressure on the thin
film reflects on the change of the resistors. The PEDOT/PSS
is used for micro jet printing to prototype the device [7-9],
and the ink is polymer solution [10]. The circuit of pressure
sensor is shown in Fig. (1).

The relationship between electric field and the stress can
be described by the following equations:

S=8"T+d -E
i ij J mi m (1)

D =d -T+¢ -E
m mj i mk K (2)

E
Where d is the piezoelectric constant, and S” is the gen-

eral parameters. Electromechanical coupling coefficient K is
a comprehensive parameter reflecting the transfer ability of
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Fig. (1). Circuit of pressure sensor.

piezoelectric material between mechanical energy and elec-
tric energy. The definition of electromechanical coupling
coefficient is as:

U

VUL U, 3)

Where Ujis the interaction density, Uy is the elastic en-
ergy density, Ug is dielectric energy density. The electric
signal is:

K=
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The gain of the circuit:
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Once the resistors change the output voltage changes, and
the balance condition is: RiR, = R2R4, and the easy way to do
is: R=R =R =R =R, ynq then Yo =0,

With the pressure changes, the resistor is changing to:

Ri,new = (1 + 6{1 )Ri,ald = (1 + al )RO (6)

Where o = a.is the relative change in value, and with

the same resistor valuea =, o, =, . Then
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Micro jet printing provides very good control of thick-
ness and resolution of patterned active materials. The resistor
in Wheatone could be divided into two parts that make the
sensibility better. This can be seen as the sensitivity index.
The structure in the thin film is designed as in Fig. (2). The
pressure on the thin film produces the stress and the largest
position is in the center of the film, which is called point CE.
The longitudinal / and transverse z, AR is one of the piezo-

electric coefficient, AR is the pressure.

The ratio of the change in resistance AR to the resistance
R, called ¢, of a resistor in a material with piezoresistive

coefficients T, and stresses O, is

AR
a:?:nlalﬂrrot @)

The subscripts / and ¢ are the longitudinal and transverse
stresses with respect to the resistor length axis.

Consider Fig. (2) which shows the placement of four re-
sistors at the centers of the four edges of the surface of a
square diaphragm with edge length L and thickness H.

Diaphragm

Cross-

section

14 Top

view

Fig. (2). Four resistors at the four edges of square diagram surfaces.
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When a pressure P is applied from above the diaphragm,
the diaphragm experiences the stress and strain. As shown in
[4] by finite-element methods (FEM), the stress (and strain)
on the diaphragm is highest at the center of the edge, which
we will call location DE, in the direction perpendicular to the
edge:

2
o 1l,DE,FEM = 0.243(%) P ®)
The strain in the parallel direction is

1
EHZE(G” —vol). )

Because the four edges are fixed, there is no strain in the
direction parallel to cur edge anywhere along the edge, i.e.

€,,edge=0. Thus, the stress at the center of an edge in the

direction parallel to the edge is

2
0y, DE, FEM =VGL,DE,FEM=0.023[L) P
" (10)

For a real resistor of resistance R, the overall relative
change is the weighted average relative change of its infini-
tesimal components, integrating lengthwise:

_ 1 1 P
a:EjadekzijsaM(s)—ds (11)

A(s)

Where s is the distance along the length of the resistor,
P is the resistivity and A(s) is the cross-sectional area as a

function of s.

The fabrication was layer by layer, as shown in Fig. (3).
This is a structure of heterogeneous object. Considering that
the material distribution of functionally graded material ob-
jects is very complicated, only a union method to deal with
material distribution with multi-references.

3. MODEL OF THE PRINTABLE PRESSURE SEN-
SOR

The model is designed for 3DP to fabricate the pressure

sensor using in the PNS. The substrate is flexible for wearing.

3.1. Elastic Mass Spot Model

Micro jet printing techniques, have been gaining atten-
tion recently because of their unique features, such as sim-
plicity of fabrication, compatibility with different substrates,
feasibility of non-contact and no-mask patterning, low tem-
perature processing and low cost. Micro jet printing is a fa-
miliar method used in nearly every office and household to
transfer computer data to paper or transparencies. The same
technology with a simple modification can be used to pattern
solution processable polymers or nanoparticle inks on vari-
ous substrates including glass, semiconductor materials,
overhead transparencies and even paper. These methods are
used in laboratory to fabricate electronic device in a flat sub-
strate, but in most real applications the substrates are in dif-
ferent 3D shape, such as the shoes. The smart device is fab-
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ricated onto the uneven surface in different thickness. The
3D thin film should be used in such application. The model
of 3D thin film from the 2D was given.

1) The flexible spots model

The plane thin film model was composed by mass spot Q
and elastic line L, as shown in Fig. (3) O=[M,P],

L=[F.,q0,q1].

\%

T

Top electrode

PZT
bottom electrode -

Radius

Fig. (3) The printable device structure.

In which the M is the material information, P is the
position in the thin film, F is the elastic coefficient, and qq
and q; are the spots the line L connects. Triangle and
quadrangle can be composed using nearby points. Every
spots has their sequence number in the film, which could
be used in the fabrication with the triangle shape infor-
mation.

2) 2D to 3D mapping

As given the area the 3D thin film is printed the 2D mod-
el is needed to be reflected to the 3D area. We used the
method called STRETCH based on flexible spots. The main
steps as follows:

(1) Given the maxim value of Z in 3D space, the center
point of 2D space was assigned to it;

(2) Stretch the elastic lines of margins to cover the 3D
shape. If failure the central point was changed and go back to

(D

(3) From the second point using the average length to
stretch every point find the according position in 3D space, if
failure the average length was changed and go back to (3);

The STRTCH model of thin film from 2D to 3D exam-
ple is as in Fig. (4).
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Fig. (4). Triangle grid of elastic mass point.
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Fig. (5). Elastic model from 2D to 3D.

3.2. Heterogeneous Material Model Representation

To fabricate a prototype, it must first be represented in a
CAD platform. If the concentration of each primary color
binder is diluted in different degrees, when a color prototype
is fabricated, a non-homogeneous or functionally graded one
can be obtained. In general, a wider spectrum of binder con-
centration of a pixelm can be achieved by printing two bind-
ers with different concentrations in the appropriate propor-
tion. To apply this concept for fabricating heterogeneous
materials prototype, the proportion of the primary binders
printed on different pixels of the object must be modeled so
that varying binder concentration information can be ob-
tained.

In the case of 3DP, only four primary binders are availa-
ble (i.e, n=4). yellow (Y), and clear (W) and their proportion
vectors in the binder concentration simplex are denoted as
P1,P2, P3,and py (corresponding to , pc, Pm, Py.-and pw) re-
spectively.

The corresponding sub-hyper-volume corresponding to
P can be calculated as:

B,
P » sv-m3 =| B P
m m 1
M sub-ml — Pz > M sub-m2 P3 > P2 M Total — Pz 4
1 A P
(12)

In general, the individual component (p,x) of any point
Pm 18 equal to the corresponding ¢ . if the vertices of the
binder concentration simplex (p;) are unit vectors and mutu-
ally orthogonal to each other, i.e.

0 ifi#j
1 ifi=j (13)

i i i im if

P=[R, P, L P L P, |and P.:{

Three-dimensional printing is one of the DDM technolo-
gies that can be used for fabricating prototypes directly from
CAD models in a layer-by-layer manner [4]. There was a
large variety of 3DP processes introduced in the past decade.
In 3DP, successive layers of prototype are printed until the
whole prototype is fabricated. Post-treatment of the proto-
type (such as infiltrating the part with other materials for
strengthening or producing the part with the specified infil-
trated material) will also be performed. There are numerous
applications of 3DP, including model verification, functional
testing, form and fit checking, etc.

4. FABRICATION BY MICRO JET 3DP

The fabrication progress was simplified in Fig. (6). We
detail eight strain-gauge resistors on a thin film in the pattern
as in Fig. (7). The diaphragm is designed in odd symmetry
to the center of the square, i.e. rotating 180° or 90 ° it is in
the same structure, as shown in figure 2. The two lines which
are arranged in the center region change in the opposing di-
rection. When the two resistors are arranged closer to the
edges of the pattern they changed as well. All eight resistors
have narrow lines (10 umor so in a 2000 um film), which
gets higher resistances, near the corresponding center areas
where absolute strain is high. Since the ratio of widths to
lengths is constant, the line resistance is scale-invariant.

Heterogeneous or FGM prototypes produced using mul-
tiple printer heads, different materials are printed on different
parts of the layers of the prototypes. Both the inside and out-
side electric fields are controlled to produce the drops in dif-
ferent resolutions. In the first step the substrate was produced,
and in the second step the diaphragm was printed on it.

Jetting resistor line based on Micro jetting design pro-
gress is for MEMS fabrication that is pressure sensors, which
concentrate conductive line on the high-strain regions of the
center in diaphragm without cross conduction lines. Another
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Fig. (6). Fabrication progress.
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(a) Thin film structure (b) unit diagram

Fig. (7). The design of four strain-gauge resistors on a square diaphragm.

resistance is used here only for the loss in resolution. The
high sensitivity was gotten in dynamic control. As shown in
Fig. (7), the red square line indicates the boundaries of piece
of diaphragm (nominally 2000 4 or so), many kinds of
micro structures can be molded using this structure.

The sensitivity and responsiveness are the main capabil-
ity of pressure sensors. The two indexes are examined in the
next section. The Jetlab platform of MicroFab was used in
the examination, the progress was observed using CCD cam-
era. The size could be controlled by different dynamic pa-
rameters of the piezoelectric jetting head. The three modes
could be used to produce the drops, micro-drops and cone
fluidic jetting.

5. RESULTS

Polymer-based resistors MEMS device have been fabri-
cated using micro jet printing methods. Control the size and
velocity of micro-drops to produce different line widths. The
substrate is 3D surface which is sliced in software before
fabrication for the printing. The elastic performance relates
to the soft substrate, and are seen as flexibility. Also the
several specifications were tested in the experiments.

A. Flexible Measurement: Under certain pressure, flexi-
ble performance is given as:

4 2
w(r)z%[l—(i)z} (14)
a
When r=0,
4
o=

The diameter of the circuit was 400 u m, and the theoret-
ical value of flexible was 22.8 u Nm. Center distance was
18.6nm/kPa. In Fig. (8) the slop was 18.2nm/kPa, and the
error was 1% between the theoretical value and the meas-
urement value.

B. Sensitivity: Thermal noise voltage is on the order of:

V, ~J4kTRf an

Where k is Boltzmann's constant, 7T is temperature, R is
resistance, and f'is the frequency. Thus, far 7=300K , R =10



1496 The Open Automation and Control Systems Journal, 2014, Volume 6

Na et al.

Y.368.9um
-

—

w
u6'y9SZ

~

AP=P-P, AP=-23KPa

Fig. (8). Stiffness measurement.

kQ, and a filtered bandwidth of /= 100 Hz, the thermal
noise voltage is approximately 0.13 ul . Therefore, the

pressure resolution is on the order of 1.5 Pa. Object detection
and identification requires only 10 Pa resolutions, so the
strain-gauge pressure sensor is sufficiently sensitive for nav-
igation applications.

C. Dynamic: The expected performance parameters for
the strain-gauge pressure sensors of various diaphragm
lengths L, as discussed in earlier sections of this paper, are
summarized in Table 1. All diaphragms have thickness =20
um and all bridge source voltages are Vs=10V. The resistor

performance is very important to the dielectric properties,
inherent frequency and quality factor (Q). Capacity and en-
ergy consumption is related to the frequency, and changes
largely. The loss factor is:

tand=w-C,, - ESR (18)
t C

e = p  ideal (19)

33 AEO

Where o is the angular frequency, € is the permittivity,

g, =8.85-107"2. The results of the n times tests were re-

searched. The range of the related capacitor: 750-890, which
is little. Loss factor was from 2.4% to 2.8%, which is in rea-
sonable extent. The quality factor and frequency were got
given the value of C1, R1, L1, CO.

Polymer-based resistors have been fabricated using line
patterning and micro jet printing methods. The polymer re-
sistors showed ohmic characteristics and as expected the
resistance decreased with increase in the thickness of active
material. The resistance of line patterned and micro jet print-
ed PEDOT/PSS (Baytron P) has enhanced 900 and 350 time
with ethylene glycol treatment. The promising performances
of polymer resistors also the simplicity and low cost of their
fabrication methods, would make it possible to integrate

500 1000

them into more complicated electronic structures to build
disposable electronic devices on mechanically flexible sub-
strates.

As shown in the experiments the flexibility, sensitivity
and dynamic performance were tested which were in ac-
ceptable level.

CONFLICT OF INTEREST

The authors confirm that this article content has no con-
flicts of interest.

ACKNOWLEDGEMENTS

This work was financially supported by Natural Science

Foundation of China (NSFC:61273243) and
(NSFC:61304227).

REFERENCES

[1] W.XK. Chiu, “Direct digital manufacturing of three-dimensional

functionally graded material objects”, Computer-Aided Design, vol.
vol. 40, pp. 1080-1903, 2008.

[2] E.M. Amin, and N.C. Karmakar, “Development of a low cost print-
able humidity sensor for chipless RFID technology”, International
Conference on RFID -Technologies and Applications (RFID - TA),
pp. 165-170, 2012.

[3] J. Virtanen, L. Ukkonen, T. Bjorninen, and A.Z. Elsherbeni,
"Inkjet-printed humidity sensor for passive UHF RFID systems,"
IEEE Transactions on Instrumentation and Measurement, vol. 60,
pp. 2768-2777,2011.

[4] N.D. Sankir, Flexible Electronics: Materials and Device Fabrica-
tion, Dissertation submitted to the Faculty of Virginia Polytechnic
Institute and State University, 2005.

[5] S.M.C. Hou, “Design and Fabrication of MEMS-array Pressure
sensor Navigation Inspired by Lateral Line,” Massachusetts Insti-
tute of Technology: USA, 2012.

[6] L. Yang, R. Zhang, D. Staiculescu, C.P. Wong, and M.M.
Tentzeris, "A novel conformal RFID-enabled module utilizing
printed antennas and carbon nanotubes for gas-detection applica-
tions”, [EEE Antennas Propagation Letter, vol. 8, pp. 653-656,
2009.



Research on the Model of Pressure Sensor The Open Automation and Control Systems Journal, 2014, Volume 6 1497

[7] FM. Yaul, V. Bulovic, and J.H. Lang, “A flexible underwater [9] N. Lenharta, K. Crowleyb, A.J. Killarde, M.R. Smythd, and A.
pressure sensor array using a conductive elastomer strain gauge,” Morrind, “Inkjet printable polyaniline-gold dispersions,” Thin Solid
Microelectromechanical Systems, vol. 21, pp. 897-907, 2012. Films, vol. 519, pp. 4351-4356, 2011.

[8] C. Wang, K. Huang, D.T. W. Lin, W. Liao, H. Lin, and Y. Hu, “A [10] T. Unander, and H. E. Nilsson, ”Characterization of printed mois-
flexible proximity sensor fully fabricated by inkjet printing”, Sen- ture sensor in packaging surveillance applications”, /EEE Sensors
sors, vol. 10, pp. 5054-5062, 2010. Journal, vol. 9, no. 8, pp. 922-928, Aug. 2009.

Received: September 16, 2014 Revised: December 23, 2014 Accepted: December 31, 2014

© Na et al.; Licensee Bentham Open.

This is an open access article licensed wunder the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the
work is properly cited.

DISCLOSURE

“Part of this article has already been published in Advanced Materials Research (Volumes 915-916), Chapter 14: Electronics
Systems and Technologies, 1135-1139;Doi: 10.4028/www.scientific.net/ AMR.915-916.1135”.



