Self-Energized Wireless Pressure Sensor Using Energy Extraction
from Injection Mold Pressure Differential

Charles B. Theurer

Department of Mechanical and Industrial Engineering
University of Massachusetts Amherst
Amberst, MA 01003

Email: Ctheurer@ecs.umass.edu

David Kazmer
Department of Plastics Engineering

University of Massachusetts Lowell
Lowell, MA 01854
Email: David Kazmer@uml.edu

Abstract

With the prolific use of sensors for manufacturing process
monitoring and the growing demand for system integration,
the issue of packaging and installation has assumed an
increasingly central role. Cable-based sensors, while still
the common form on the factory floor, face various con-
straints in real-world machine environments. Battery-based
operation, although compact and eliminating the cable
attachment, has the ultimate drawback of periodic battery
replacement due to wear-and-tear. Thus, it would be ideal
if energy can be “extracted” from the manufacturing proc-
ess being monitored itself to enable “self-energized” sens-
ing.

This paper presents the design of a self-energized pressure
sensor that extracts energy from the pressure differential of
the polymer melt during the injection molding process. A
piezoelectric element is used as the energy converter to
convert the high melt pressure into proportional electrical
charges, which in turn, actuate an ultrasound signal
through a miniature energy switch. Based on predeter-
mined energy threshold values, the actuator generates a
train of ultrasound pulses, which represent the continuous
melt pressure in a digitized form. The ultrasound pulses
propagate wirelessly through the mold steel and are de-
tected by a remotely located signal receiver. Through
multiplication of the number of pulses with the energy
threshold values, the polymer melt pressure profile is re-
constructed.

To enable a self-energized sensor design, an analytical
study has been conducted to establish a quantitative rela-
tionship between the polymer melt pressure and the energy
that can be extracted through the use of a piezoelectric
converter. Two models have been developed and com-
pared to an energy extraction prototype. First, a linear
model examining the energy conversion mechanism due to
interactions between the mechanical strain and the electric
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field developed within the piezoelectric device is estab-
lished. Second, using a coupled-field analysis, a numerical
model is developed to evaluate the electromechanical
properties dependent upon the geometric effects of the pie-
zoelectric converter. Finally, the two models are compared
to a functional prototype design to evaluate the relevance
of the assumptions and accuracy of the models developed.

The presented design enables a new generation of self-
energized sensors that can be employed for the condition
monitoring of a wide range of high-energy manufacturing
processes.
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INTRODUCTION

It has been shown that direct cavity pressure and tempera-
ture measurement, more than any indirect method, is related
to final part quality produced by the injection molding pro-
cess [1-3]. For this reason the development of a low cost,
reliable cavity pressure measurement system has been the
subject of this research. A typical cavity pressure sensor in
an injection mold consists of a measurement diaphragm
connected by a capillary tube to another measurement dia-
phragm that is remote to the process where the information
is translated from a mechanical signal to an electrical sig-
nal. Because of the complexity of most injection molds, the
cost to install such a device can be on the order of the cost
of the sensor itself. The majority of the installation cost is
associated with cabling or providing a pathway for the in-
formation to travel from the sensor to the process control-
ler. These problems are not new to industry and have been
fueling the development of wireless sensor technology for
many years. Injection molding, however, presents special
problems associated with the development of a wireless



sensor system [4]. The presence of a steel cavity com-
pletely surrounding the sensor makes it nearly impossible to
effectively communicate a process signal using traditional
wireless means. In a traditional wireless sensor, the power
source for the sensor must be contained in the sensor itself.
The power source for a long life sensor can be very large in
comparison to the size of the sensing equipment. However,
such a design strategy leads to an undesirably large sensor.
As such, it has been proposed that the pressure differential
associated with the filling and packing of an injection mold
might be used to generate electricity using a piezoelectric
element [5].

The proposed self energized wireless sensor would be in-
stalled in the cavity of the injection mold, extract energy
from the injection pressure, and send the pressure informa-
tion in the form of a train of ultrasonic pulses through the
mold steel to an acoustic receiver located outside the mold.
Such a wireless pressure sensor makes it economically pos-
sible to have multiple sensors per cavity or a sensor in each
cavity of a multi-cavity mold (Figure 1).
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Figure 1. Existing cabled cavity pressure
sensor (left) and remote cavity pressure
sensor (right)

The piezoelectric method of energy extraction is the subject
of this paper. Two models are developed and compared to
an energy extraction prototype. First, a static analytical
model is developed, similar to models provided by many
piezoelectric material manufacturers [6-8]. Second, a finite
element model is developed using a coupled field analysis
method to determine the electrical and mechanical transient
behavior of a single ceramic element. Finally, a functional
prototype is developed to validate the accuracy of the two
models.

MODEL DEVELOPMENT

When a stress is applied to a piezoelectric element it gener-
ates a charge. This charge is associated with the deforma-
tion of the highly polarized molecules in the crystal struc-
ture. If electrodes are placed on opposite sides of the crys-
tal, the charge can be collected and used. The energy
stored in the element is stored in two forms: 1) electrically
in the form of an electric field and, 2) mechanically in the
form of strain. The interaction between the strain and the
electric field is the subject of the first model presented.

The electromechanical behavior of a piezoelectric element
is also heavily dependant on the geometry of that element.
As piezoelectric devices are increasingly used, the manu-
facturable geometry of these devices becomes more com-
plex. In order to model the electromechanical properties of
geometrically complex piezoelectric elements, finite ele-
ment models are also developed and evaluated.

Linear Model

Constitutive Equations

The relationship between the electrical and mechanical be-
havior of a piezoelectric material in general can be de-
scribed using two piezoelectric constants; a piezoelectric
charge constant, equations (1) and (2), and a piezoelectric
voltage constant, equations (3) and (4).

d= dielectricdisplacement developed _ D (1)
applied mechanicalstress T
d= strain  developed _ S )
applied electric  field E

_clectricfield developed _E ?3)
applied mechanical stress T

strain developed S 4)

&= applied dielectric displacement D

One of the constitutive equations associated with the charge
constant relates stress and electric field to the strain [9]

S=s"-T+d-E 4)

where % is the compliance of the material in a constant
electric field (i.e. electrically shorted). It is interesting to
note that the first term of this equation is essentially Hook’s
law for elastic materials while the second term indicates the
strain associated with the electric charge. The other con-
stitutive equation associated with the charge constant relates
stress and electric field to the electric displacement

D=d-T+¢"-E ()

where ¢ is the permitivity of the material where the stress
is uniform in the material.

The constitutive equations associated with the voltage con-
stant are presented in a similar manner [6]

E=-g- T+ RT (7

€
S=s".T+g-D ()
where sP is the constant electric displacement compliance

(i.e. electrically open). Substituting equation (7) into equa-
tion (6) reveals the relationship between d and g as

d=¢"-g ©)



Energy balance

If the system is electrically shorted, the electric field is uni-
form and no electrical energy is stored in the system. How-
ever if the system is electrically open, energy is stored in
the material in two forms; electrical and mechanical. The
principal of the conservation of energy and the assumption
that energy is not lost to friction or electrical resistance
leads to the following equation:

[Wp = [Wi ]+ [We] (10)

where W, is the work due to displacement or the total en-
ergy imparted to the system, W, is the total mechanical
energy stored in the system, and W, is the total electrical

energy stored in the system. If the assumption is made that
the material behaves elastically, then W, can be expressed

in another way [6],

WD:VTOI-SD-TZ (1D

where Vol is the volume of the material. w,, can be ex-
pressed as

wy = Yol g g2 (12)

and substituting equations (11) and (12) into (10) yields

WE=VTOI(SD—SE)T2 (13)
At this point it is appropriate to introduce a derived material
constant that relates the total energy converted to the total
energy density of the system. If we define the piezoelectric
coupling factor £ as

totalstored energy electrical energy stored converted
density for freely |- density for mechanical
k2 deformedPXE body | | constrained PXE bod; energy density
total stored energy total stored ( 1 4)
density for freely energy density
deformedPXE body

then assuming the volume doesn’t change when a pressure
is applied to the element the piezoelectric coupling factor
becomes

kzz_(sD—sE) (15)

SE

Geometry considered

A piezoelectric ring, such as the one shown in Figure 2,
when loaded parallel to the axis of symmetry (the 3 direc-
tion), is in a state of approximately constant stress through
the thickness. If this ring was also polarized in the axial
direction, the above constitutive model can be applied.
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Figure 2. A piezoelectric ring loaded along

the top and bottom surfaces and polarized
along the axis of symmetry

In the application to a mold cavity pressure sensor, the
above crystal would have a cap separating it from the mol-
ten plastic. This cap decouples the area of the ring and the
force acting on the ring. The force placed on the ring in
compression is

2
F =n—-press
2P

(16)

where press is the pressure acting on the cap surface. Stress
in the piezoelectric ring can then be calculated by

o F (17

where A is the crystal area

A, =@, 2-d;*)n/4 (18)

From equations (13), (16), (17), and (18) we can now cal-
culate the energy associated with applying a given pressure
to the crystal in Figure 1.

4
W :d§3-h-d° -n-s%-press2 (19)

8(d,” —d;?) 15 853

The voltage across the electrodes in an open circuit is read-
ily calculated using the definition of the voltage constant in
equation 3

' d,press h 20)

Similarly the charge can be calculated using the definition
of charge constant in equation 1

d33-n-d02-press Q21

Q= 4

Finally, the open and closed circuit displacements can be
calculated from the definition of compliance

b pressd’ (22)

Ah =S
d,> —d;i%)

open
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where 5P and s are related to each other through the pie-
zoelectric coupling coefficient defined in equation 14.

The linear nature of this model produces some weaknesses
that should be noted. While the piezoelectric effect is cap-
tured in the above model, there are several transient and
temperature effects that are not. The pyroelectric effect,
defined by [10, 11] to be electric charge produce as a result
of a temperature change, is not captured by the above
model. The conversion of electrical and mechanical energy
to heat through resistance and friction respectively are also
ignored as well as the inertial effects associated with high
strain rates.

FINITE ELEMENT MODEL

The complexity of the preceding linear model would sug-
gest that the use of the finite element method with some
simplifications might be of use when the geometry is any-
thing but trivial. The finite element formulation used is
essentially a compromise between the simplified static
model and a more complex transient model. This finite
element model uses a formulation similar to the static
model but also incorporates Newton’s second law and some
material damping effects to give a transient approximation
that ignores electrical losses and thermal effects. The mod-
els below attempt to closely follow the geometry and
boundary conditions that are represented in Figure 3.

2D static model

A 2D axisymmetric static coupled field analysis of a simple
piezoelectric ring (Figure 2) was developed in ANSYS us-
ing Plane-13 elements [12].
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Figure 3. 2D axisymmetric representation
of a piezoelectric ring

A convergence check was performed to determine an ap-
propriate element size that results in acceptably accurate
results in short solution time (Figure 4). It was determined
that an element edge length of 0.2 mm corresponding to
four elements through the thickness direction and a total
solution time of less than 1 second satisfied this criteria for
the 2D model.
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Figure 4. 2D axisymmetric model conver-
gence check
3D Static Model

In order to check the validity of the 2D modeling assump-
tions, a 3D coupled field analysis was also developed and a
convergence check was performed (Figure 5, 6).

Figure 5. 3D mesh of a piezoelectric ring
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Figure 6. 3D model convergence check

2D-3D Model Comparison

Once the 2D and 3D models were developed, the static re-
sults for a given pressure load were compared. Because of
the use of the coupled field analysis, both the voltage and
displacement fields were compared. The results were in
very good agreement; the voltage fields agreed within
0.01% (Figure 7), while the displacement results agreed



within 0.05% (Figure 8).
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Figure 7. 2D and 3D voltage results agree

within 0.01%
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Figure 8. 2D and 3D displacement results
agree within 0.05%

The agreement between the 2D and 3D models indicates
that it is appropriate to use geometry and boundary condi-
tions associated with the 2D axisymmetric model.

FE Transient Results

A transient analysis was performed in order to simulate the
ramping of the pressure during an actual injection molding
cycle. The pressure was ramped at 5S00Mpa/sec and is
fairly representative of that occurring in the actual injection
molding process. At some time during the injection proc-
ess, the energy stored electrically in the piezoelectric crystal
must be used. One scenario for this change in potential can
be modeled by allowing the electric field to change freely in
the element, simulating an open circuit, then applying a

boundary condition that forces the electric field on the top
and bottom to be equal, simulating a short circuit (Figure
9).
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Figure 9. Pressure and electric field curves
for the transient FE analysis

The resulting displacement and vibration of the piezoelec-
tric ring is shown in Figure 10. As the pressure is applied
the displacement increases linearly. The abrupt change in
displacement is associated with the application of the elec-
tric field boundary condition indicated in Figure 9. Subse-
quently, some vibration is observed as the ring obtains an-
other steady state. The results obtained from the above
transient analysis indicate that the model does capture the
piezoelectric effect as well as the inertial and damping ef-
fects of the material
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Figure 10. Pressure and electric field
curves for the transient FE analysis



Linear Model Comparison

This change in the voltage of the material, associated with
the change from s to s is in agreement with the linear
model presented above. A comparison between the linear
and the FE Model can now be performed.

Vendor supplied information, shown in Table 1, for the
piezoelectric material lead zirconate-titanate PZT-4 was
applied to both models.

Table 1. Properties applied to each of the
models for the purposes of comparison

Description PZT-4 Units
o 7500 kg/m”
da -1.23E-10| mwv
dss 2.89E-10 mv
dis 4.96E-10 m/V
ST14 1.23E-11 | ms’/kg
S 33 1.55E-11 | ms’/kg
S 1 -4.05E-12 | ms/kg
S 13 -5.31E-12 | ms/kg
S a4 3.90E-11 | mskg
st 56 NA m s“/kg
K1 1475 | (unitless)
K'ss 1300 | (unitless)
€ 8.85E-12 F/m

For a pressure of 50 MPa and an outside diameter and in-
side diameter of 10 mm and 5 mm respectively and a thick-
ness of 1 mm the voltage results for the linear model and
the FE model are 1673.3 V and 1675 V respectively. These
results agree within approximately 0.1%

EXPERIMENTAL RESULTS

A ten disk prototype stack was created in order to evaluate
the previous two models with respect to experimental re-
sults.

Experimental Setup

Ten piezoelectric rings were placed in a stack so that they
were electrically in parallel (Figure 11). The stack was then
placed in an apparatus that allowed a force to be applied
along the axial direction. A load cell was placed under the
stack in order to simultaneously measure the force acting on
the stack and its electrical output (Figure 12).
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Figure 11. Schematic diagram of the
prototype stack
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Figure 12. Schematic Diagram of Prototype
loading apparatus

Two scenarios were then evaluated, in both cases force was
applied to the stack; 1) the stack was connected to the
measuring scope (10 MQ), simulating as close as possible
an electrically open circuit, and 2) the a resistor (99.4 kQ)
was connected between the electrodes of the stack (simu-
lating an electrically closed circuit to ground).

Experimental Results

The loading and unloading of the piezoelectric stack
spanned approximately 0.12 seconds. During this time cur-
rent will be lost through the measuring device in scenario 1
and through both the scope and the parallel resistor in sce-
nario 2. There is no correction for this effect in the linear
model presented above. In order to compare the linear
model to experimental results it is necessary to predict this
voltage loss and include it in the model. The electrical na-
ture of the piezoelectric stack is that of a capacitor. Equa-
tion 24 represents the voltage loss through the capacitor
during a single time step At.

Vi(ioss) = Vo - (Viiny e AUROY 24
Where V; 1,55 is the voltage lost through the resistor R for
the time step 1, V;. is the predicted voltage for the previous
time step, and C is the measured capacitance of the piezoe-
lectric prototype stack. The predicted voltage can then be
calculated by adding the voltage change predicted by the
linear model to the voltage change predicted by equation 24
for each discrete time step in the loading cycle (Equation
25).

linear model

Vl 1t AV( ) +V; i (loss) (25)
The stress in piezoelectric elements was assumed to be con-
stant in the axial direction and was approximated using the
load-cell output. This stress, along with the measured volt-
age, and the voltage predicted by the linear model are rep-
resented in Figure 13 for scenario 1 and Figure 14 for sce-
nario 2.



Stress, Prototype Output Voltage through the 10 Meg Q
Probe, and Predicted Output

Stress (Calculated from Load Cell Data)

6.E+06 7 T 150
5.E+06 - Prototype Output
Voltage
4.E+06 T 100
3.E+06 -
g 2.E+06 Voltage T 50 %
@ 1.E+06 - Predicted from =
o Standard Linear ‘—;
&% 0.E+00 y Modal 0 >
-1.E+06 - \w
-2.E+06 - T -50
-3.E+06 7
-4.E+06 T T T T T T T -100
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Time (Sec)
— Stress (Pa) Predicted (V) — Prototype Output (V)

Figure 13. Stress in the piezoelectric ele-
ments, prototype output voltage, and pre-
dicted output voltage for scenario 1
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Figure 14. Stress in the piezoelectric ele-

ments, prototype output voltage, and pre-
dicted output voltage for scenario 2

As can be seen in both Figures 13 and 14, the measured
voltage does not exactly track the stress in the material as
the standard model would predict. The difference is due to
the losses associated with the measurement of the signal in
scenario 1 and with the current through the 99.4 kQ resis-
tor. As the voltage across the stack electrodes increases,
current is lost through the probe in scenario 1 and through
the parallel resistor in scenario 2 according to Equations 24
and 25

The large amount of high frequency noise associated with

the predicted voltage in Figure 14 is a result of the fact that
the predicted voltage is based on the stress in the stack, as
measured by the load cell. The load cell signal is compara-
tively noisy and results in a noisy predicted voltage. The
rise in voltage between 0.13 and 0.15 seconds is a result of
the fact that the voltage is negative and as a result the cur-
rent in the resistor is reversed (Equation 24).

RESULTS AND DISCUSSION

A linear model of energy extraction from a piezoelectric
element was derived from the governing constitutive equa-
tions. This model was compared to a finite element model
and an experimental prototype.  The linear model agrees
with the finite element model within approximately 0.1%,
while it agreed with the experimental results within ap-
proximately 5%. A comparison of the energy output of the
linear model and the prototype can be seen in Table 2. The
total amount of energy developed by the prototype stack
agrees within about 10% of the predicted energy. Because
the energy is extracted over a very short time duration (ap-
proximately 0.1 seconds) the average power output of the
prototype stack is over 1.5 mW.

Table 2. Comparison of the total energy
output of the linear model and the proto-

type
Experimental Values
Energy In Cap 0.1135 (mJ)
Energy through R 0.0424 (mJ)
M d
easure Total Energy 0.1559 (mJ)
Average Power 1.5587 (mWatt)
E J
nergy () Energy In Cap 0.1039 (mJ)
. Energy through R 0.0362 (mJ)
Predicted
redicte Total Energy 0.1401 (mJ)
Average Power 1.4011 (mWatt)
M Stress 5.295 (MPa)
ax
Pressure 3971.0 (MPa)

If the previous dataset were scaled such that the maximum
pressure were representative of an actual injection molding
cycle, in the same time, the predicted output power would
be approximately 890 mW, as can be seen in Table 3.

Table 3. Energy comparison of experimen-
tal dataset scaled to match injection mold-
ing process characteristics

Scaled Experimental Values

Energy In Cap 72.96 (mJ)

Energy through R 27.27 (mJ)

Measured Total Eneray 100.23 (mJ)
Average Power 1002.26 (mWatt)

Energy () Energy In Cap 66.10 mJ)

: Energy through R 22.94 (mJ)

Predicted

redicte Total Energy 89.05 (mJ)
Average Power 890.48 (mWatt)

Max Stress 133.33 (MPa)

Pressure 100.00 (Mpa)

Comparatively, a typical AAA alkaline battery is rated to
produce approximately 3.75 mW continuously [13].

CONCLUSIONS

In conclusion, the two models developed compare favora-
bly to the prototype. The linear model can be implemented
in a circuit simulation program in order to provide a useful



tool in the integration of the energy extraction, pressure
encoding, and acoustic signal generation sub-systems. The
FEA model may provide a useful tool in the development of
the more geometrically complex piezoelectric transmitter.

The predicted energy output is also significant in compari-
son to that of a typical alkaline battery; the prototype pie-
zoelectric stack is predicted to produce approximately 250
times the power of a AAA alkaline battery during a typical
molding cycle, which should prove sufficient to generate
and transmit an acoustic signal that can be received outside
the mold. Use of this energy to encode a pressure signal is
discussed in more detail in [14]. The process by which this
encoded electrical signal can be used to generate an en-
coded acoustic signal and be transmitted through the mold
is the subject of [15].
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