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ABSTRACT:

The concept of a wireless sensor for injection molding
machine cavity pressure measurement is proposed. The
pressure information inside the cavity can be sensed by
means of a series of ultrasonic pulses. The current pres-
sure is obtained simply multiplying the number of pulses
with a preset threshold value. Instead of using any exter-
nal power supply, the sensor is self-powered by a piezo-
electric stack that extracts energy from the melt pressure
changes and converts it into electrical energy. Theoreti-
cal background of ultrasonic pulses and micromechani-
cal switches are introduced, in view of their applications
in the proposed design. Preliminary experiments have
shown that pressure change of 20 MPa within 1 s could be
detected wirelessly by a single ultrasonic pulse. Further
work will be done to validate the proposed design.

1. INTRODUCTION:

Injection molding is capable of producing very complex
components to tight specifications. The process consists
of several stages: plastication, injection, packing, cooling,
and ejection. In injection molding and its variants (coin-
jection, injection compression, gas assist molding, etc.),
thermoplastic pellets are fed into a rotating screw and
melted. With a homogeneous melt collected in front of the
screw, the screw is moved forward axially at a controlled,
time-varying velocity to drive the melt into an evacu-
ated cavity. Once the melt is solidified and the molded
component is sufficiently rigid to be removed, the mold
is opened and the part is ejected while the next cycle’s
thermoplastic melt is plasticized by the screw.Cycle times
range from less than four seconds for compact discs to
more than three minutes for automotive components.
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For injection molding high quality products with low re-
jection rates, on-line process control of temperature and
pressure is necessary. In the case of pressure measure-
ments, there are three basic sensor locations: within the
mold cavity, in the nozzle, and in the hydraulic cylin-
der. Pressure measured in the hydraulic system or in the
nozzle only reflects the setpoints of the injection-molding
machine. Cavity pressure is a process state internal to
the mold cavity and directly relates to the part quality.
Therefore, measuring the mold cavity pressure is critical
to achieving better control of the molding process and im-
proving part quality. Traditionally, cavity pressure sensors
are mounted in the mold and connected to the data pro-
cessing devices outside of the mold by cables, as shown
in Fig. 1a. Holes and channels need to be machined on the
mold to house the cables for sensor installation. Because
of the structural modification it has been estimated that
the installation cost may far exceed the purchase cost of
the sensors. Also the number of sensors that can be in-
stalled in one mold is highly restricted due to economic
and location constraints. In comparison, a wireless sensor
arrangement, as shown in Fig. 1b, has the inherent ad-
vantage of lower installation cost and less mold structure
modification.
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a) Cabled sensor b) Wireless sensor

Fig. 1. Schematics of cabled sensor and wireless
sensor installed in a mold
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Wireless temperature or pressure sensing using passive
thin film sensors based on surface acoustic wave (SAW)
technology has improved significantly in recent years
[2-3]. A sensor of this type generally has two interdigital
transducers (IDT) on the surface of a piezoelectric sub-
strate. The principle for the measurement is that the me-
chanical resonance frequency of the IDT is highly sensi-
tive to changes in temperature or pressure.Radio frequency
(RF) electromagnetic (EM) signals from an inquiring unit
trigger an interdigital transducer, which is excited to vi-
brate, sending out surface acoustic waves on the surface
of the substrate. The waves propagate to an adjacent IDT,
and are then reflected to the first IDT. The first IDT re-
converts the reflected waves into electromagnetic signals
and sent them back to the inquiring unit (Fig. 2). These
signals contain the temperature and pressure information
to be measured and can be evaluated by comparing them
to an unaffected signal. However, for the present study
on injection molding process monitoring, mold steel acts
as an electromagnetic shield and prevents the EM signal
from transmitting out of the mold successfully. Accord-
ingly, the surface acoustic wave sensor is not considered
for measuring the mold cavity pressure.
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Fig. 2. Schematic of a passive SAW sensor

Being mechanical wave in nature, ultrasounds can propa-
gate through the steel without much attenuation. Ultra-
sonic technology has long been used in non-destructive
testing (NDT) of material properties. In this area, piezo-
electric elements (PE) play an important role [4-5]. By
means of the inverse piezoelectric effect, a piezoelectric
element under electrical excitation can vibrate and gener-
ate ultrasound. Another useful property of piezoelectric
elements is that they can convert mechanical energy to
electrical energy. This property, called piezoelectric ef-
fect, makes piezoelectric elements widely used for mea-
surement of mechanical quantities, such as pressure, vi-
bration and displacement. The proposed research utilizes
these two effects in an integrated fashion. The overall de-
sign is to convert mechanical energy from the melt pres-
sure being measured into electrical energy, and then use it
to generate an ultrasonic signal. A schematic illustration
of this concept is shown in Fig. 1b.
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In this paper, considerations on the design of a piezoelec-
tric stack for energy extraction from melt pressure are dis-
cussed and the theoretical background of signal generation
and transmission using ultrasound is presented. To reduce
energy consumption, a micromechanical switch based on
the microelectromechanical system (MEMS) technology
is proposed to replace traditional TTL or MOSFET elec-
tronic switches. The experimental validation of a wireless
sensor prototype for rapid pressure change measurement

1s demonstrated.

2. SENSOR DESIGN:

The term “wireless sensor” implies that there are no cable
connections between the in-mold pressure measuring sen-
sors and the data receiver outside the mold. Consequent-
ly two design constraints must be considered. First, the
sensor itself must supply the energy required for signal
generation and transmission. Secondly, the signal must
transmit wirelessly through the mold to the data receiver.
During the molding cycles, the change in melt pressure
inside the cavity is typically 100-200 MPa. This pressure
differential, if converted appropriately, is sufficient for
the sensor energization.

The energy conversion can be achieved using a piezoelec-
tric element. Traditionally, pressure measurement using
piezoelectric sensor requires a cable connection to charge
amplifier, which amplifies the electrical charge generated
by the sensor subjected to pressure differential. The charge
amplifier is a high gain amplifier with high input imped-
ance that ensures the charge alterations on the sensor are
measured without leakage. The output is an easily evalu-
ated voltage proportional to the pressure differential. The
energy needed for this measuring and charge conversion
process is supplied by an external power supply.

For the proposed design where the sensor extracts its own
energy, the use of a charge amplifier is not appropriate
because the extracted energy from the melt pressure is
not sufficient to power the charge amplifier. To minimize
energy consumption, a different measuring concept is in-
troduced.

October 2015




ISSN No: 2348-4845
International Journal & Magazine of Engineering,

Technology, Management and Research

A Peer Reviewed Open Access International Journal

e

Cavity Pressure (MPa)

= .
2 3 5
Time (Second)
Fig. 3. The concept of digitized pressure
measurement

1) Typical cavity pressure
2) Measured cavity pressure

A typical cavity pressure curve has two basic segments, as
illustrated in Fig. 3. The curve is monotonically increas-
ing before it reaches the peak point, and monotonically
decreasing afterwards. The monotonic characteristics of
cavity pressure make it possible to measure the change
of pressure. The measurement starts when the melt front
reaches the sensor. At this stage the cavity pressure is in-
creasing, together with the converted energy. Each time
the pressure rises and the energy exceeds a preset value,
the energy will be released and a signal generated. The
total number of generated signals is a measure of the pres-
sure change.

During the pressure falling phase, every time a signal is
generated, the total signal number count will be subtract-
ed by one. As a result, the continuous current cavity pres-
sure is digitized and measured by multiplying the number
of signals with the preset pressure value. This concept is
illustrated in Fig. 3. A signal is generated each time the
pressure increases by 10 MPa from the previous value and
the current pressure value is obtained by multiplying the
number of signals by 10 Mpa.

EXPERIMENTS:

To validate the proposed design, a step function voltage
has been used in the experiment to simulate the electrical
pulse that is applied to the ultrasonic transducer. A piezo-
electric element was excited by the rising edge of a 5 V
step function. Waveforms of step function voltage and re-
ceived ultrasonic pulse are shown in Fig.
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Fig. 9. A transducer driven by a step function voltage, with the

time base 100 psidiv. 1} An electrical step function, 2 Widiv. 2)
Received ultrascnic pulse, 20 mVidiv.

Figure shows a stack of ten piezoelectric rings (APC850)
electrically connected in parallel. Each individual ring is
Imm (0.04 inches) thick. The outer diameter is 12.7mm
(0.5 inches) and the inner diameter 6.35mm (0.25 inches).
A copper foil electrode is sandwiched between each two
adjacent rings. To ensure rigidity and contact, the stack is
clamped by two steel bushings and preloaded by a central
bolt. The equivalent capacitance of this stack is measured
to be 14 nF. Under a pressure of 100 MPa, the stack was
able to generate a charge of 38 C and an open circuit volt-
age of 2700 V. Accordingly, the potential energy stored in
the stack is 52 mJ.

Fig- 10. A ten-piezoelectric ring stack

A test rig (Fig.) has been designed and fabricated to gen-
erate a pressure differential on the piezoelectric stack.
The steel mass is dropped and slowed down by the spring.
While the spring compresses, the force on the free end
of the lever rises sinusoidally. The piezoelectric element
stack is electrically connected in parallel to an ultrasonic
transmitter (PAC S-1000BM). The transmitter is coupled
to one side of a steel bar about Smm thick, which simu-
lates the wall of an injection mold. An acoustic emission
sensor (PAC D9203B) is coupled to the other side to “lis-
ten” to the ultrasonic signal. The output of the acoustic
emission sensor is connected to an oscilloscope (Tektron-
ix TDS3012) which can display and record the received
ultrasonic signal.
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Fig. 11. Testrg for experiment 1} Mass 2} Spring
3) Lever 4) Piezoelectric Stack

Fig. 12. Ultrasonic transmitter excited by the step voltage, with
time base 20 [sidiv. 1) The voltage measured between the two
faces of the stack. 100 Vidiv. 2) The voltage measured at the
output of AE sensor, 2 Vidiv.

The stack is placed near the fixed end of the lever, which
amplifies the force from the mass. With this arrangement
the piezoelectric stack is subjected to a rapid pressure.
The voltage measured across the two poles of the stack
is about 500 V (Fig. 12), which corresponds to a pres-
sure of 20 MPa. With the spring compresses to its solid
length, the steel mass bounces back from the stack and
the load on the stack is released instantly. The release time
was measured to be 1 s, which is much shorter than the
load rise time. The ultrasonic transmitter is excited by this
step voltage and sends out an ultrasonic pulse (Fig.). The
maximum peak-peak voltage of the sensed pulse is about
8 V and decays within 40 s.

CONCLUSIONS AND FUTURE WORK:

A new wireless sensor for injection molding machine cav-
ity pressure measurement is proposed. Determined by the
characteristics of the cavity pressure curve, the pressure
information is digitized by a series of ultrasonic pulses.
Each single ultrasonic pulse represents the pressure rise/
fall across a threshold value, and the current pressure is
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obtained by multiplying the number of pulses with the
threshold value. To enable wireless sensing, a piezoelec-
tric element is used to draw energy from the cavity pres-
sure change and convert it to electrical energy. A stacked
piezoelectric element design consisting of ten 1mm thick-
ness piezoelectric rings (APC850)is proposed which in-
creases the equivalent capacitance and charge generation
efficiency. The capacitance is about 14 nF which is 100
times greater than that of one single 10 mm thick ring
design. A pulse generation mode is proposed, which con-
sumes less energy than the continuous wave mode. To
further reduce energy consumption, a micromechanical
switch based on the MEMS technology is proposed to re-
place the commonly used electronic switches.

The threshold voltage required to close the switch can be
varied by changing the geometry of the switch. Experi-
mental validation has shown that a force actuator created
a pressure drop of about 20 MPa within 1 s on the stack.
The stack then generated a 500 V step voltage to excite
an ultrasonic transmitter. The transmitter propagated an
ultrasonic pulse in a Smm thickness steel bar. The pulse
was successfully detected on the other side of the steel
bar by an AE sensor. The experiment shows that a rapid
pressure change can be sensed wirelessly by means of one
single ultrasonic pulse. The first wireless sensor with a
micromechanical switch will be modeled, fabricated, and
tested. This sensor is able to generated one single ultra-
sonic pulse when the melt pressure reaches 100 Mpa and
can be used to detect the arrival of the melt front.
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