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A Proposed Technique to Acquire
Cavity Pressure Using a Surface
Strain Sensor During Injection-
Compression Molding
A new technique was proposed and experimentally verified for the cavity pressure acqui-
sition in the injection-compression molding (ICM). The surface strain of the fixed mold
half and the cavity pressure were monitored simultaneously during ICM. In the compres-
sion stage, a directly proportional relationship between the cavity pressure and mold sur-
face strain was found and determined via the regression analysis. By taking the
advantage of this relationship, the cavity pressure profile with high accuracy was indi-
rectly obtained from the nondestructive measurement of the mold surface strain. More-
over, the mold surface strain profile could indicate the part weight or thickness and the
critical time when the part surface lost contact with the cavity surface in a large area.
The monitoring of the mold surface strain could serve as an interesting alternative to the
direct monitoring of the cavity pressure with respect to process and part quality control
for ICM. [DOI: 10.1115/1.4023376]
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1 Introduction

During the injection molding, the polymeric material undergoes
complicated thermomechanical history featuring obvious pressure
variations as well as rapid cooling, and consequently experiences
significant changes in its physical properties. As a result, the final
quality of the molded part is inherently difficult to predict without
sophisticated computer simulation software [1]. To achieve and
maintain high quality of the molded parts, considerable researches
have been reported on process monitoring and control of injection
molding over the last two decades [2–9]. Among the process vari-
ables in injection molding, which mainly include melt pressure (in
the nozzle [2,3], runner [2], and cavity [2–9]) and melt tempera-
ture (in the nozzle, runner [1], and cavity [2,7]), the cavity pres-
sure is widely recognized to be especially critical to the process
control and final part qualities. Specifically, the cavity pressure is
found to be a reliable indicator for the shrinkage, warpage, weight,
and thickness of the molded part.

ICM combing the injection molding with compression molding
was developed to incorporate the advantages of both molding proc-
esses, including decreased molding pressure, shortened molding
cycle, reduced part residual stress, and increased part dimensional
accuracy [10–14]. It is a well-known technology to produce optical
parts, such as diffraction grating [12], lens [13], and light guide
[15] with tight tolerance and high optical performance. Despite the
advantages associated with ICM, its process control is more critical
and difficult since additional compression-related processing pa-
rameters are involved. The role of processing parameters playing
in the part quality, which have been investigated experimentally
[11,12,15–18] or numerically [10,11,14] in a wide range, is dem-
onstrated to be significant. Moreover, in the complex process of
ICM, the obvious changes in process variables (especially cavity
pressure) can distinctly influence and also reflect the part quality.
The cavity pressure in the compression stage, which experiences
the most dramatic changes throughout the ICM process, is particu-

larly necessary to be monitored for the process and part quality
control, and thus has been placed special attention [10,11,14,19].

To implement the measurement of pressure, a variety of pres-
sure sensors based on piezoelectric [2,9] and piezoresistive mate-
rials, load cells, strain gages [20], and optical fiber [21] have been
developed. The wired piezoelectric pressure sensor is widely
employed in the process monitoring and control during injection
molding and extrusion. Because the injection mold usually con-
tains complicated geometries, it is expensive to install wires
through the mold to connect a sensor. To solve this problem, the
wireless piezoelectric pressure sensor is developed recently
[22,23]. Moreover, using the optical pressure sensor, the remote
measurement of the displacement of a sensor diaphragm can be
achieved, that is, the sensing electronics is remote from the work-
ing environment (e.g., mold cavity). This is quite beneficial for
the miniaturization and robustness of sensor. Nevertheless, the
cavity pressure measurement during injection molding generally
requires the incorporation of a pressure sensor directly into the
cavity, which makes this measurement difficult to be realized dur-
ing molding optical and micro parts [24]. To the best knowledge
of the authors, there are still few works on indirect monitoring
techniques for the cavity pressure during ICM.

For the aforementioned reasons, a new technique was proposed
to indirectly acquire the cavity pressure profile in the compression
stage of ICM with the aid of the mold surface strain measurement
in this work. The online monitoring of the mold surface strain and
cavity pressure was carried out during ICM. In the compression
stage, a quantitative relationship between the cavity pressure and
mold surface strain was determined by the regression analysis.
Applying this relationship, the cavity pressure with high accuracy
could be obtained via the nondestructive monitoring of the mold
surface strain. Moreover, some valuable information for the pro-
cess and part quality control could also be acquired from the mold
surface strain profile.

2 Experimental

2.1 Setup and Material. The ICM experiments were per-
formed on an 80-ton injection-molding machine (KM80SP180CX,
Krauss-Maffei). The injection-compression mold with a maximal
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compression stroke of 10 mm was used for molding the rectangu-
lar part with nominal dimensions of 120� 20� 2 mm3. The fixed
mold half is schematically illustrated in Fig. 1.

A piezoelectric surface strain sensor (9232A, Kistler) was
mounted on the external surface of the fixed mold half to monitor
the mold strain in the horizontal direction during molding, as
shown in Fig. 1. The strain of the mold leads to a change in dis-
tance between the two contact elements on the sensor. And the
change in distance converts into a force acting on the piezoelectric
materials, which produces an electric charge proportional to this
force. Compared with the familiar wire strain gage, the piezoelec-
tric surface strain sensor exhibits higher sensitivity and larger
overload resistance. Piezoelectric pressure sensors (6190BA, Kis-
tler) were mounted in two locations along the flow path, which are
40 and 120 mm from the sprue and denoted as P1 and P2, respec-
tively (Fig. 1). The mold cavity corresponding to P1 is initially
filled in the injection stage, whereas the mold cavity correspond-
ing to P2 is filled in the subsequent compression stage. The
upstream (P1) pressure was used to relate with the mold surface
strain, and an indirect pressure acquisition technique was pro-
posed based on the relationship developed. Knowing that the cav-
ity pressure is consistently reduced along the flow path during
ICM [10,19], comparing the downstream (P2) pressure with the
upstream (P1) pressure can disclose the cavity pressure uniform-
ity. For each molding cycle investigated, online data were col-
lected simultaneously from the three sensors using a data
acquisition system (DataFlow, Kistler) and stored in a computer.
The sampling rate was 50 Hz.

The injection grade polystyrene (PG-33, Zhenjiang Chimei
Chemical Co.) with a melt index of 7.9 g/10 min (200 �C, 5 kg)
was used in this work. It was dried at 80 �C for 3 h in a vacuum
oven before molding.

2.2 Methodology. As listed in Table 1, four processing pa-
rameters, including the injection stroke (Si), compression force
(Fc), compression stroke (Sc), and compression speed (Vc), were
investigated in terms of their influences on the profiles of the cav-
ity pressure and mold surface strain in this work. Three levels
were selected for the Fc, Sc, and Vc. To clearly disclose the rela-
tionship between the mold surface strain and Si, five levels were
considered for Si. The barrel temperatures were set at 185–210 �C
(toward the nozzle), and the mold was kept at room temperature.
Other processing parameters, including the injection speed
(200 mm/s) and compression delay time (0.3 s), were kept

constant. It is worthy to note that the screw-driven packing stage
was not adopted during ICM in this work. So, it is expected that a
more uniform cavity pressure distribution and resultant higher
quality parts can be obtained via the mold compression.

3 Results and Discussion

3.1 Typical Profiles of Cavity Pressure and Mold Surface
Strain. Figure 2 presents the profiles of both cavity pressure and
mold surface strain monitored during ICM under the processing pa-
rameters listed in Table 1. As can be seen in Figs. 2(a)–2(d), regard-
less of the processing conditions, the pressure profiles at a given
measured position (P1 or P2) show a similar trend throughout the
whole molding process. At P1, as the injection is started at approxi-
mately 0 s, the pressure increases rapidly and reaches the first peak
value of a rather low level (< 5 MPa). Then the pressure drops
down to zero immediately at the end of the injection stage. After a
slight delay (0.3 s), during which the stage is switched over from
injection to compression, the pressure suddenly increases to the sec-
ond peak value, followed by the gradual reduction to a plateau. The
second peak values of the pressure are much higher than the first
peak values. Moreover, the plateau value of the pressure is found to
increase with the injection stroke (Fig. 2(a)). It is interesting to find

Fig. 1 Schematic of fixed mold half equipped with cavity pressure sensors and
surface strain sensor (unit: mm)

Table 1 Conditions of ICM experiments and results of R2

between cavity pressures directly measured with pressure sen-
sor at P1 and those indirectly obtained from strain sensor in
compression stage

Parameters

Test no. Si (mm) Fc (kN) Sc (mm) Vc (mm/s) R2

1 20.0 100 2 20 0.733
2 20.2 100 2 20 0.840
3 20.4 100 2 20 0.900
4 20.6 100 2 20 0.868
5 20.8 100 2 20 0.890
6 20.2 50 2 20 0.791
7 20.2 150 2 20 0.962
8 20.2 100 1 20 0.920
9 20.2 100 3 20 0.964
10 20.2 100 2 5 0.822
11 20.2 100 2 35 0.914

Average — — — — 0.873
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that as the mold filling is completed, a moderate cavity pressure
and a more uniform cavity pressure distribution indicated by the
overlapped pressure profiles at P1 and P2 can be achieved under
appropriate injection strokes. This is conceivable to play a key role
in producing precise parts during ICM.

It is interesting to find that the cavity pressure profile at P1
(Figs. 1(a)–1(d)) and the corresponding mold surface strain profile
(Figs. 1(e)–1(h)) exhibit a remarkably similar pattern in the whole
molding cycle. It is thus expected that a qualitative or even quanti-
tative relationship between the cavity pressure and mold strain
may exist during ICM. So, the mold surface strain monitoring
may serve as an alternative to the direct cavity pressure monitor-
ing in terms of providing valuable feedback for process and part
quality control, and relevant analyses are presented as follows.

3.2 Quantitative Relationship Between Cavity Pressure
and Mold Surface Strain. To reveal the underlying quantitative
relationship between the cavity pressure and mold surface strain,
the strain of the fixed mold half, where the surface strain sensor
was installed (as shown in Fig. 1), was analyzed. It is suggested
from Fig. 2 that rather low cavity pressure appears in the injection
stage. Besides, the cavity pressure in the compression stage is
crucial for the process and part quality control, and thus the focus
of the current work is on this stage. In the compression stage, the

mold is partly closed, and the strain of the fixed mold half results
from the cavity pressure and the force transferred from the cavity
plate of the moving mold half (i.e., the compression force of the
springs). Detailed structure of the moving mold half can be found
in Ref. [25]. Experimental results show that extremely small strain
(less than 2% of the maximum strain) in the measured position of
the fixed mold half results from the compression force of the
springs, and so can be neglected compared with that imposed by
the cavity pressure. This can be interpreted as follows: (a) the
compression force of the spring is quite small; (b) the compression
force of the spring acts on the positions near the edge of the mold,
and thus results in the lowest strain near the middle of the mold,
where the strain sensor was installed. Therefore, the mold strain is
mainly ascribed to the cavity pressure. Based on the Hooke’s law,
it can be believed that within the elastic limit of the steel mold, the
cavity pressure (P) is directly proportional to the mold surface
strain (e), i.e., P¼ k�e, where k is a scale factor. However, it is
expected that, as the mold is completely closed, this relationship
would not hold true anymore, due to the fact that the clamping
force imposed on the cavity plate increases and yields correspond-
ing strain on the fixed mold half.

The linear regression was carried out to determine the foregoing
dependence of the P on e. And the following equation can be
applied [26].

Fig. 2 Profiles of (a)–(d) cavity pressures at P1 and P2 and (e)–(h) mold surface strain during
ICM under varied processing parameters
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k ¼
Xm

i¼1

Piei

.Xn

i¼1

e2
i (1)

where m is the total number of tests (m¼ 11 in this work).
From Eq. (1), the correlation between the peak values of the

cavity pressure and mold surface strain in the compression stage
was obtained, that is, P¼�2.025� 106e, where the unit for the P
is MPa. And the 95% confidence interval of the k extends from
�2.100� 106 to �1.950� 106. Such a narrow confidence interval
suggests a high reliability of the calculated k value. Figure 3 rep-
resents the experimentally obtained data and linear regression
model. Moreover, the significance of the coefficient k in the
regression was estimated by the F-test, and the F statistic was
determined using the analysis of variance [26]. The result is sum-
marized in Table 2. It was found that the computed F statistic
shows a high level of 3637.1. Given one and ten degrees of free-
dom (Table 2) and a 0.05 significance level, the critical F value
can be obtained from the F distribution tables [26], which is 4.96.
So the computed F value is overwhelmingly significant compared
with critical F value, and the regression model can well describe
the relationship between the peak cavity pressure and peak mold
surface strain.

By applying the aforementioned function, the mold surface
strain profiles were converted into the cavity pressure profiles,
which were compared with the cavity pressure profiles directly
measured by the pressure sensor at P1. The representative result
(test no. 2) is displayed in Fig. 4. A reasonable agreement can be
observed between these two pressure profiles. To quantify the
degree of correlation, the analyses of determination coefficient R2

[27] between these two kinds of curves were carried out for the
results from each experiment studied.

R2 ¼ 1� SSerr=SStot (2)

SSerr ¼
Xn

i¼1

Pi � P̂i

� �2
(3)

SStot ¼
Xn

i¼1

Pi � �Pð Þ2 (4)

where SSerr is the residual sum of squares, SStot is the total sum of
squares, n is the total number of observed values, �P is the average
value of directly measured cavity pressures, and P̂i represents
indirectly obtained cavity pressure.

The results of R2 are listed in Table 1. As can be seen, for all
the experiments carried out in this work the R2 varies from 0.733
to 0.964, and the average value of the R2 reaches 0.873. To further
improve the pressure acquisition accuracy of the proposed tech-
nique, that is, to increase the R2 value, the optimization of the
molding conditions was carried out according to the result of
Table 1. As can been seen from this table, a high level of each
molding parameter may ensure better accuracy of the indirect
pressure measurement. To confirm this, an additional ICM experi-
ment under the molding parameters of highest levels was carried
out. The pressure profiles acquired from direct and indirect meth-
ods are displayed in Fig. 5. Interestingly, these two profiles agree

Fig. 3 Result of regression analysis for relationship between
peak cavity pressure at P1 and peak mold strain monitored in
compression stage

Table 2 ANOVA result of regression for relationship between
peak cavity pressure at P1 and peak mold surface strain in com-
pression stage

Source of
variation

Degrees of
freedom

Sum of
squares

Mean
square

F
statistic

Model 1 5086.5 5087.5 3637.1
Residual 10 14.0 1.4 —
Total 11 5100.5 — —

Fig. 4 Representative cavity pressure profiles directly meas-
ured at P1 and obtained from strain sensor in compression
stage (test no. 2)

Fig. 5 Cavity pressure profiles measured with pressure sensor
at P1 and obtained from strain sensor in compression stage
under optimized molding conditions. Injection stroke: 20.8 mm,
compression force: 150 kN, compression stroke: 3 mm, com-
pression speed: 35 mm/s.
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well with each other in the compression stage. The R2 value
between them achieves 0.992, which evidences a strong correla-
tion and the feasibility of the cavity pressure acquisition using a
surface strain sensor in the compression stage of ICM. Actually,
the mounting location of the surface strain sensor affects the ac-
quisition quality and signal-to-noise ratio of obtained cavity pres-
sure, which will be reported in a separated work elsewhere [25].
For the mounting location selected in this work (Fig. 1), the strain
sensor shows a quite satisfactory performance in terms of the pres-
sure acquisition.

3.3 Detection of Mold/Part Separation and Part
Weight. As can be clearly observed in Fig. 2, under smaller val-
ues of injection strokes (20.0 and 20.2 mm) and all values of other
parameters used in this work, the cavity pressures in both P1 and
P2 and corresponding mold surface strain reach the final plateau
values at almost the same time. The plateau pressure is 0 MPa in
these conditions, which suggests that a large area of the part sur-
face loses contact with the cavity surface at this moment. Then
the cooling rate of the part starts to dramatically decrease [28].
Such critical moment, which is significant for the optimization
and control of the cooling stage in the injection molding, is found
to be detectable via the mold surface strain measurement.

It is noted that in the cooling stage the plateau value of the
mold strain increases with the injection stroke (Fig. 2(e)). Under
different injection strokes, the average thickness along the flow
path and weight of the mold parts were measured, and the results
are displayed in Fig. 6. As can be seen, an approximately linear
relationship exists between the part weight or thickness and injec-
tion stroke. It is suggested from Figs. 2(e) and 6 that the part
weight or thickness, which is widely considered to be a useful
feedback for part quality monitoring and control in the injection
molding, can be reflected via the plateau value of the mold surface
strain. That is, the mold surface strain monitoring can serve as an
alternative to the cavity pressure monitoring in terms of detecting
the weight or thickness of ICM part.

4 Conclusions

In the current work, a new technique was proposed for the cav-
ity pressure acquisition in the ICM. In an indirect and nondestruc-
tive manner, the cavity pressure in the compression stage was
obtained from a strain sensor mounting on the external surface of
the mold. This acquisition technique relied on a directly propor-
tional relationship between the cavity pressure and mold surface
strain, which was determined via the regression analysis. High ac-
quisition accuracy of cavity pressure was achieved under higher
levels of injection stroke, compression force, compression stroke,

and compression speed. Moreover, the mold surface strain profile
could reflect the part weight or thickness and the critical time
when the part cooling rate started to be abruptly reduced due to
the disappearance of contact between the part and cavity surfaces
in a large area. The monitoring of the mold surface strain could
provide valuable online feedback for the process and part quality
control in ICM.
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Nomenclature

ANOVA ¼ analysis of variance
Fc ¼ compression force

ICM ¼ injection-compression molding
k ¼ scale factor
P ¼ cavity pressure

P1 ¼ measured position 1
P2 ¼ measured position 2

�P ¼ average value of directly measured cavity pressures
P̂i ¼ cavity pressure indirectly obtained with strain sensor
R2 ¼ coefficient of determination
Sc ¼ compression stroke
Si ¼ injection stroke

SSerr ¼ residual sum of squares
SStot ¼ total sum of squares

Vc ¼ compression speed
e ¼ mold surface strain
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