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A B S T R A C T

The on-line measurement of clamping force is essential for injection molding equipment and process. A method
for on-line measurement of clamping force using ultrasonic technology is proposed in this study. Based on the
sono-elasticity theory, a new mathematical model is established to describe the relationship between ultrasonic
propagation time and clamping force. A series of experiments are then performed to validate the proposed
method. Findings show this method corresponds well with the magnetic enclosed type clamping force tester
method, with difference squares less than 0.65 (MPa)2, and standard deviations less than 0.11MPa. Ultrasonic
parameters influence measurement results, with larger ultrasonic probe wafer diameter and higher ultrasonic
probe frequency producing better measurement accuracy. Additionally, measurement accuracy is insensitive to
the sampling frequency of ultrasonic signals. The proposed method has the advantages of high accuracy and high
stability, being non-interfering, non-destructive, low-cost, on-line and with good adherence to health and safety,
and it has significant application prospects in injection molding production.

1. Introduction

Injection molding is the most important process for producing
polymeric products. Currently, more than one third of all polymeric
products are produced by the injection molding process [1–4]. The real-
time measurement of clamping force is vital in this process for its in-
fluence on the life of the mold and injection molding machines as well
as the quality of the final products [5–8]. Clamping force is exerted by
clamping unit, causing most stress to the tie-bars. When the mold is
clamped, tie-bars are subjected to an axial tensile load and stress rises to
a maximum value. Clamping force is released and the tie-bar stress
returns to zero [5] when the mold is opened. With cyclical mold
clamping and opening, tie-bars experience cyclic alternating stress from
maximum to zero. These conditions lead to frequent tie-bar break-down
[9], especially in high speed injection molding machines, as shown in
Fig. 1. For this reason, the on-line measurement of clamping force for
injection molding machine is of great significance.

As the importance mentioned above, plenty of studies have been
conducted to measure clamping force, predominantly focusing on the
strain gauge method [10,11,8,12]. The strain gauge is commonly at-
tached with magnetic force due to the complex nature and low re-
peatability of manual installation. Huang et al. evaluated clamping
force based on a magnetic enclosed type clamping force measuring

tester. They developed a searching algorithm with various clamping
force settings to identify the optimum clamping force value [8]. In a
study by Rao et al., a magnetic enclosed type clamping force measuring
tester was used to evaluate the strain and stress of the tie-bars and their
partial load rate was calculated [7]. However, this method, is not sui-
table in practical industrial production as the sensor is installed at the
mold and product operation area and can hinder the loading and un-
loading of mold as well as the removal of product. The technique
cannot be used over long periods of time as the mounted method is not
stable and it is too expensive for large-scale industrial application. The
magnetic enclosed type clamping force measuring tester technique is
currently mainly used for calibrating the balance of clamping force for
injection molding machine before delivery. If used in industrial pro-
duction, the tie-bars would suffer unbalanced force and break down,
even if calibrated. A new on-line measurement method for measuring
clamping force during the injection molding process is urgently needed.

Many new measurement methods have been studied, including the
ultrasound method [13–18], laser method [19–21] and magnetic sus-
pension method [22–28]. Ultrasounds are mechanical waves with fre-
quencies that are greater than 20 kHz [29]. Michaeli et al. combined
ultrasonic technology with polymer state on-line monitoring during the
injection molding process [30]. Ono et al. also contributed extensively
in this area of study, inventing a high temperature ultrasonic transducer
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used in microinjection molding [31], co-injection molding [32], and gas
assisted injection molding processes [33] for on-line polymer char-
acterization. Zhao et al. proposed an ultrasonic methodology to mea-
sure cavity pressure during the injection molding process and to cal-
culate the degree of crystallinity for Poly(lactic acid) parts [1,34,35].
Jhang et al. established an ultrasonic velocity measurement method to
estimate the clamping force in high-tension bolts [36]. No study has
been undertaken on clamping force measurement for injection molding
machine by ultrasonic method however.

This study proposes an on-line ultrasonic approach to measure
clamping force during the injection molding process. Both experimental
results and theoretical discussions are presented. Clamping force is also
investigated using a magnetic enclosed type clamping force tester for
comparison. Based on the sono-elasticity theory, the relationship be-
tween ultrasonic signals and clamping force is established. It is under-
stood that this is the first attempt to measure injection clamping force
via ultrasonic technology. The proposed measurement method offers
the advantages of being high accuracy and high stability, non-inter-
fering, non-destructive, on-line, low-cost and adhering to health and
safety requirements.

2. Experimental methods

2.1. Mathematical model and method

During the process of injection molding, the clamping force is
transmitted to the tie-bars through the mold, the moving platen and the
stationary platen. As shown in Fig. 2(a), when the mold is clamped, the
tie-bars are subjected to an axial tensile load and tie-bar stress rises to a
maximum value. After mold opening, the clamping force is released and
the tie-bar stress returns to zero, as shown in Fig. 2(b). With cyclical
mold clamping and mold opening, the tie-bars experience the cyclic and
alternating stress from maximum value to zero.

This study proposes a model and method for real-time non-
destructive measurement of clamping force for an injection molding
machine using ultrasonic technology according to the sono-elasticity
theory. The sono-elasticity effect occurs when an ultrasound propagates
in a tie-bar and its propagation velocity changes with the stress [37]. As
the tie-bars can withstand alternating stress, the propagation velocity of

the ultrasound is also varied. With the help of the propagation velocity,
the stress can be obtained as [38,39]:

= + +
+

+ + + + +ρ C λ μ σ
λ μ

l λ λ μ m λ μ· 2
3 2

[2 ( )(4 4 10 )]σ0
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(1)

where ρ0, σ and Cσ are the density of the tie-bar, the stress of the tie-bar
and the propagation velocity of ultrasound, respectively. l, m and n are
the Murnaghan constants of the tie-bar, and λ and μ are the Lamé
constants of the tie-bar. Assuming that =σ 0, Eq. (1) becomes:

= +ρ C λ μ· 20 0
2 (2)

Using Eq. (1) to subtract Eq. (2), produces:

− =C C C K σ( )/ ·σ0 0 (3)

where
= + + + + + + +K lμ λμ λ μ m λ μ μ λ μ λ μ[2 ( )(4 4 10 )]/[2 (3 2 )( 2 )] is the

sono-elasticity coefficient, which is an inherent material parameter that
characterizes the acoustic elastic property of the tie-bar. In this study,
C0 and Cσ are:

=C l t2 /0 0 0 (4)

= +C l σ E t2 (1 / )/σ σ0 (5)

where t0 is the propagating time of the ultrasound in a situation where
the tie-bar is subjected to no stress. Similarly to t0, tσ denotes the pro-
pagating time in the situation that the tie-bar stands a stress of σ. The
natural length with no stress is l0. The relative change of time −t t t( )/σ 0 0
is set and combined with Eqs. (3)–(5), yielding:

− =
+

−
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Kσ
( )/ /
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As ≪Kσ 1, the equation can be derived as:

= −σ
K t
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·

·( )σ
1 0

0 (7)

where = +( )K KE1
1 and is a material parameter.

As illustrated in Fig. 3, a tie-bar can be divided into two parts: l1, the
component that bears no force and l2, the part that bears the clamping
force. The propagation time through the whole tie-bar at a state of
standing with no force is tno force and the propagation time through the

Fig. 1. Broken injection molding machine tie-bars.

Fig. 2. Schematic diagram of tie-bars under different stress states: (a) mold clamping; (b) mold opening.
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whole tie-bar at a state of standing a clamping force is tclamping force.

= +t l l l t/( )·0 2 1 2 noforce (8)

= − +t t l l l t/( )·σ clampingforce 1 1 2 noforce (9)

In combining Eqs. (7)–(9), the clamping stress σ in a tie-bar can be
calculated, as demonstrated in Eq. (10):

= =
+

−σ F S
K l l l t

t t/ 1
· /( )·

·( )
1 2 1 2 noforce

clampingforce noforce (10)

where F is the clamping force and S denotes the cross-sectional area of
the tie-bar. Notably, materials properties include modulus of elasticity
(E), Murnaghan constants (l, m, n) and Lamé constants (λ and μ) were
integrated into one parameter K1, i.e.,

= + = + + + + + +

+ +

K K lμ λμ λ μ m λ μ

μ λ μ λ μ

[2 ( )(4 4 10 )]

/[2 (3 2 )( 2 )]
E E1
1 1 . The value of

K1 can be determined by a calibration method. Through measuring
ultrasonic propagation time under known clamping force and Eq. (10),
the parameter K1 can be obtained.

2.2. Measurement device

The clamping force measurement device is shown in Fig. 4. The
ultrasonic signal probes are four longitudinal wave pulsing/receiving

ultrasonic transducers (Shantou Institute of Ultrasonic Instruments Co.,
Ltd., China) with the same specifications. The four tie-bars have been
numbered from #1 to #4 for easy identification. An ultrasonic signal
transmitter receiver (CTS-8077PR, Shantou Institute of Ultrasonic In-
struments Co., Ltd., China) and a digital oscilloscope (InfiniiVision
DSO-X-2002A, Agilent Technologies Co., Ltd., America) were combined
to collect, process and display the ultrasonic signals. The equipment to
be studied was an injection molding machine (HAITIAN380, Haitian
International Holdings Co., Ltd., China). As shown in Fig. 4, the ultra-
sonic probes were strongly mounted on the bottom of the tie-bars with
the aid of glue, avoiding the central positioning hole. The machine vi-
bration can hardly interfere the ultrasonic measurement results.

2.3. Verification device and method

A magnetic enclosed type clamping force tester (Monitor DU-1D,
GEFRAN Sensors Co., Ltd., Italy) was attached to the outside surface of
the tie-bars to verify the accuracy of the proposed ultrasonic method.
The magnetic enclosed type clamping force tester will be subsequently
referred to here as the clamping force tester. This tester was directly
fixed on the flat part of the tie-bar, close to the side of the stationary
platen so as not to hinder the mold clamping.

The difference square, δ, was used to specifically measure the de-
viation of the ultrasonic measurement results corresponding to the
clamping force tester results. The equation is as follows:

∑= −
=

n
σ σδ̄ 1 · ( )

i

n

i j
1

2

(11)

where σi is the clamping stress with clamping force tester; σj is the
clamping force with ultrasonic method, and n is the experiment times,
n= 3. The standard deviation, s, was employed to specifically measure
the stability of the measurement results, as shown in Eq. (12):

∑= −
=n

σ σs 1 · ( )
i

n
j1

22
(12)

where σ is the average clamping stress under certain clamping force.
The standard deviation of clamping stress for the clamping force tester
is si, and the standard deviation of the clamping stress for the ultrasonic
method is sj.

3. Results and discussion

According to the model and method, a series of experiments were
conducted. The injection molding machine used in the study was
HAITIAN 380. The l1, l2 were 400mm, and 3010mm, respectively. The

Fig. 3. Schematic diagram of actual clamping force for tie-bars in industrial production.

Fig. 4. Diagram of the measurement system and the emphases display of the
ultrasonic probe.
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material parameter K1 was 1.662× 10−11. The diameter of the tie-bar
was 100mm.

3.1. Preliminary verification experiments

A set of experiments for preliminary verification were initially
conducted. A commonly used ultrasonic probe (5P6) [29,34,35] with a
wafer diameter of 6mm and a frequency of 5MHz was studied in this
section. The sampling frequency of the echo signals were 100MHz and
the #1 tie-bar was used. The clamping forces of the measured tie-bar
were about 100 kN, 300 kN and 500 kN. Each experiment was con-
ducted three times to avoid accidental errors. The stresses of tie-bars
under two methods are shown in Fig. 5 and the specific data analyzed
from the two methods are displayed in Table 1.

Two conclusions can be drawn from results seen in Fig. 5 and
Table 1: first, the ultrasonic method was preliminarily proven to be
correct. As shown in Table 1, the difference square, δ, were
0.055 (MPa)2, 1.124 (MPa)2 and 2.318 (MPa)2 with clamping force in-
creasing from 100 kN to 500 kN. This accuracy is acceptable in in-
dustrial production. Secondly, the ultrasonic method has excellent
stability. As illustrated in Fig. 5, the error bars of the ultrasonic mea-
surement results were relatively small and were as good as the clamping
force tester method. The standard deviation, sj, were 0.040MPa,
0.080MPa and 0MPa with clamping force increasing from 100 kN to
500 kN.

3.2. Ultrasonic parameters optimization experiments

For further study of the proposed method, a set of experiments were
performed with the aim of optimizing the ultrasonic measurement
parameters. In this section, three process parameters, including the
probe wafer diameter, ultrasonic probe frequency and sampling fre-
quency of echo signals were selected to be investigated. To find the

Fig. 5. The measured stresses as well as the error bar of #1 tie-bar under two
methods.

Table 1
Comparison results for #1 tie-bar under two methods.

F tnoforce tclampingforce σi si σj sj δ
(kN) (ns) (ns) (MPa) (MPa) (MPa) (MPa) (MPa)2

∼100 1,159,020 1,159,238 13.114 0 12.792 0.040 0.055
1,159,025 1,159,245 13.114 12.939
1,159,015 1,159,235 13.114 12.939

∼300 1,159,015 1,159,660 38.834 0.035 37.934 0.080 1.124
1,159,025 1,159,665 38.706 37.640
1,159,020 1,159,660 38.834 37.640

∼500 1,159,020 1,160,060 62.771 0.035 61.165 0 2.318
1,159,020 1,160,060 62.643 61.165
1,159,020 1,160,060 62.643 61.165

Fig. 6. Tie-bar stress measurement results of two methods under different clamping force (100 kN, 300 kN, 500 kN) and different probe wafer diameters (6 mm,
10mm, 14mm, 20mm): (a) 5P6; (b) 5P10; (c) 5P14; (d) 5P20.
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optimum parameter, one of the three process parameters mentioned
above was changed, while the other two remained the same.

3.2.1. Influences of ultrasonic probe wafer diameter
The frequency of the ultrasonic probe and sampling frequency of

echo signals were maintained at 100MHz. Probes with wafer diameters
of 6mm, 10mm, 14mm and 20mm were mounted on the #1 tie-bar to
measure clamping force. The clamping forces of the measured tie-bars
were set as about 100 kN, 300 kN, 500 kN, and each experiment was
performed three times to avoid accidental error. Meanwhile, the
clamping force tester was used to evaluate the effect of each mea-
surement under different process parameters.

The measured stresses of the tie-bar under two methods are shown
in Fig. 6. Probe wafer diameter differed from 6mm, 10mm, 14mm and
20mm. The specific data analyzed from the two methods is illustrated
in Table 2.

Results in Fig. 6 and Table 2 clearly indicate that the wafer diameter
of the ultrasonic probe is generally positively correlated with mea-
surement accuracy. A larger probe wafer diameter induces higher
measurement accuracy, as long as the probe wafer diameter is less than
the measured tie-bar radius. Specifically, when the wafer diameter of
the probe is relatively small (such as 6mm or 10mm), the difference
square values, δ, are greater than 1 (MPa)2. Therefore, small wafer
diameters should be avoided as far as possible. On the basis of previous
studies, for slender rods, such as injection molding machine tie-bars, the
propagation and the measurement effect of ultrasonic waves is de-
termined by the directivity of the ultrasonic signals, and the directivity

of the ultrasonic wave is related to the diffusion angle. The smaller the
diffusion angle, the better the directivity. The semi-diffusion angle θ0 of
the ultrasonic has a quantitative relationship with the probe wafer
diameter Ds and the ultrasonic wavelength λ.

= ≈θ λ
D

λ
D

arcsin1.22 70
s s

0 (13)

According to Eq. (13), the larger the wafer diameter of the probe,
the better the directivity and the smaller the error. Based on the ex-
periment and theory, a large ultrasonic probe diameter will produce
higher accuracy. With this in mind, the ultrasonic probe with a wafer
diameter of 20mm was selected.

3.2.2. Influences of ultrasonic probe frequency
With probe wafer diameter of 20mm selected, a set of experiments

intended to optimize the frequency of ultrasound was then performed.
Frequencies were 1MHz, 2.5MHz and 5MHz. The probe wafer dia-
meter and the sampling frequency of echo signals were maintained
20mm, 100MHz, respectively. The clamping forces were set as about
100 kN, 300 kN, 500 kN, and each experiment was done three times to
avoid accidental error. The stresses of tie-bars under two methods are
shown in Fig. 7 and specific data analyzed from the two methods are
clarified in Table 3.

As seen in Fig. 7 and Table 3, measurement accuracy is insensitive
to the ultrasonic probe frequency. The δ under frequency of 1MHz,
2.5 MHz and 5MHz was 0.091 (MPa)2, 0.105 (MPa)2 and 0.059 (MPa)2,
respectively. The wavelength, λ, and semi-diffusion angle of the

Table 2
Comparison results for #1 tie-bar with two methods under different clamping force and different probe wafer diameters.

Probe F tnoforce tclampingforce σi si σj sj δ

(kN) (ns) (ns) (MPa) (MPa) (MPa) (MPa) (MPa)2

5P6 ∼100 1,159,020 1,159,238 13.114 0 12.792 0.040 0.055
1,159,025 1,159,245 13.114 12.939
1,159,015 1,159,235 13.114 12.939

∼300 1,159,015 1,159,660 38.834 0.035 37.960 0.080 1.072
1,159,025 1,159,665 38.706 37.665
1,159,020 1,159,660 38.834 37.665

∼500 1,159,020 1,160,060 62.771 0.035 61.246 0 2.077
1,159,020 1,160,060 62.643 61.246
1,159,020 1,160,060 62.643 61.246

5P10 ∼100 1,159,018 1,159,233 13.751 0 13.150 0 0.361
1,159,023 1,159,238 13.751 13.150
1,159,023 1,159,238 13.751 13.150

∼300 1,159,018 1,159,616 37.688 0.035 36.546 0.042 1.176
1,159,018 1,159,618 37.688 36.699
1,159,018 1,159,618 37.815 36.699

∼500 1,159,028 1,160,023 62.771 0.035 60.858 0.0001 3.342
1,159,023 1,160,018 62.643 60.859
1,159,018 1,160,013 62.643 60.859

5P14 ∼100 1,158,975 1,159,200 13.114 0 13.233 0 0.014
1,158,970 1,159,195 13.114 13.233
1,158,975 1,159,200 13.114 13.233

∼300 1,158,965 1,159,625 39.216 0.035 38.818 0 0.130
1,158,960 1,159,620 39.088 38.818
1,158,965 1,159,625 39.216 38.818

∼500 1,158,950 1,160,030 64.681 0.035 63.521 0.080 0.880
1,158,950 1,160,035 64.681 63.815
1,158,950 1,160,035 64.553 63.815

5P20 ∼100 1,159,145 1,159,370 13.623 0.035 13.231 0.080 0.144
1,159,145 1,159,370 13.751 13.231
1,159,150 1,159,380 13.624 13.525

∼300 1,159,150 1,159,800 38.324 0.060 38.224 0 0.021
1,159,150 1,159,800 38.197 38.224
1,159,155 1,159,805 38.452 38.224

∼500 1,159,160 1,160,260 64.681 0.035 64.686 0.0001 0.012
1,159,170 1,160,270 64.553 64.685
1,159,160 1,160,260 64.553 64.686
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Fig. 7. Tie-bar stress measurement results of two methods under different clamping force (100 kN, 300 kN, 500 kN) and different ultrasonic probe frequency (1MHz,
2.5MHz, 5MHz): (a) 1P20; (b) 2.5P20; (c) 5P20.

Table 3
Comparison results for #1 tie-bar with two methods under different clamping force and different ultrasonic frequency.

Probe F tnoforce tclampingforce σi si σj sj δ

(kN) (ns) (ns) (MPa) (MPa) (MPa) (MPa) (MPa)2

1P20 ∼100 1,159,110 1,159,318 12.478 0.035 12.203 0.040 0.038
1,159,110 1,159,320 12.478 12.350
1,159,115 1,159,323 12.350 12.203

∼300 1,159,105 1,159,740 37.815 0 37.343 0.0004 0.223
1,159,120 1,159,755 37.815 37.343
1,159,070 1,159,705 37.815 37.344

∼500 1,159,095 1,160,163 62.898 0.035 62.778 0.040 0.012
1,159,080 1,160,150 63.025 62.926
1,159,115 1,160,185 63.025 62.924

2.5P20 ∼100 1,159,110 1,159,310 12.350 0 11.762 0.080 0.174
1,159,095 1,159,300 12.350 12.056
1,159,100 1,159,305 12.350 12.056

∼300 1,159,115 1,159,780 39.216 0 39.107 0 0.011
1,159,115 1,159,780 39.216 39.107
1,159,115 1,159,780 39.216 39.107

∼500 1,159,055 1,160,135 63.153 0 63.515 0.0001 0.131
1,159,060 1,160,140 63.153 63.515
1,159,065 1,160,145 63.153 63.515

5P20 ∼100 1,159,145 1,159,370 13.624 0.035 13.231 0.080 0.145
1,159,145 1,159,370 13.751 13.231
1,159,150 1,159,380 13.624 13.525

∼300 1,159,150 1,159,800 38.324 0.060 38.224 0 0.021
1,159,150 1,159,800 38.197 38.224
1,159,155 1,159,805 38.452 38.224

∼500 1,159,160 1,160,260 64.681 0.035 64.686 0.0001 0.012
1,159,170 1,160,270 64.553 64.685
1,159,160 1,160,260 64.553 64.686
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ultrasonic, θ0, will decrease with the increasing of ultrasonic probe
frequency, which can not only enhance the directivity, but also help
improve the resolution. Therefore, it is appropriate to choose 5MHz as
the optimal frequency.

3.2.3. Influences of ultrasonic sampling frequency
A set of experiments aimed to optimize the ultrasonic sampling

frequency were carried out. The sampling frequencies of echo signals
were 100MHz, 200MHz and 500MHz. The probe wafer diameter was
maintained at 20mm and ultrasonic probe frequency was 5MHz. The
clamping force of the measured tie-bar was set to about 100 kN, and
each experiment was carried out three times. The stresses of tie-bars
under two methods are shown in Fig. 8 and specific data analyzed from
the two methods are displayed in Table 4. It is important to note that
the studied equipment is a toggle injection molding machine, and its
clamping force cannot be precisely controlled at a certain value. Hence,
in Table 4, the clamping force can only be roughly adjusted to around
100 kN, and the actual clamping force will vary over different experi-
ments groups.

The measurement accuracy was found to be insensitive to the
sampling frequency of echo signals, as the δ is less than 0.27 (MPa)2 in
all three measured sampling frequencies. Theoretically, the higher the
ultrasonic sampling frequency is, the higher the measurement accuracy
is. However, in this study, the sampling frequency is sufficiently high
that the difference in measurement accuracy is not obvious. Moreover,
considering the cost of data acquisition equipment is directly related to
the ultrasonic sampling frequency, choosing a smaller sampling fre-
quency can reduce the cost of equipment. Due to this, 100MHz was
selected as the optimal frequency.

In summary, the optimum ultrasonic measurement parameters
found were: probe wafer diameter at 20mm; ultrasonic probe

frequency of 5MHz and sampling frequency of echo signals at 100MHz.

3.3. Verification experiments with optimized ultrasonic parameters

Using the optimized experimental parameters, the other two tie-bars
of the injection molding machine were measured. The clamping forces
of the injection molding machine were set as about 100 kN, 200 kN,
300 kN, 400 kN and 500 kN, respectively, and the stresses of tie-bars #2
and #4 were measured under each clamping force. To avoid accidental
errors, each experiment was repeated five times. Results are shown as
Fig. 9 and Table 5.

Fig. 9 and Table 5 show the measurement results with optimized
ultrasonic parameters are accurate. The δ of the two tie-bars was less
than 0.65 (MPa)2 and the sj was less than 0.11MPa under all clamping
forces, proving that the optimized ultrasonic method corresponds well
with the clamping force tester method. In short, the new ultrasonic
method of real-time nondestructive testing for clamping force of in-
jection molding machines is feasible with high accuracy and stability.
Moreover, in this study, materials properties were integrated into one
parameter K1, and it is a temperature-dependent parameter. The impact
of material parameter K1 on the calculated stress was calculated by
error analysis. The uncertainty of calculated stress was calculated, as
shown in Eq. (14).

=
∂

∂
=

−

+
δσ σ

K
δK

t t
K l l l t

δK·
· /( )·

·
1

1
clampingforce noforce

1
2

2 1 2 noforce
1

(14)

where δσ and δK1 are the uncertainty of calculated stress and K1, re-
spectively. We define that tnoforce= 1159020 ns,
tclampingforce = 1159237.5 ns, l1= 400mm, l2= 3010mm,
K1= 1.662×10−11. Using Eq. (14), δσ=1.262×1012 δK1. Assuming
that δK1= 1×10−12, a typical result of the uncertainty of the calcu-
lated stress is δσ=1.262 Mpa. Hence, the proposed ultrasonic mea-
surement method should be better performed in a production en-
vironment with a uniform temperature.

3.4. Advantages of the proposed method

Compared with other clamping force measurement methods, this
technique for on-line measurement of clamping force for an injection
molding machine is a potentially powerful technology. The advantages
of the proposed method are:

(1) High accuracy and high stability. The difference square between the
ultrasonic method and the clamping force tester method was less
than 0.65 (MPa)2, displaying excellent accuracy. The standard de-
viation of the optimized ultrasonic method was less than 0.11MPa,
also demonstrating very high stability.

(2) Non-interfering. The magnetic enclosed type clamping force tester
is attached to the outside surface of tie-bars, which is a hindrance in
industrial production as it is installed at the mold and product

Fig. 8. Tie-bar stress measurement results of two methods under different
sampling frequency of echo signals sampling (100MHz, 200MHz, 500MHz).

Table 4
Comparison results for #1 tie-bar with two methods under different clamping force and different sampling frequency.

Sampling frequency F tnoforce tclampingforce σi si σj sj δ
(MHz) (kN) (ns) (ns) (MPa) (MPa) (MPa) (MPa) (MPa)2

100 ∼100 1,159,145 1,159,370 13.624 0.035 13.231 0.080 0.145
1,159,145 1,159,370 13.751 13.231
1,159,150 1,159,380 13.624 13.525

200 ∼100 1,158,913 1,159,121 12.732 0.035 12.205 0 0.239
1,158,915 1,159,123 12.732 12.205
1,158,913 1,159,121 12.605 12.205

500 ∼100 1,158,917 1,159,955 12.732 0.035 12.205 0.029 0.262
1,158,915 1,159,943 12.605 12.087
1,158,916 1,159,946 12.605 12.116
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Fig. 9. #2 and #4 tie-bar stress measurement results of the injection molding machine: (a) #2 tie-bar; (b) #4 tie-bar.

Table 5
Comparison results for #2 and #4 tie-bars under two methods.

Tie-bar No. F t0 tclampingforce σi si σj sj δ

(kN) (ns) (ns) (MPa) (MPa) (MPa) (MPa) (MPa)2

2 ∼100 1,158,965 1,159,175 12.605 0.012 12.351 0.064 0.181
1,158,965 1,159,175 12.605 12.351
1,158,965 1,159,170 12.605 12.057
1,158,965 1,159,170 12.605 12.057
1,158,965 1,159,170 12.478 12.057

∼200 1,158,960 1,159,385 25.083 0.040 24.996 0.053 0.033
1,158,965 1,159,385 24.956 24.702
1,158,965 1,159,385 24.956 24.702
1,158,970 1,159,390 24.828 24.702
1,158,965 1,159,385 24.828 24.702

∼300 1,158,960 1,159,620 39.088 0 38.818 0.0001 0.073
1,158,960 1,159,620 39.088 38.818
1,158,955 1,159,615 39.088 38.818
1,158,935 1,159,595 39.088 38.819
1,158,955 1,159,615 39.088 38.818

∼400 1,158,895 1,159,780 52.203 0.040 52.054 0.052 0.089
1,158,895 1,159,780 52.076 52.054
1,158,905 1,159,790 52.330 52.054
1,158,910 1,159,795 52.203 52.054
1,158,885 1,159,765 52.330 51.761

∼500 1,158,890 1,159,975 65.063 0.026 63.818 0.105 0.643
1,158,860 1,159,955 65.063 64.408
1,158,905 1,160,000 64.935 64.406
1,158,900 1,159,995 64.935 64.406
1,158,905 1,159,995 64.935 64.112

4 ∼100 1,159,010 1,159,240 13.878 0 13.527 0 0.124
1,159,025 1,159,255 13.878 13.527
1,159,020 1,159,250 13.878 13.527
1,159,025 1,159,255 13.878 13.527
1,159,020 1,159,250 13.878 13.527

∼200 1,159,000 1,159,435 25.847 0 25.584 0.053 0.117
1,159,000 1,159,435 25.847 25.584
1,159,000 1,159,430 25.847 25.290
1,159,000 1,159,435 25.847 25.583
1,159,005 1,159,440 25.847 25.584

∼300 1,159,000 1,159,670 39.598 0.022 39.405 0 0.050
1,158,995 1,159,665 39.725 39.405
1,158,995 1,159,665 39.598 39.405
1,159,000 1,159,670 39.598 39.405
1,159,000 1,159,670 39.598 39.405

∼400 1,158,900 1,159,770 51.821 0 51.172 0 0.421
1,158,910 1,159,780 51.821 51.172
1,158,910 1,159,780 51.821 51.172
1,158,905 1,159,775 51.821 51.172
1,158,905 1,159,775 51.821 51.172

∼500 1,158,915 1,160,010 64.681 0.026 64.405 0.053 0.371
1,158,910 1,160,000 64.808 64.111
1,158,905 1,159,995 64.808 64.112
1,158,910 1,160,000 64.681 64.111
1,158,905 1,159,995 64.808 64.112
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operation area. The ultrasonic probes are instead mounted on the
bottom of the tie-bars with the aid of glue, not interfering with the
injection molding production.

(3) On-line. With the ultrasonic method, the clamping force of the
whole injection process can be measured on-line. As the velocity of
ultrasonic propagation is high, real-time ultrasonic signals can be
gathered.

(4) Non-destructive. Ultrasonic probes are installed on the bottom of
the tie-bars meaning this method does not destroy the machine or
the mold.

(5) Low-cost. The total cost of the required ultrasonic equipment was
much cheaper than the magnetic enclosed type clamping force
tester equipment. With rapid development of transducer materials,
microprocessors and signal processing methods, ultrasonic tech-
nology can be executed more economically.

(6) Health and safety. Ultrasounds are mechanical waves, and the
proposed monitoring method is environmental friendly.

4. Conclusions

A model and method for online measuring of the clamping force of
the injection molding machine via ultrasonic technology was proposed,
and the effects of ultrasonic probe wafer diameter, ultrasonic probe
frequency and ultrasonic sampling frequency were studied. Based on
the results obtained in this study, the following conclusions can be
drawn. First, according to the established mathematical model and
method, the clamping force of the injection molding machine can be
measured via ultrasonic technology. Experimental results show the
proposed ultrasonic method agrees well with the magnetic enclosed
type clamping force tester method, and the difference squares are less
than 0.65 (MPa)2 with standard deviations less than 0.11MPa.
Secondly, it was found that ultrasonic parameters influence measure-
ment results. Larger ultrasonic probe wafer diameters and higher ul-
trasonic probe frequency induced better measurement accuracy.
Additionally, measurement accuracy was insensitive to the sampling
frequency of ultrasonic signals. The optimum ultrasonic measurement
parameters discovered in this study were probe wafer diameter of
20 mm, ultrasonic probe frequency at 5MHz, and a sampling frequency
of echo signals at 100MHz. Finally, the ultrasonic method for mea-
suring the clamping force of an injection molding machine has the
advantages of being high accuracy and high stability, non-interfering,
on-line, non-destructive, low-cost and health and safety conscious. It is
understood that this study is the first attempt to employ ultrasonic
technology for measurement of clamping force. Using an on-line
clamping force measurement method employing ultrasonic technology
can greatly protect injection molding equipment and improve injection
molding production efficiency.
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