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Abstract

The semiconductor strain gauges (SCSGs) are widely introduced in Hopkinson bar technique to detect weak strain
signals of low-impedance materials, just for its high gauge factor. But, the measurement accuracy is negatively affected
by the instability of SCSGs’ specifications. A novel methodology is proposed to in-situ calibrate them and to interpret
accurately the weak transmitted strain signals. And the dependence of the gauge resistance and factor on temperature and
compressive/tensile loading conditions are calibrated with the stable electrical resistance strain gauges (ERSGs) as
standard outputs. The results confirm that the properties present a high sensitivity to temperature, and even behave
asymmetrically under tensile and compressive loadings. The experiments are carried out to verify the proposed in-situ
calibration technique. Finally, the stress-strain curves of a shear thickening material are measured to demonstrate its
reliability and detectability. This work will be useful to measure the dynamical mechanical properties of the soft and

energy absorption materials like rubber and foams.
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Introductions

Engineering materials with low mechanical impedances have
been widely used for specific applications, like foams exten-
sively used in automotive and aerospace industries for their
low specific mass and high specific strength [1], polymeric
materials used in portable electronic industries for impact en-
ergy absorbing [2], and multifunctional cellulose composites
for more extensive engineering applications due to their supe-
rior mechanical properties [3, 4]. Under these loading condi-
tions, materials usually experience dynamic and impact
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loadings. Therefore, it is necessary to know their mechanical
behaviors under severe loading such as impact. The dynamic
loading apparatus: split Hopkinson bar technique (short for
SHPB), is widely used to measure the dynamic behavior of
metallic materials under high strain rate loading [5-9].
Figure 1 shows the experimental setup of a typical SHPB,
which mainly consists of a striker bar, incident bar, and a
transmission bar. The specimen is sandwiched between the
incident bar and the transmission bar.

During tests, the striker bar is projected towards the incident
bar by a pressure in the gas gun chamber. Upon impact, a com-
pressive wave is generated in the incident bar, which propagates
towards the interface of the incident bar and specimen. At this
interface, the incident pulse is partially reflected back into the
incident bar and the rest is transmitted through the specimen into
the transmission bar. The incident wave, reflected wave and
transmitted wave are recorded by the strain gauges via
Wheatstone bridge. Equation (1) is used to translate the voltage
signals into the strain signals (more details are displayed in the
following section). Finally, the one-dimension elastic wave the-
ory is used to obtain the loading strain rate, strain and stress of
the specimen from the recorded waves [6—10].

The low mechanical impedance of some materials is much
lower than that of Hopkinson bar materials at least by one or
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two orders of the magnitude. The stress signal in the transmis-
sion bar could also be so weak, even in the same order of
magnitude of the system noise, that it is very difficult to detect
the weak transmitted signals. In the past decades, however,
great progress has been made. The preferred method is to re-
duce the impedance mismatch of the bar. Viscous-elastic
Hopkinson bars were established with the aid of analytical so-
lutions to wave dispersion in viscous-elastic bars [11-13].
Another method is to amplify the weak transmitted signals
using appropriate techniques like aluminum tube to output the
transmission bar signal [13], employing higher-sensitivity strain
transducers such as the Quartz-crystal sensor [14], and incorpo-
ration of semiconductor strain gauges [15-17].

The electrical resistance strain gauges were firstly in-
troduced in Hopkinson bar apparatus in 1964 [18] to re-
cord successfully the propagation of stress waves in long
bars and became standard accessories for Hopkinson bar
apparatus due to its accuracy and flexibility [19]. The
semiconductor strain gauges are advantageous in record-
ing the weak signals, just due to their high signal-to-noise
ratios, and gauge factors even up to 150 (much higher
than 2.1 of ERSG). Moreover, these are easy-to-use like
ERSGs, and have been extensively employed in
Hopkinson bar technique for testing low-impedance ma-
terials: polymer products [4, 15]; and bio-tissue [16]. But
the instability of properties, which are sensitive to temper-
ature and loading conditions, bring along some problems
impairing the accurate strain measurement. The previous
experimental investigations were based on the assump-
tions that specifications of SCSGs were stable, that is,
constant electrical resistance and gauge factor, same as
those of ERSGs. Unfortunately, this was not true in actual
experiments because their electrical resistance was highly
temperature-dependent and the gauge factors were hardly
stable. They are also dependent upon both temperature
and loading conditions, even present asymmetry under
tension and compression loadings [20]. These instabilities
must exert adverse influences on the measurement accu-
racy without a proper calibration. But, so far less pub-
lished work is available for calibration of SCSGs.

In this paper, a novel methodology is proposed to calibrate
the characteristics of SCSG used in Hopkinson bar technique.
Based on the stable specifications of ERSGs, its output is
selected as standard outputs to in-situ calibrate the specifica-
tions of SCSG. The resistance and gauge factor is calibrated
in-situ under the loading of the Hopkinson bar technique.
Verification experiments have been conducted to ensure the
reliability of the methodology by using both ERSG and SCSG
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simultaneously to pick up the transmission signals. Finally,
experiments on a shear thickening material are conducted to
demonstrate the feasibility of this in-situ calibration technique.

Potential Problems

In order to display the probable problems of SCSG in detect-
ing strain signals during the test, ERSG is additionally
employed to pick up the standard output by cementing very
closely to SCSG on the incident bar. When a compressive
incident wave travels in the incident bar, it will be recorded
by ERSG and SCSG, respectively. After the incident compres-
sion wave is reflected as tension wave at the interface of bar/
specimen, it travels backward and is recorded by SCSG and
ERSG again. The strain waves detected by SCSG and ERSG
should be the same in amplitudes and configurations [6].
Therefore, considering the ERSG output as a standard refer-
ence, the SCSG responses can be analyzed under both com-
pressive and tensile stress waves loading.

Formula Deduction

The signal of strain gauges is recorded via a Wheatstone
bridge, which is broadly used to measure strain in experimen-
tal mechanics. The specifically-designed bridge for this cali-
bration work is shown as Fig. 2.

In Wheatstone bridge circuit, R, is a slide rheostat with
100 2 to finely adjust the balance of circuit and E is the
constant current. Rgg is designated with resistance 1000 + 1
£2 and a gauge factor of 2.1 + 1% at room temperature (from
BE1000-6AA, ZEMIC, China). The SCSG selected has nom-
inal resistance 1000 + 50 (2, and a gauge factor of 150 £ 7.5 at
room temperature (HU-101 K from Saiying Electronic
Technology Co. Ltd., China). The resistance R of ERSG

U U

50Q 1000 Q Rsc 50Q
p— - P
= E
Rso 1000 Q
] | | —
Radjust

Fig. 2 Wheatstone bridge circuit used in Hopkinson bar apparatus
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changes with an increment AR due to the load and AU is
output. Formerly, the following formula can be deduced for
the strain-voltage output relation of the Wheatstone bridge
circuit shown in Fig. 2:

AU
STEAU (1)

Supposing that SCSGs’ initial resistance during
experimenting (including the increment induced by tempera-
ture) be R, and AU means the output voltage of SCSG
Wheatstone bridge circuit, then the strain-voltage output rela-
tion for SCSG is given by:

Ke E(R-1000)

AU = - - -
(1+Ke) 1100+ R(1 + Ke)

x| x»

E-
(2)
1100 +
where the circumflex accent A is used to differentiate the char-
acteristic parameters of SCSG from those of the ERSG. The
E(R-1000)

term, 1100+R(1+Kz)

in equation (2), should be zero when the

initial resistance R equals its nominal value 1000 £2. But this is
nearly impossible due to its high sensitivity to temperature
induced by ambient and the electric current of Wheatstone
bridge. Thus, any temperature variation will result in some
output of the signal, even without any stress loading. In the
data processing, it is usually considered as an unnecessary
deviation and neglected, so the strain signal can be deduced
as given in equation (3):

1100+ R AU
KR  E-AU

(3)

é:

Error Analysis

The specifications R and K are assumed to be 1000 £2, 150,
respectively. And the ambient temperature of SCSGs and
ERSGs is 24 °C. Figure 3 shows the incident wave and
reflected wave in an experiment picked up from ERSGs and
SCSGs, which are both cemented on the incident bar. There
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Fig. 3 Comparison of strain waves calculated from ERSG and SCSG
without calibration

exists a distinct difference between the strain amplitudes of
ERSG and SCSG.

It can be seen in Fig. 3 that without a proper calibration,
SCSG flops in accurately interpreting the amplitudes of strain
waves. The error of the ERSG reading could be up to 21.33%
for the incident wave and — 8.92% for the reflected wave,
respectively. It is also indicated that SCSG exhibits severe
asymmetrical behavior under compressive and tensile load
conditions. This is because the ambient influence and loading
conditions result in significant deviation of the K and R values
from the nominally specified. Lacking of the real resistance
and gauge factor values goes against a reasonable interpreta-
tion of the SCSGs voltage data. To further quantitatively illus-
trate the influence, the resistance and factor are assigned a
series of values around the nominal specifications to interpret
the voltage data of SCSG. Figure 4a, b show the influences of
different R and K values, respectively, where the highlighted
lines are the interpretation of ERSG and will be used as a
standard for comparison.

Figure 4 clearly demonstrates that the gauge factor and
resistance influence significantly the gauge output, especially
strain amplitudes. The peak strain values of the interpreted
strain waves are selected to evaluate quantitatively the influ-
ence, as shown in Fig. 4c, which indicates that the strain am-
plitude is sensitive to the gauge factor: with the increasing K,
the interpreted strain increases distinctly. Furthermore, it is not
negligible for the effect of SCSG resistance as shown in
Fig.4b, d. And an error of up to about 20% can be estimated
from Fig. 4c, d. Therefore, it is essential to determine the
actual gauge factor and electrical resistance of SCSG during
tests. And an in-situ calibration technique for properties of
SCSG is critically required for the accurate measurement of
strain.

Specification Calibration
Calibration Procedures

In order to measure accurately the weak strain signal, a meth-
od is proposed to calibrate the SCSG in Hopkinson bar tech-
nique. ERSGs and SCSGs are cemented together on the inci-
dent bar and supposed to capture the same waves: the com-
pressive incident wave and tensile reflected wave [4]. For one
strain wave £(t), the response should be equivalent no matter it
is recorded by ERSG or SCSG and interpreted by equations
(1) and (3), respectively. Equation (4) is obtained by substitut-
ing equation (1) into equation (2).

2100 =— —(1000-R) =0 (4)

DS
<
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Fig. 4 Influences of SCSG gauge factor and resistance, with (a): K
increasing from 140 to 200, but R assumed to be stable at 1000 €2; (b):
R increasing from 940 to1060 €2, but K is assumed to be stable at 150; (c)

There are only two unknown parameters K and R in equation
(4). So, based on AU and AU from the experimental data, the
actual gauge factor K and resistance R can be solved by
substituting voltage data detected by SCSGs and ERSGs into
equation (4). With the experimental signals from Fig. 3, as an
example, the characteristics of SCSGs in the incident bar are
calibrated, and the curve calculated from SCSG with calibration
is shown in Fig. 5 together with the curve calculated from
ERSGs. The calibrated K and R values under compressive
(the incident wave) and tensile (the reflected wave) loadings
are shown in Table 1 in the row for the temperature of 24 °C.

It is evident in Fig. 5 that there are no obvious differences
between the strains from the ERSGs and the calibrated
SCSGs. Thus, the feasibility and reliability of the calibration
methodology implemented in this work are established by the
good agreement in terms of both the strain amplitudes and the
fluctuating characteristics.

Temperature Effects

Different temperature experiments are designed to investigate
the dependence of SCSGs at a lower temperature (9°C), room
temperature (24°C), and an elevated temperature (40°C), re-
spectively. The lower temperature is realized by spraying the
cooled air mixed with the vaporized liquid nitrogen on SCSGs

SEM

and (d): the peak strain of the interpreted strain wave is introduced to
analyses the influence of factor and resistance, respectively

[21] and the elevated temperature is achieved by heating the
ring-type furnace which surrounds the SCSGs cemented on
the calibrated Hopkinson bar. An instrument equipped with a
thermocouple is used to in-situ monitor the SCSGs’ tempera-
ture [10]. The desired temperature is achieved and kept con-
stant at least for five minutes before dynamic loading. The
experiments at each temperature are repeated at least four
times to ensure the experimental reliability.

The calibrated parameters in Table 1 indicate that the tem-
perature influences noticeably the resistance of SCSG. The re-
sistance decreases with temperature increase, while they are
very close to each other under both compressive and tensile
loading. Thus, it is concluded that SCSG resistance is consistent
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Fig. 5 Comparison of strain waves calculated from ERSG and calibrated
SCSG
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Table 1 Gauge resistances and

factors of SCSG calibrated Compressive loading Tensile loading

Resistance(Ohm) Factor Resistance(Ohm) Factor

9°C 1052.14 187.24 1052.09 146.77
24 °C 999.38 190.16 998.39 142.39
40°C 956.74 181.65 957.01 142.88
Specification* 1000 + 5% 150 +5% 1000 +5% 150 +5%

Specifications™* are offered form the manufactory company, with the temperature coefficient of resistance <0.40%,
the temperature coefficient of the gauge factor <0.30% and the reference temperature 25°C

and show no sensitivity to loading conditions. But, the gauge
factor drops sharply from more than 180 under the compressive
loading to less than 150 under the tensile loading at each inves-
tigated temperature. Severe asymmetrical behaviors occur under
compressive and tensile loading. This coincides with the fact
that a gauge factor under compression is higher than that under
tension for SCSGs [22]. So, this asymmetrical property accounts
for the fact that the interpreted reflected wave is lower than the
incident wave as shown in Fig. 3.

In-Situ Calibrations
In-Situ Calibration Methodology

The above-mentioned calibration method in section 3.1 is
introduced directly in Hopkinson bar experiments while
testing dynamic behaviors of low-impedance materials.
The SCSGs are cemented on the transmission bar for de-
tecting weak transmission strain wave. The in-situ calibra-
tion methodology is as follows: in the experiment, the
SCSGs of both the incident and transmitted bar are equiv-
alently affected by the same ambient temperature and
loading conditions, and they should have the same resis-
tances and gauge factors. Based on the calibration proce-
dure in section 3, actual resistances and gauge factors of
SCSG on the incident bar can be obtained, and then they
are extended to the SCSGs of the transmission bar since
they are under the same ambient conditions. Therefore,
the SCSGs output can be interpreted accurately.
Consequently, the weak transmission strain wave during
low-impedance materials testing can be measured via
SCSG with the same accuracy level as that of ERSG.

To verify the in-situ calibration technique, an experiment is
conducted on the calibrated Hopkinson bar apparatus. A cou-
ple of ERSGs and SCSGs are cemented both on the incident
and transmission bar. Thus, the two couples of ERSGs, as the
traditional output of the Hopkinson bar test, would interpret
the strain signals to strain rate, strain, and stress to generate the
stress-strain curve for reference. The SCSGs’ output can be
interpreted based on the aforementioned calibration method-
ology, through which the stress-strain curve is obtained too.
The mechanical parameters and the dimensions of the bar and
specimen used in tests are illustrated in Table 2. The specimen
was a polymeric material.

In the experiment, the incident and reflected waves are
recorded by both ERSGs and SCSGs on the incident and
transmission bars. Like the traditional procedure of the
Hopkinson bar technique, the stress-strain curve can be calcu-
lated based on the traditional ERSGs’ signals of the incident
and transmission bars, and shown in Fig. 6. Using the calibra-
tion technique, SCSGs’ signals of the incident bar and trans-
mission bar are in-situ calibrated to obtain the actual resistance
and gauge factor, then the stress-strain curve is obtained, and
presented in Fig. 6 together. It is indicated that the two curves
are in good agreement, which verifies that the reliability of the
methodology based on the in-situ calibration technique can
achieve nearly the same level of accuracy as the traditional
ERSGs.

Experiments of the Low-Impedance Material

A shear thickening material is selected to check the detectivity
of the in-situ calibrated Hopkinson bar technique. The details
of'the apparatus and specimen are the same as those illustrated
in Table 2, except the incorporation of a longer striker bar with

Table 2 Mechanic parameters
and dimension of bar and

specimen

Striker bar Incident/Transmission bar Specimen
Diameter (mm) 15 15 7
Length/Thickness (mm) 200 2000 7
Elastic Modulus (MPa) 71,000 71,000 NA
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Fig. 6 Curves comparison from in-situ calibrated SCSG and a traditional
ERSG

a length of 0.70 m. The pulse shaping technique is introduced
to trim the incident wave to attain the desired loading charac-
teristics with more rapid stress equilibrium and constant strain
rate [9, 10]. A typical stress-strain curve is obtained and
shown in Fig. 7, along with the corresponding true strain rate.
A series of experiments are also conducted to study the strain
rate effect for this material, and the curves are shown together
in Fig. 8. With the strain rate increasing from 1300 s ' to
4100 s ', the stress increases sharply by around 11.4 times
((31.8 MPa)/(2.78 MPa) at a true strain of 0.3). This demon-
strates that the high rate-dependence of the mechanical re-
sponse of this material. It can be demonstrated in Figs. 7 and
8 that the stress can be detected even when it is much lower
than 1 MPa below the true strain of 0.10. The measurement
detectivity can be further improved by using transmission bars
made of polymeric materials [15].

Conclusions

An in-situ calibration method is proposed for calibrating the
specifications of SCSGs, which is used in the Hopkinson
pressure bar to detect the weak strain signal while testing
low-impedance materials. The resistance and gauge factor of
SCSGs used in the experimental set-up are in-situ calibrated
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20 —s— True strain rat;l 41400
— =
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< 15 11050 o
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’3 10 \;ﬁ— Slressislram'curvel 1700 %
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Fig. 7 Stress-strain curve of a shear thickening material under strain rate
2300 s~' by using this calibration
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Fig. 8 Stress-strain curves of the shear thickening material under
different strain rates

by taking the output of ERSG as standard. Experiments are
also conducted with calibrated set-ups for investigating the
influence of temperature and different loading conditions,
and the results indicate that the resistance of SCSG is sensitive
to temperature, and the gauge factor presents high asymmet-
rical behavior under compressive and tensile loading condi-
tions. Finally, the methodology is proposed to in-situ calibrate
the nominal properties of SCSGs and simultaneously test low-
impedance materials using a Hopkinson bar technique. The
experimental results on the shear thickening material demon-
strate that the detectivity can be as low as 1 MPa for aluminum
Hopkinson bar apparatus, which could be useful to accurately
measure the dynamical mechanical properties of the rubber-
like materials and foam-like energy absorption materials.
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