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ABSTRACT: A modified split Hopkinson-bar apparatus, in which the striker and input/
output bars are made of polycarbonate instead of metal, was used to study three typical
examples of a high-density flexible polyurethane elastomer (PORON) in sheet form.
This variation of the device reduces a mismatch in impedance between the input/output
bars and the specimen, thus allowing the stress in the specimen to reach a uniform
state before significant engineering strain is induced. Dynamic compressive stress—
strain curves were obtained from the measured incident, transmitted, and reflected
waves. This article presents the behavior of these foams as a function of strain rate;
for PORON 4701-05-20125-1637 under strain rates of 2.67 X 102 s ! to 4500 s !, the
stress—strain response can be described by a function comprising a rate-dependent
modulus and a strain-dependent factor, while for PORON 4701-01-30125-1604 and
4701-12-30062-1604, only loading at high strain rates yields similar characteristics.
Empirical equations were derived to characterize these mechanical properties; in addi-
tion, characteristics relating to energy-absorption capability as well as deformation
under approximately constant stress were also studied. © 1997 John Wiley & Sons, Inc. J

Appl Polym Sci 66: 619-631, 1997

INTRODUCTION

High-density flexible polyurethane elastomers in
sheet form are typical of soft materials used in
many electronic products such as hand phones,
calculators, and pagers to dissipate the otherwise
destructive sudden changes in kinetic energy
when these objects are subjected to unexpected
impacts. To assess suitability for such applica-
tions, it is essential to first obtain their dynamic
mechanical properties (loading and unloading
stress—strain relationships) corresponding to dif-
ferent high strain rates. Such stress—strain
curves are also very important to calculate cush-
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ion curves for packaging design.' In this study,
three types of a flexible polyurethane elastomer
in sheet form were selected for such characteriza-
tion. The materials chosen are commercially pro-
duced for shock-absorption applications in elec-
tronic products. However, information on their
behavior and performance under high-rate
deformation is generally unspecified. The materi-
als examined encompassed a range of flexibilities
and densities, with their thicknesses also varying
between 1.6 and 3.2 mm. Since the samples were
thin, it was possible to induce very high strain
rates even with low-velocity impacts by the
striker in the test device. It is generally conve-
nient to measure the stress—strain behavior of
elastomers at low to medium strain rates of 10 *
to 10" s ! using screw-driven testing machines or
gas-operated devices with a movable piston,
which apply a constant strain rate.” High-velocity
impact (¢ = 10%s 1) tests can be achieved by split
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Hopkinson pressure bars (SHPB) and high-speed
drop weight testers.>* However, since stress wave
effects must be considered at these high velocities,
accuracy of experimental data, especially in the
initial portion of stress—strain curves, are ques-
tionable because significant engineering strain is
induced in soft specimens before the stress and
strain in them attain a uniform state. Up to the
present time, such problems in high-velocity tests
remain unsolved and no further improvements
have yet been proposed. Hence, a primary objec-
tive of this investigation was to devise a modified
SHPB arrangement in which the striker, input,
and output bars were made of polycarbonate in-
stead of metal, thus improving the accuracy of
stress—strain curves derived for soft materials at
high strain rates. Wang et al.’ undertook a theo-
retical analysis of using polymeric material in
split Hopkinson bars; however, no practical appli-
cations of their analysis have been reported. The
reason for using polycarbonate Hopkinson bars in
the present study was to reduce mismatch in wave
impedance between the input/output bars and
the specimen; such mismatch leads to a large re-
flected wave from the interface between input bar
and specimen. The large reflected wave results in
a relatively long time required for the stress and
strain within the specimen to reach an equilib-
rium state. Moreover, impedance mismatching
also renders the transmitted signal too small to
be accurately measured. Theoretical analysis in
this investigation shows that replacement of the
aluminum bars by polycarbonate ones can reduce
significantly the time required for stress in the
specimen to achieve equilibrium. Some typical
stress—strain curves are presented and empirical
equations derived to describe the dynamic proper-
ties of the three polyurethane elastomers studied.

EXPERIMENTAL

Three types of polyurethane foam in sheet foam,
commonly used in electronic communication prod-
ucts, were studied—PORON 4701-01-30125-1604
(PORON A), which has a density of 480 kg/m?
and a thickness of 3.2 mm; PORON 4701-12-
30062-1604 (PORON B), with a density of 480
kg/m?® and a thickness of 1.6 mm; and PORON
4701-05-20125-1637 (PORON C), with a density
of 320 kg/m?® and a thickness of 3.2 mm. These
are microcellular materials with an average open
cell size of 100 microns. Specimens for both quasi-
static and dynamic compression were circular

disks with respective diameters of 12.5 and 7.7
mm and were punched out from foam sheets.
Quasi-static compression tests were performed
using an Instron universal testing machine. The
crosshead speed ranged from 0.5 to 100 mm/min,
corresponding to strain rates of 2.67 x 1073 s *
to 5.34 X 107 s ! for a 3.2 mm-thick specimen.
The applied load and resulting deflection were re-
corded, from which corresponding quasi-static en-
gineering stress—strain relationships were ob-
tained.

Dynamic compression tests were performed us-
ing an SHPB apparatus® (Fig. 1). For this type of
equipment, the time required to attain a uniform
stress state in a specimen depends on both the
mismatch in mechanical impedance (pCA) be-
tween the bar and specimen and the specimen
length. The elastic wave speed through foams is
generally relatively small compared to wave
speeds in metals. If both the input and output
bars are metallic, it will take a considerable time
for the stress in a specimen to reach equilibrium.
During this time, significant engineering strain
would have been induced, so that the initial por-
tion of the stress—strain curve is not accurate. In
this study, polycarbonate (LEXAN 141), which
has a much smaller pC (1.69 X 10° kg/m?s) than
that of 6061-T6 aluminum (pC = 13.77 X 10° kg/
m?s) is used for the input, output, and striker
rods to reduce the engineering strain induced in
nonmetallic specimens before they achieved a uni-
form state of stress.

In Figure 1, the diameter of the striker and
input/output bars is 10.5 mm, and the length for
the striker, input, and output bars are chosen,
respectively, to be 300, 1020, and 1020 mm. This
results in an r/L ratio of 0.08 (r = the radius
of input/output bars and L = length of incident
pulse), which is smaller than 0.1, implying that
geometrical dispersion effects need not be consid-
ered in this test. The gauges for measuring the
incident and transmitted strains are bonded, re-
spectively, 350 and 250 mm away from the speci-
men so that there is no signal superposition be-
tween the incident wave and that reflected from
the specimen as well as between the transmitted
wave and its own reflection from the free end.
Another set of strain gauges is bonded on the in-
put bar near the struck end, 510 mm away from
the gauge measuring the incident strain.

Figure 2 shows that the incident strain pulses
at these two locations on the input bar are almost
identical, meaning that viscoelastic dispersion in
the polycarbonate bar is negligible. The wave ve-
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Figure 1 Split Hopkinson pressure bar.

locity in the polycarbonate bar was found to be
1490 m/s. Dynamic compressive stress—strain
curves (Fig. 3) for polycarbonate (LEXAN 141),
obtained from a metallic SHPB apparatus, also
show the existence of an initial elastic response,
implying that the stress wave propagated in the
polycarbonate bars can be regarded as one-dimen-
sional if its magnitude does not exceed yield. To
quantify the effect of mechanical impedance mis-
match on the time required for stress in a speci-
men to reach a uniform state, the propagation
of a stress wave in an (aluminum bar)- (foam
specimen ) — (aluminium bar) configuration was
analyzed and compared with a (polycarbonate
bar)— (foam specimen)—(polycarbonate bar) ar-
rangement.

With reference to Figure 4, the equations de-
scribing the reflected and transmitted stresses o,

6000

4000

2000 +

and o, at a boundary, in terms of the incident
stress, o;, the cross-sectional areas A;, and A,,
and the material properties p;, p2, E1, and E,, are
given by

& = p2C2A; — p1C1A; Py
' p2C2As + p1C1A '

_ 2p2C2A1 & (2)
p2C2As + piC1A;

(1)
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where p is the density and C = \/Ei/p is the elastic
wave speed. Two cases are examined: Both the
input and output bars are first assumed to be
made of 6061-T6 aluminum alloy and then of poly-
carbonate (LEXAN 141). A small specimen of
PORON A is considered to be inserted between
the input and output bars. Both the 6061-T6 alu-
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Figure 2 Incident wave forms at different locations on imput bar.
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Figure 3 Dynamic compressive stress—strain curves for polycarbonate.

minum alloy and polycarbonate (LEXAN 141)
were tested and found to be strain-rate-indepen-
dent under compression. The initial elastic modu-
lus of the 6061-T'6 aluminum alloy and polycarbo-
nate (LEXAN 141) are 70.0 and 2.45 GPa, respec-
tively. PORON A has a density of 480 kg/m?® and
its elastic modulus varies with the strain rate; it
is assumed to be 60.0 MPa in this analysis. The
diameter of the input/output bars is 10.5 mm,
while it is 7.6 mm for the specimen which is 3.2
mm long. To simplify the analysis of stress propa-
gation through the input/output bars and speci-
men, it is assumed that the magnitude of the
stress is sufficiently small for the foam to remain
elastic during loading. By repeatedly applying
egs. (1) and (2) for transmission of stress between
the input aluminum bar (material 1) and the
PORON specimen (material 2) (see Fig. 1), the
transmitted and reflected stresses are

5, = 0.02450, (3a)
5, = —0.98480; (3b)
o, % %)
i 1 1 2

Figure 4 Propagation of stress across a boundary.

Hence,

g; + &, = 0.0152¢; (4a)
&, = 0.02450; (4b)

g

O =

g

where o1 and o} are the first stepwise changes in
stress in materials 1 and 2, respectively. Between
the PORON specimen (material 2) and the output
aluminum bar (material 3), the stress transmit-
ted to the output bar is

2psC3A,
p3CsAs + paCrA,

03 =Co3 (5)

fft=

while the stress reflected back into the specimen
is

_ psCsAs — paCrAy ol
= 2
psC3As + pCrA,

-

=C,0; (6)

where C, and C, are defined, respectively, as the

transmission and reflection coefficients for stress

from the specimen to the input/output bars. For

stress propagating from the PORON specimen to

an aluminum bar, C; = 1.2306 and C, = 0.9848.
Therefore,

o3+ C,0l =0.02450,(1 + C,) (7a)
= 0.02450,C, (7b)

o3
o3
where o3 is the second stepwise change in stress

in material 2 and o3 is the first stepwise change
in stress in material 3. From the PORON speci-
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men (material 2) to the aluminum input bar (ma-
terial 1),

& = 2,0101A2

‘ p1C1A;1 + poC3A,

5 = p1C1A; — pCyA,
" p1C1A1 + pCrA,

CrU% = thrgé (8)

Co3=Cloz (9)

Hence, the stress in material 2 after the third
stepwise change and the stress in material 1 after
the second stepwise change are given by

0.02450;(1 + C, + C?)
(1 - Cr)ai + CrCtU%

(10a)
(10b)

3
g2
2
1

g

Note that the stresses in the input bar, specimen,
and output bar increase according to the stepwise
fashion described. The time interval for each
stress level in the specimen is At = (Lgpecimen/
Copecimen) = 9.0 us. However, the corresponding
time interval for each stress level in the input and
output bars at their interface with the specimen
is 2At (18.0 us). The stresses in the input bar,
specimen, and output bar after the nth step (¢
= nAt) are

o7 =(1-C)o; + C,Co(1 + C? + (C?)?
+ s+ (CH"2)=(1-Co; + C.Co3

1-(CH" !
T C (n=2) (11)
oh=0c31+C, +C2+C2+ ---CY
1-C?
:Jéxl—C, (n=1) (12)
o1 =Col(1+C2+(CH?>+ --- +(CH Y
1-(CcHn
- Colx T (=1 (13)

Equations (11)-(13) are general and also
apply to polycarbonate input/output bars, with C.
= 0.884, C, = 1.168, and o3 = 0.18660; . Figure 5
shows the stress history at A, B, and C (Fig. 1)
for a polycarbonate—foam—polycarbonate con-
figuration. Since the cross-sectional area of the
input/output bars is 1.6 times that of the speci-
men, op in Figure 5 is normalized with respect to
1.60;, while both o, and o¢ are normalized with
respect to ;. The results show that the stress at
surfaces A and C attain approximate equilibrium
after 8 steps (144.0 us), implying that stress in

the specimen becomes essentially uniform at that
time. In contrast, eqs. (11)—(13) show that for
aluminum input/output bars it will take about
100 time steps (900.0 us) for stress in a specimen
to reach a uniform state. It becomes obvious that
the use of polycarbonate for the input/output bars
greatly reduces the time required for soft material
specimens to reach a uniform stress state. The
stress, strain, and strain rate in a specimen as
functions of time are described by

EyA,

o) =n

(e +& + &) (14)
Co [*

e(t) = —f [e;(17) — &.(7) — g(r)]ldT (15)
lO 0

) Co

&(t) = T [ei () — &.(¢) — &(t)] (16)
0

where g; is the strain in the input bar; ¢,, the
strain reflected from the interface with the speci-
men; and &, the strain induced in the output bar.
A, and A, are, respectively, the cross-sectional
areas of the input/output bars and the specimen;
E, and C, are the elastic modulus and the elastic
wave velocity of the input/output bar material.
When the stress within a specimen has reached
a uniform state, eqgs. (14)—(16) can be simplified
to

EyA,

o(t) = A

(1) (17)

s(t) = 2—C°f le;(r) — () 1dr  (18)
lO 0

s(1) = zl—%[sim ~ a()] (19)
0

Figure 6 shows typical signals of incident, re-
flected, and transmitted waves obtained from dy-
namic compression of PORON A.

RESULTS AND DISCUSSION

In quasi-static compression tests, a triaxial stress
state may develop in the thin disk specimens used
although friction between a specimen and the
loading faces is minimized by applying grease on
the interfaces. Hence, the stress—strain curves
obtained may not be totally accurate and should
only be used primarily for comparison with dy-
namic test results. For homogeneous specimens



624  RAO, SHIM, AND QUAH

[ Normalized Stress
0.8
0.6 t
g:‘—.
04 ol
ol
]__l
[
02 r Tt
|
[ I
[
0 [ ! L ! ! |
0 50 100 150 200 250

Time (microseconds)

Figure 5 Stress history at A, B, and C.

in SHPB tests, the DAVIES and HUNTER (D/
H)7 criterion has to be satisfied, i.e., the ratio
L/D (L and D are, respectively, the length and
diameter of the specimen) must lie between 0.5
and 1.0. However, for microporous or microcellu-
lar materials such as the foam under study, it is
almost impossible to derive a similar criterion
from theoretical analysis. In this investigation,
experiments were conducted to examine the ef-
fects of specimen size on the results obtained.
Stress—strain curves for specimens of different
length/diameter ratios are shown in Figure 7. It
was found that the maximum difference between
any two of the three curves is less than 8.0% for
specimen length/diameter ratios varying from
0.32 to 0.6.

Experiments show that apart from a mismatch

1500 | Strain (#¢)

1000

500 |

in mechanical impedance, the strain rate also has
an effect on the time required for a specimen to
attain a uniform stress state. For a given strain
rate, the forces at the two ends of a specimen can
be obtained from the incident, reflected, and
transmitted waves:

P1 = A()E()(Si + 8,) (20)
P2 = A()E()St (21)

Figure 8 shows the force histories P, and P, at
the ends of PORON A specimens loaded at three
different strain rates. From these curves, it is
found that P;, the force exerted by the input bar,
is initially larger than Py, the force between the
specimen and the output bar. This situation con-

~
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Figure 6 Typical incident, reflected, and transmitted strain signals for PORON A.



DYNAMIC MECHANICAL PROPERTIES OF PU ELASTOMERS 625

stress (MPa}
[\®)

0.3 0.4 0.5 0.6

strain

Figure 7 Specimen size effects on the dynamic stress—strain curves.

tinues until a point in time (E), after which P,
and P, are almost equal. The engineering strain
induced in the specimen before point E (e ) as well
as the time corresponding to this (¢z) are listed
in Table I. At a higher strain rate, a larger engi-
neering strain is induced before point E is
reached, although a shorter time is required for
stress in the specimen to reach equilibrium. Simi-
lar results were also obtained for PORON B and
PORON C.

In terms of utilizing the materials studied in
shock attenuation and impact energy-absorption
applications, a knowledge of their compressive
loading and unloading stress—strain curves (hys-
teresis loops) is necessary. The larger the area
enclosed in a dynamic loading—unloading loop,
the higher the capacity for energy absorption. In

Table I
Strain Rate
£(s™ tz (us) ex (%)
610 115.6 7.05
1820 82.6 15.03
2630 71.6 18.82

Time and strain induced when forces at specimen ends
attain eqality.

this study, quasi-static and dynamic loading—un-
loading stress—strain curves were examined. Fig-
ures 9—11 depict the engineering stress—engi-
neering strain curves for PORON A, B, and C,
respectively, under dynamic compression. As is
typical of cellular materials and structures, the
loading portion comprises an initial linear elastic
response, an extended postyield plateaulike
phase, and a final steep increase in stress as col-
lapsed cells are compacted together.®~'° It is noted
that for the dynamic stress—strain curves shown
in Figures 9—-11 the strain rate during the entire
deformation is not absolutely constant. It is al-
most constant in the plateau phase, but drops
quickly after that and momentarily reaches zero
value at the maximum strain point. The strain
rates stated in Figures 9—11 are the average val-
ues during the entire deformation. These results
indicate that the three types of PORON exhibit
rate-sensitive behavior. An increase in strain rate
is accompanied by an increase in the initial modu-
lus, yield strength, and stress level for a given
strain. (Yield stress is defined as the stress corre-
sponding to the intersection of the extensions of
the initial linear portion and the plateau phase.)
After yield, when cells within the material begin
to buckle and collapse, all the foams under inves-
tigation exhibit a plateaulike response in which
the stress increases very gradually before culmi-
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Figure 8 Load histories at ends of PORON A specimens.

nating in a final steep increase; this is followed
by viscoelastic recovery during unloading, after
attainment of maximum strain.

Under dynamic compression, the maximum
strain induced is controlled by the duration of the
incident stress pulse. Since the length of the inci-
dent stress wave was kept constant because of a
fixed striker length, a higher strain rate results
in a larger strain being induced in a specimen.
Following compression at high strain rates, the

20
strain rate (1/s)

15 r

3600

= === 2660

10

Engineering stress (MPa)

specimen dimensions were measured and it was
found that the specimens exhibited almost com-
plete recovery, but only after several minutes,
which is much longer than the loading time. Since
the input and output bars are of finite length,
stress waves returning from their free ends will
interfere with the incident, transmitted, and re-
flected waves; thus, the full recovery process could
not be recorded. Hence, the portions of the stress—
strain curves after point P in Figures 9—11 were

e e g eyl =
R e el ] = == . |

0.2

0.3

0.4 0.5

Engineering strain

Figure 9 Dynamic compressive stress—strain curves for PORON A.
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Figure 10 Dynamic compressive stress—strain curves for PORON B.

obtained by extrapolating the recorded data back
to the origin. The initial modulus (E,) and yield
strength (o, ) of the three foams at different strain
rates are shown in Figures 12 and 13, respec-
tively. It was found that under both quasi-static
and dynamic compression, the initial modulus,
and yield strength of the three foams can be de-
scribed approximately by bilinear functions of the
form

ay+bynég; Ineé=55

= (22)
a;+bilnég; Iné=55
co+dolnég; Inég =55

oy = (23)
¢ci+dilng; Iné=55

where aq, by, a1, b1, co, do, c1, and d; are con-

25 r
20 1 strain rate (1/s)
w
o
E 1
n
215 4500 ,"I
4 /]
w - === 3200 &
g .
=4
T o~ L | 1000 ,
3 10 S ,’
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Figure 11 Dynamic compressive stress—strain curves for PORON C.
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Figure 12 Variation of initial modulus with strain rate.

stants. Figures 12 and 13 depict experimental
data on how E, and o, vary with strain rate. Seg-
mented linear fits of the data points show that
the behavior of E, and o, fall roughly into two
distinct regimes of linearity. The slopes of the
lines for dynamic compression are much higher
than those for quasi-static deformation. It ap-
pears that there exists a transition strain rate
corresponding to In £ =~ 5.5, above which the ini-
tial modulus and yield strength increase very rap-
idly.

= PORON A
hd PORON B
A PORONC

For the purpose of both stress analysis and ma-
terial utilization, it would be ideal if stress—strain
data for all strain rates were available. As such
comprehensive information is generally not possi-
ble to collect, it would therefore be useful to be
able to derive a good estimate of the stress—strain
behavior at any strain rate based on limited ex-
perimental data. To achieve this, the loading por-
tion of each stress—strain curve is normalized
with respect to its initial modulus. The normal-
ized stress—strain curves for the three types of

[ Yield strength (MPa)

Log (strain rate)

Figure 13 Variation of yield strength of strain rate.
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Figure 14 Normalized stress—strain curves for PORON A.

foam under both quasi-static and dynamic com-
pression are shown in Figures 14-16. It was
found that for both quasi-static and dynamic com-
pression the normalized stress—strain curves for
PORON C collapse approximately into a single
curve. However, PORON A and PORON B only
exhibit this characteristic under dynamic com-
pression. This feature provides a means of conve-
niently characterizing stress—strain properties at
different strain rates. It is proposed that the load-

ing stress be described by a function comprising
the product of a rate-dependent modulus factor
and a strain-dependent factor:

o =Ec(&)f(e) (24)

where E, is the experimentally obtained initial
modulus which can be defined as a function of
strain rate; f(e) can also be determined from the

1.5 r
Stress/Eq Strain Rate
'A
12 ’ —=— 8000 1/s
—— 3000 1/s
09 —— 2000 1/s
e . —&— 1200 1/s
06 | ceems 0534 1/s
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AT e
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0 0.2 0.4 0.6 0.8

Engineering strain

Figure 15 Normalized stress—strain curves for PORON B.
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Figure 16 Normalized stress—strain curves for PORON C.

normalized stress—strain curves. The general
form of eq. (24) may be deduced by examining the
characteristics of the components E(¢) and f(&).
From eq. (22) and Figures 14—16, the initial mod-
ulus follows an approximate bilinear function of
In &, while f (&) is found to conform to a polynomial
of at least fourth order. A combination of these
descriptions of Ey(¢) and f(¢) yields the general
form of eq. (24) as

g = [AO +A11n 8] X (BO + 318

+ Bye? + Bse® + Byg* + -+ + B,e") (25)

By employing the above equation, the dynamic com-
pressive stress—strain relationship for PORON A
under strain rates ranging from 600 to 3600 s ! can
be described by
o =[-94.86 + 18.71 In ¢]
X (0.8268e — 3.4071e? + 5.6431¢®
— 1.9355¢*) (26)

where 600 = ¢ = 3600 s !
For PORON B,

o=[-98.65+ 17.14 In £](1.409¢
— 6.237¢? + 13.285¢° — 8.324¢%) (27)
where 1200 = £ = 6000 s !

For PORON C,

oc=[-238 +1.681n £]
X (0.0398 — 1.86c + 37.76s* — 251.96¢3
+ 756.25e* — 1042.74e + 540.11)° (28a)
where 300 = & = 4500 s !
o =1[2.05+0.221n £]
X (0.0398 — 1.86c + 37.76s* — 251.96¢3
+ 756.25e* — 1042.74° + 540.11°%) (28b)
where 0.534 = ¢ = 300 s}
A comparison between the proposed stress—strain
curves and experimental results for PORON C in
Figure 17 shows that eqs. (28a) and (28b) are
useful for estimating stress—strain behavior at
strain rates which are difficult to induce exactly in
experiments. For example, the predicted stress—
strain curves for strain rates of 2.67 x 10 ? and

600 s ! are shown together with the experimental
results.

CONCLUSIONS

(a) The use of polycarbonate in place of metal
for the input, output, and striker bars of a
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Figure 17 Measured and predicted engineering stress—strain curves for PORON C.

split Hopkinson pressure bar device re-
duces mismatch in mechanical impedance
with more compliant, nonmetallic test
specimens such as flexible polyurethane
foam and facilitates enhanced accuracy in
determination of their dynamic stress—
strain characteristics.

The foams examined, which are used in
shock-absorption applications inside elec-
tronic products, are highly strain rate-de-
pendent. Both the initial modulus and
yield stress can be described by linear func-
tions of log strain rate for both quasi-static
and dynamic compression. Test results in-
dicate the existence of a transition strain
rate regime, whereby deformation at more
rapid rates increases the initial modulus
and yield stress sharply.

For PORON C deformed at strain rates of
2.67 X 10 % to 4500 s !, the loading stress
can be described by a function comprising
a rate-dependent initial modulus and a
strain-dependent function. The behavior of
PORON A and PORON B at high strain
rates also conforms to a function of similar
form.

The authors wish to acknowledge Motorola Electronics
Pte. Ltd. (Singapore) and the Singapore National Sci-
ence and Technology Board for their support in this
investigation.
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