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. Summary

We determined the equation of state of ballistic gelatin (20%) using Brillouin
scattering spectroscopy with diamond anvil cells by measuring the pressure dependence
of the sound velocities of the material from ambient pressure to 12 GPa at room
temperature. We extended these measurements to 4%- and 10% gelatin solutions up to 12
GPa. Consistent results for 4%- and 10%-gelatin in several experimental runs were not
obtained. For comparison purposes, we also measured the pressure dependence of sound
velocity of lamb tissues up to 10 GPa. We analyzed the Brillouin data using the Vinet
equation of state and obtained the bulk modulus and its pressure derivative. We compared
the parameters obtained for gelatin with several relevant polymer materials as well as
water. In addition, we discussed the possibility of ultrasonic measurements on gelatin
solutions under similar conditions. Such measurements are expected to provide useful

information in understanding of the relaxation phenomena in gelatins.



I1. Introduction

Polymer-like materials are critically important in science and society, given the
diversity of applications of these materials from optics and electronics to garden hoses
and soda bottles. Fundamental studies of these materials under variety conditions are
central to the field of polymer physics and chemistry. While the chemistry of polymeric
chain formation is primarily dictated by the reactivity of the monomer units, the resultant
physical properties of a given polymer are highly reliant on network topology and
presence or absence of filler materials. External stimuli, temperatures and pressure, have
pronounced influence on their mechanical behavior. Many biomaterials are polymers.
Gelatin, including its water solution, is extracted by acid or base hydrolysis from
collagen, the main matrix material of animal skin, bone, and connective tissue. Gelatin is
a collection of large protein molecules similar to amino acid composition. In a given
gelatin sample, the molecular weight ranges between 17,000 and 300,000 Daltons. Thus
the average molecular weight is used in characterization of the gelatin. One important use
for gelatin is as the “model” of human tissue in bullet penetration experiments (Ref. 1).
This material is known as “ballistic gelatin.” We have reported the equation of state
(EOS) for ballistic gelatin (20%) and its elastic behavior in the pressure range of ambient
and 12 GPa and the temperature range of 0 to 100 °C in Ref. 2.

For comparison purposes, the EOS and mechanical properties of 10%- and 4%-
gelatin (water solutions) have been determined from ambient pressure to approximately
12 GPa using a diamond-anvil cell (DAC) in conjunction with Brillouin scattering. We
also revisited the 20%-gelatin solution. Considering the fact that gelatin solutions are

used here as model systems, in order to make a more direct comparison for military



applications, we measured the pressure dependencies of the sound velocities of several
animal tissues including lamb red meat and brain tissues. The work presented here
supplies a necessary extension to the current EOS data available for gelatin (Ref. 2). In-
situ sound velocities are directly related to elastic parameters, sound velocity
measurements can provide useful insight into the microscopic structure of a material.

I11. Experimental details

(1) Brillouin scattering experiments

The samples of gelatin (20%, 10%, and 4%) were prepared with the methods
described in Ref. 1. Gelatin samples are loaded into a DAC (Fig. 1) with no pressure
medium added. Pre-indented (12 GPa) stainless gaskets with a gasket hole of about 120
microns were used. We used a standard ruby fluorescence method to determine the
pressure.

We measured the pressure dependencies of velocities of the various samples
including 20%-, 10%-, 4%-gelatin, and animal tissues. The detailed description of our
Brillouin scattering system, the principle of Brillouin scattering, and diamond anvil cells
could be found in Refs. 2-8. Light from a single mode Ar-ion laser (4=514.5 nm) was
used as the excitation source with the average power less than 100 mW. The scattered
light was analyzed by a 3+3 tandem Fabry-Perot interferometer, detected by a photon
counting photomultiplier, and was outputted to a multichannel scalar. Spectra were taken
at each pressure point, and collected for 5 to 60 minutes.

Figure 1 exhibits the symmetric scattering geometry employed in these
experiments, the scattering angle was 70°. Since samples were placed symmetrically with

respect to the incoming and collected light, and for this particular geometry the frequency



shift of the incident light is independent of the refractive index of the samples, the
Brillouin shift can be reduced to

Av =(vl A)sin(0/2), Q)
where v is sound velocity, 4=514.5 nm (laser wavelength), and 6=70° is the scattering
angle.
(2) Ultrasonic system

The technique of ultrasonic interferometry measurements are widely used in
scientific research and industry applications. The same technique has been adopted for
use in the diamond anvil cell (Refs. 9 and 10). Briefly, ultrasonic signals from a 1.5 mm
thin ZnO transducer are introduced to the sample by means of a glass rod which is
pressed against the table face of the diamond anvil carrying the sample (Fig. 2a). Simple
principle, a single pulse of ultrasonic signal traveling from the transducer down the buffer
rod, through the diamond anvil, and through the sample produces a series of reflections
created at each of the interfaces that the signal passes through, we indicated those
interfaces as surface 1, 2 and 3 in Fig. 2a. These travel back to the transducer and are
recorded as a function of elapsed time.

Practically speaking, as shown in Fig. 2b, two closely spaced pulses P and P’ will
be used as the input signal, their reflections indicated as 1, 1’; 2, 2’; and 3, 3’ at each
interface, respectively. These two input pulses can be carefully timed so that the
reflection of the first pulse from the far surface of the sample (echo 3) is superimposed on
the reflection of the second pulse (echo 2’) from the near surface of the sample. The
interference of these two signals as they return to the transducer provides a sensitive

means for determining the travel time of the signal through the sample.



This interferometric technique eliminates the necessity of measuring the travel
times through the buffer rod and diamond, but it is critically dependent upon good energy
transfer between the buffer rod and the diamond and between the diamond and the
samples. Each maximum and each minimum in the interference pattern results from
constructive and destructive interference, respectively, and thus represents a separate
measurement of the travel time, t. Thus if sample thickness is known, the velocity can be
calculated.

The ultrasonic interferometry system has been constructed in our lab as shown in
Fig. 3. Now for the critical stage: alignment and testing of variety transducers. This
system will allow us to determine the frequency dispersion in velocity. The frequency
dispersion will allow us to discuss the relaxation related issues in this unique material.
For example, based on the well-known visco-elastic theory, considering the single Debye
relaxation process, the sound velocity in the viscose materials can be expressed as (Refs.

11 and 12):

v: =05 + (L —v) —5 (2)

Where v is velocity, v, is the low frequency velocity and corresponds to the ultrasonic

measurements, and o_ is the high frequency limit of the velocity and corresponds to the
Brillouin measurements at high pressure or lower temperature; o is the frequency and t is
the relaxation time. When v, is known, we will be able to calculate the relaxation time.
V. Results

The photo images of 4%- and 20%-gelatin solutions as prepared are shown in Fig.

4. Before loading the solutions are refrigerated for 24 hours. Figure 5 shows the



microscopic photo images for lamb brain tissue (2 GPa) and 4%-gelatin solution (1 GPa),
respectively. The samples remained transparent to visible light, and no effect of possible
crystallizations were observed.

A typical set of Brillouin spectra from 20%-gelatin is shown in Figure 6. There
are two pairs of peaks in each spectrum and an additional Rayleigh peak at zero
frequency (elastic scattering). One pair of peaks corresponds to the longitudinal acoustic
mode (L-mode), and the other pair corresponds to the transverse acoustic mode (T-
mode). In addition, Fig. 7 exhibits the pressure dependence of sound velocities at room
temperature. Figure 8 (a and b) shows the pressure dependence of Brillouin frequency
shifts for 4%- and 10%-gelatin solutions.

V. Discussion
(1) Density calculations
The gelatin can be considered an isotropic material. We calculate the pressure

dependence of density of gelatin using following equation (Ref. 2):

p-p=[—5—d.  ©
C o, 4,
v ——Us

3

where p and p, are the density at pressure P and Py respectively, v, and o; are the
longitudinal and transverse sound velocities respectively, and y = C% ~1 (Refs. 2, 3,
Y

and 5) is the ratio of specific heat at constant pressure and constant volume.
EOS of 20%-gelatin is fundamentally important for understanding of gelatin
behavior under pressure. It provides the necessary information not only for discussing the

intermolecular interaction and potential for simple fluid or solid materials, but also for



simulations or modeling of gelatin under extreme conditions. Here we analyze the P-V

data (the pressure dependence of density) with the Vinet EOS as expressed below:

1-(V /V,y)"®

P=3K
L)

Rl (G, -DA-( V] (@)

where Ky is the bulk modulus, Ko’ is its derivative at zero pressure, and Vy is the initial
volume at room temperature.

It should be noted there are two practical problems with the calculation of density.
One is the assumption of y= 1; the other is the accuracy of the integration of the density
at lower pressure.

(A) Let us first discuss the assumption ofzy 1.  Heat capacity ratio, vy, is the
ratio of the heat capacity at constant pressure (Cp) to heat capacity at constant volume

(Cy). Itis expressed as follows:

y=— ).

In addition, the laws of thermodynamics imply the following relations between these two

heat capacities:

2 C K
C,—C, VT ang Se_Pr_Ks (6)
ﬁT CV ﬂS KT
1 oV 1 oV 1
here « :V(é_T)P is the thermal expansion coefficient, S; =—\7(¥)T :K_T is the
: . 1.0V 1 o L
isothermal compressibility, S5 =——(—=)s =—— is the adiabatic compressibility, Kt
V 0OP Ks



is the isothermal bulk modulus, and Ks is the adiabatic bulk modulus, respectively. Thus,

it is easy to find the relationship between Kt and Ks as follow:

Ky =Kg = (7

One can estimate the difference between K and Ks if the Cp and o are known or vise
versa. For example, for crystal MgO, K1=162 GPa, and Ks=160 GPa, thus y=1.01 (Refs.

13 and 14).

On the other hand, the heat capacity ratio ( y ) for an ideal gas can be related to

the degrees of freedom ( f) of a molecule by:

(8)

Thus we observe that for a monatomic gas with three degrees of freedom, y = g ~1.67,
while for a diatomic gas with five degrees of freedom (at room temperature), y = % =14.
By the way, tri-atomic gas such as CO, will have a y=1.28.

Considering gelatin solutions are neither solid crystals nor gases but with the large

chained -moleculars, the heat capacity ratio y should have a value between 1 and 1.28.

(B) For gelatin solutions or polymeric materials the density changes 30 to 60%
between ambient and 1 or 2 GPa, therefore the accuracy of the integration of density at

lower pressure becomes very important, as shown by the following example. We plotted

10



the inverse of bulk sound velocity square as a function of pressure (Fig. 9a). One can
calculate the density difference between points A(P1l, pl) and B(P2, p2) by first
calculating the shaded area between A and B, then adding them to the p1 to obtain the p2.
If point B is too far from point A on the velocity curve, the density calculation will
contain a huge margin of error, particularly at lower pressure where density increases
drastically. To reduce the error in density calculation, we measured the pressure

dependence of the sound velocity in small pressure increments as shown in Fig. 9b.

(2) 4%-, 10%-, and 20%- gelatin solutions

Figure 8 a and b shows the pressure dependencies of the Brillouin shifts of 4%-
and 10%-gelatin solutions. The three-run of experiments were perfromed for 4%-gelatin
at different time periods. Unfortunately, we did not obtain consistent results. We obtained
similar results for 10%-gelatin solution. We suspect that the heterogenity of the sample
may have played an important role in this, because our sample chamber is very small on
the order of microns, about 1x602x20 pm? in size. During the loading of 4%- or 10%-
gelatin samples, we could have loaded the sample that varied in concentration if
compared with the originally prepared bulk sample, thereby obtaining different results for
each run of experiments.

On the other hand, the results of 20%-gelatin solution displayed consistency.
Figure 7 shows the pressure dependecies of the sound velocities of 20%-gelatin solution
indicating consistent results for different-run of experiments. This is an important result.
Furthermore, in Ref. 15, the author separated the pressure dependence of density (data
from Ref. 13) into two domains: below 2 GPa and above 2 GPa, subsequently fitting the

data with Birch-Marnaghan EOS and obtaining reasonable bulk modulus for lower
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pressure regime. We listed the numerical values in Table I. This assumption can be
considered reasonable, because the density increased at least 30% between ambient and 2
GPa. Same trend also can be realized using Fig. 9; the inverse sound velocity square
changes drastically around 2 GPa. There could exist a transition around 2 GPa as shown
in Ref. 2. Thus the assumption of separating the P-V data into two domains below and
above 2 GPa can be justified.

In Refs. 16 and 17, the authors considered the mechanism of light scattering from
gels. They proposed that acoustic waves propagating in a gel can be divided into two
groups. One is the wave propagating in the polymer network, and that other is that
propagating in the fluid. Generally, these two acoustic waves couple to each other, and
there is friction between the two media. Two extreme cases were considered by the
authors. The first case, which predicts a two-mode type of behavior for the Brillouin
spectrum, occurs for small frictional damping. In this case, two pairs of Brillouin peaks
should be observed. The strong friction case predicts a single pair of Brillouin peaks.
Since only one pair of the Brillouin doublets can be found in our results, it seems
appropriate to consider our case are the strong friction one. Unfortunately, this theory
cannot be directly applied to our case without further developing of the theory, because
the interaction between polymer network and fluid is unknown under pressure.

(3) Lamb muscle and brain tissues

For comparison purposes, we also measured the pressure dependence of velocity
of lamb red meat and brain tissues. All animal tissues are obtained from the open market
sources (meat store or butcher shop). Figure 10 shows the Brillouin spectra from lamb

brain tissue at selected pressures. It is obvious that the Brilluoin peaks are broad at very
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low pressure indicating that relaxation process couples strongly to the acoustic mode.
However, the discussion of the relaxation processes are beyond the scope of this report,
thus we will discuss that in a separate report or paper in the near future. Figure 11
displays the pressure dependence of Brillouin shifts of L-mode for the brain tissues.
Several run experiments yielded consistent results despite samples differing from each
other, having been purchased at different times and definitely belonged to the different
animals. It should be noted that the transverse modes are extremely weak for brain tissue,
we only observed weak transverse signal for brain tissue above 4 GPa. On the other hand,
the transverse modes are easy to observe from lamb red meat tissue as shown in Fig. 12.
Nevertheless, all those materials behaved similarly under pressure, as shown in Fig. 13.
(4) Elastic properties

The isotropic material has two independent elastic constants: C;; and Cy,. The
pressure dependence of elastic constants of 20%-gelatin appear in Ref. 2. Considering we
don’t have knowledge about the initial density of either 4%-, 10%-gelatin or lamb tissue,
it will be difficult to calculate the pressure dependence of density for them. Instead we

can calculate the Poisson’s ratio. The Poisson’s ratio can be expressed as follows:

(10)

_ v — 20?7
2(vf —vr)

The pressure dependence of the Poisson’s ratio for 10%-, 20%-gelatin solutions and lamb
red meat tissue are shown in Fig 14. The value of Poisson’s ratio is 0.36 for 20%-gelatin
at 10 GPa. It is comparable with that of silicate glass at the same pressure (Ref. 16). The
Poisson’s ratio of a stable, isotropic, elastic material cannot be less than -1 nor greater

than 0.5 due to the values of Young’s modulus, shear modulus, and bulk modulus

13



required to be positive. Most materials have a value between 0 and 0.5. A perfect
incompressible material such as rubber, when deformed elastically under small strain
would have a value of 0.5 for its Poisson’s ratio. Most metals have a value around 0.35.
For gelatin solutions, particularly at lower pressures, we did not obtain the transverse
sound velocities, thus we cannot use Eq. (10) to calculate the Poisson’s ratio for that
pressure regime.

In addition, we obtained measurements of the Poisson’s ratio at lower pressure
regime (Fig. 14). One can speculate that in addition to the error due to the weak intensity
of the transverse mode at lower pressure regime, the absolute pressure error is about 0.2
GPa; thus it has larger relative errors at lower compared to higher pressures. These
relative errors convelote to the uncertainty in the velocity measurement. Because the
Poisson’s ratio is close to the ratio of the velocity squared, the errors would be amplified.
Inspection of Fig. 14 shows that the Poisson’s ratio for gelatin and lamb tissue increase
with pressure up to 2 GPa, indicating materials are more compressible at lower pressure
as expected.

We also compared the bulk modulus and its pressure derivative with several
polymers and water. We listed all relevant numbers in Table I. It should be noted that
bulk modulus for these materials tend to have a smaller value, indicating these materials
are easy to compress. On the other hand, the values of the pressure derivative of these
materials vary largely and depend on the material. For crystal-like materials including
minerals, in most cases, the pressure derivative of the bulk modulus varies around 4
(Refs. 13 and 14).

V1. Conclusion

14



We determined the equation of state for ballistic gelatin using a combination of
Brillouin scattering and diamond anvil cell techniques. We measured the sound velocities
of 20%-, 10%-, and 4%- gelatin solutions between ambient and 12 GPa. In addition, we
measured the pressure dependence of the sound velocity of Lamb tissues for comparison
purposes. We analyzed the Brillouin data using the Vinet equation of state and obtained
the bulk modulus, its pressure derivative. We also compared the gelatin bulk modulus
and its pressure derivative with several relevant polymer materials as well as water.
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Table I: bulk modulus comparison for several polymers and water-ice

materials
20%-gelatin
20%-gelatin

20%-gelatin

VCE polymer

Estana

Sygard
Kel-F800

n-pentane/
isopentane

Methanol

Water
Ice VII

Bulk modulus
(GPa)

4.9

1.52

0.94

2.05

2.84

1.13
7.5

0.45

0.96

2.4

pressure derivative
8.2
13.88

34

9.99

17.1

8.95
10

10.5

8.1
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Figure 1. Schematicdiagram of the symmetric scattering geometry. The incident light
enters the sample with the angle 6/2 , and by Snell’s law the following equation will hold:
nosin(6/2)=nsin(¢p/2), where ny is the refractive index of air and n is the refractive index of
samples. Therefore the Brillouin shifts will have the following form:
Av :ZnTUSin((D/Z) :i—usin(HIZ) = Av,. The Brillouin shifts are defined uniquely by

4
the scattering angle between incident and scattering light.
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(b)

Figure 2. Two closely spaced pulses (P and P') can be carefully timed so that the
reflection of the first pulse from the far surface of the sample (echo 3) is superimposed on
the reflection of the second pulse from the near surface of the sample (echo 2'). Travel
time of the signal through the sample can be calculated from the interference between
these two signals as they return to the transducer. This simple diagram is adapted from

Ref. 9.
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Figure 3. A schematic diagram for our ultrasonic interferometry system. A pulse signal
generated from signal generator is sent to transducer. The transducer contacts the
diamond anvil cell and samples as in Fig.2. The fast sampling oscilloscope will collect
the signal from samples’ two surface and compare them to the incident pulse.

Figure 4. The photo images of gelatin solutions as they were taken after the gelatin
powders were mixed with water; (a) 4%-gelatin solution; (b) 20%-gelatin solution.
Before loading, gelatin solutions were refrigerated for at least 24 hours.
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Figure 5. The microscopic photo images of gelatin solutions and lamb brain tissue in a
diamond anvil cell; (a) lamb brain tissue at 2 GPa (used brighter light); (b) 4%-gelatin
solution at 1 GPa (used dimmer light).
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Figure 6. A set of typical Brillouin spectra of 20%-gelatin. The elastic scattering line at
the zero frequency. The Brillouin lines at around 4 and 8 GHz for transverse and
longitudinal acoustic mode at 0.8 GPa, respectively.
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Figure 7. Pressure dependencies of sound velocities of 20% gelatin solution. To confirm
the reproducibility, we did measurements using separately prepared samples at different
time periods. Different symbols represent different measurements. The error bars are
given in the figure. They are similar to the size of the symbols.
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Figure 8. Pressure dependencies of the Brillouin shifts of 4%- and 10%-gelatin. (a) The
three-run of experiments were performed for 4%-gelatin at different time periods; (b)
two-run of experiments were performed for 10%-gelatin. We did not obtain consistent
results.
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Figure 9. Pressure dependence of the inverse velocity square. (a) This diagram explains
how we calculate the density for each pressure point; (b) particularly at lower pressure
regime, more data points are needed in order to obtain more accurate density.
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Figure 10. A set of Brillouin spectra of lamb brain tissue at selected pressures. The
transverse mode is weak and difficult to read directly from spectra. Each spectrum must
be enlarged in order to read the transverse mode.
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Figure 11. Pressure dependence of longitudinal mode (Brillouin shifts) of lamb brain
tissue. Relatively, brain tissues show consistent results if compared with the 4% or 10%-
gelatin solutions.
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Figure 12. A set of typical Brillouin spectra of lamb red meat tissue at selected pressures.
The transverse modes (T-mode) are obvious in the spectrum. To emphasis the transverse
mode the upper frame of the figure enlarged the spectra.
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Figure 13. Pressure dependencies of the sound velocities of gelatin solutions, Lamb
tissues, and water-ice. Solid circles correspond to the longitudinal and transverse acoustic
mode of 20%-gelatin; open circles represent the acoustic modes from the lamb red meat
tissue; open squares are the marks for 10%-gelatin samples; solid curve with cross marks
correspond to the longitudinal mode of the lamb brain tissue, respectively.
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Figure 14. Pressure dependences of the Poisson’s ratio at room temperature.
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