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Abstract— In ultrasonic pulse-echo systems, polymers like
PMMA (Polymethylmethacrylate) and PEEK (Polyetherether-
ketone) are often used as buffer-rods, placed between the ul-
trasound transducer and the unknown material (liquid, gas,
or solid material). Provided the acoustic properties of the
buffer-rods are known, it is possible to calculate these also
for the unknown material, based on reflections between the
buffer-rod and the unknown medium. However, temperature
changes also affect these properties.

In this paper we present a method for measuring acoustic
attenuation, speed of sound and density, for buffer-rod mate-
rials. We also give experimental values for PMMA and PEEK,
for temperatures between 5 ◦C and 37 ◦C, and for 5 MHz and
10 MHz ultrasound frequency.

I. INTRODUCTION

Ultrasonic pulse-echo systems are widely used to esti-
mate properties of liquids and gases. A common princi-
ple is to use a buffer material (buffer-rod) fixed to the ul-
trasound transducer. Assuming the acoustic properties of
the buffer-rod are known, it is then possible to calculate
the acoustic impedance of the unknown material from re-
flections between the buffer-rod and the unknown material.
From acoustic impedance and speed of sound it is the pos-
sible to calculate density and adiabatic bulk modulus of the
material. This was first introduced by Lynnworth [1] and
Papadakis [2], and later further developed by Püttmer [3]
and Deventer [4] for density measurement of liquids.

For some buffer-rod materials, like PMMA values for
speed of sound and density are available in the literature.
A problem is that these properties depends on both tem-
perature and on ultrasound frequency, and this dependency
is normally not documented. For other existing and poten-
tial buffer-rod materials, no information about their acoustic
properties is available.

In this paper we present a technique to measure acoustic
attenuation, speed of sound, and density of polymers. Ex-
perimental results are presented for PMMA and PEEK.

II. THEORY

To measure acoustic attenuation, speed of sound, and
density, we use the configuration shown in Fig. 1. The
transducer first transmits a short ultrasound pulse. This
pulse then propagates through the water and encounters the
boundary (at normal angle) between the water and the poly-
mer sample, where part is reflected, and the rest continues
into the polymer sample. At the bottom of the polymer sam-
ple, part of the pulse is reflected again. We also record a sec-
ondary reflection (x3(t) in Fig. 1) that has propagated twice
through the polymer samples. The same transducer is then
used to record the three echoes x1(t), x2(t), and x3(t), as
labeled in Fig. 1.

From the measurement configuration, we then get the fol-
lowing relationships (for continuous wave ultrasound) [5]:

A1 = A0R12e
−2d1α1

A2 = A0T12R21T21e
−2d1α1e−2d2α2

A3 = A0T12R
3
21T21e

−2d1α1e−4d2α2

R21 = −R12 (1)

T12 = 1 + R12

T21 = 1 + R21 = 1 − R12

R12 =
z2 − z1

z2 + z1
,

where A0, A1, A2, and A3 are the amplitudes of the
transmitted ultrasound pulse, and the reflected echoes
x1(t), x2(t), and x3(t), α1 and α2 are the attenuation co-
efficients of the water and the polymer, respectively, while
R12, T12, R21, and T21 are the reflection and transmission
coefficients from water to polymer and from polymer to
water, respectively. The reflection coefficients can be ex-
pressed in terms of the specific acoustic impedances of
the water, z1, and the polymer, z2. Since the acoustic
impedances z1 and z2 is given by

z1 = ρ1c1

z2 = ρ2c2, (2)
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Fig. 1. Working principle of the immersion setup. Primary and secondary reflections from the polymer sample results in three echoes,
x1(t), x2(t), and x3(t), as indicated in the figure.

it means that once we know the speed of sound through the
polymer (c2) and its acoustic impedance, z2, we also know
its density.

Solving the system of equations (1) above for the acous-
tic impedance, z2 and the attenuation coefficient, α2 of the
polymer sample, yields

α2 = − 1
2d2

ln
(

A1A3 − A2
2

A1A2

)
(3)

z2 = z1
1 + R12

1 − R12
, (4)

where the reflection coefficient R12 is given by

R12 =

√
A1A3

A1A3 − A2
2

, (5)

the amplitudes are estimated from the reflected echoes, and
the acoustic impedance of water is calculated using Eq. (2)
and known values for ρ1 [6] and c1 [7].

A. Estimating Amplitudes

The amplitudes are estimated from the recorded echoes
(see Fig. 1) using the magnitude of the Fourier transform
of each of the echoes. In this way we obtain values of the
amplitudes as a function of the frequencies present in the
pulse. We define the pulse bandwidth, W as the frequency
band around each pulse’s center frequency, ω0, where the
amplitude dropped by 6 dB.

In practice, all calculations are made using sampled ver-
sions of the pulses, and using the Fast Fourier Transform
(FFT) to determine the relations above. In this case, we
need to take into account also the sampling frequency and
the number of points used in the FFT. The modifications to
the equations are trivial.

In the time domain representation of the pulses, the am-
plitudes A1, A2 and A3 can be negative. When using the

magnitude of the Fourier transform to estimate this ampli-
tude, the sign is lost. We do, however know from the physics
of the experiment, that the first amplitude A1 is always neg-
ative compared to A2 and A3.

B. Estimating Speed of Sound

The speed of sound in the polymer is also determined as
a function of frequency, looking at the group delay between
the first two echoes, instead of a standard cross-correlation
technique.

Let X1(ω) and X2(ω) be the Fourier transforms of the
first two echoes, x1(t) and x2(t) respectively.

The group delay is defined as

Φ(ω) =
∂

∂ω
φ(ω), (6)

where φ(ω) is the phase difference between the two echoes,
that is

φ(ω) = arg
(

X2(ω)
X1(ω)

)
, (7)

for ω0 − W/2 ≤ ω ≤ ω0 + W/2.
From the group delay, the speed of sound, c2(ω) can be

calculated, knowing the thickness, d2 of the polymer sample

c2(ω) = 2d2/Φ(ω). (8)

In the presence of noise, however, the numerical differen-
tiation in Eq. 6 becomes unstable. To overcome this prob-
lem, we used a more robust group delay estimator. The de-
tails of this estimator can be found in [8].

III. EXPERIMENTS

A. Setup

Fig. 2 shows the experimental setup used in this paper.
The probe consists of an ultrasound transducer, with either



5 MHz or 10 MHz center frequency, manufactured by Pana-
metrics, Inc. The transducer was fixed to the setup, with a
gap of 5–10 mm of water between the transducer surface
and the polymer sample. The transducer was excited us-
ing a Panametrics 5025PR pulser/receiver. The whole setup
was immersed in water and put into a temperature controlled
chamber (Heraeus Vötsch HT4010). The temperature cham-
ber was set to the requested value and the temperature was
then stabilized for twelve hours. Once the temperature had
stabilized, 200 pulses were collected using a Nicolet 460
digitizing oscilloscope, sampling at 200 MHz with a verti-
cal resolution of 8 bits. For each pulse, the temperature of
the water was measured using a PT100 sensor connected to
a Systemteknik Thermolyzer. In the calculations we assume
the temperature is the same for both water and polymer.

(a) (b)

Fig. 2. The immersion setup used in the experiments.

B. Results

A total of twelve experiments were made, with two dif-
ferent polymers, PMMA and PEEK. For each polymer, ex-
periments were made at 5 ◦C, 20◦C, and 37◦C, using either
a 5 MHz or a 10 MHz transducer. All characteristics of the
polymers were calculated as a function of frequency, and the
Figures 3–5 show this, for the 5 MHz transducer at 20 ◦C.
For the other experiments, average values are shown in Ta-
ble I. The figures show no confidence interval, since the ex-
perimental variation was too small to be visible in the plot.
A detailed uncertainty analysis of other error sources will
be included in future work. Fig. 3 shows the acoustic at-
tenuation coefficient, α for PMMA and PEEK, for a 5 MHz
transducer, at 20 ◦C. The results agree well with those pre-
sented in [4]. Fig. 4 shows that the speed of sound in (mea-
sured as the group velocity of the ultrasound pulse) is not
constant with frequency. This is expected, but it also means
that the pulse shape changes slightly when the pulse passes
through the material. If a standard cross-correlation tech-
nique is used to estimate speed of sound, the results would
be biased [8].

Since density is a physical property of the polymer, it
should not depend on which ultrasound frequency we use
to measure it. As expected, Fig. 5 shows that the density is
constant as a function of frequency.
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Fig. 3. Acoustic attenuation coefficient as function of ultrasound
frequency of PMMA and PEEK at 20 ◦C, for a transducer
with 5 MHz center frequency.
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Fig. 4. Speed of sound in PMMA and PEEK as function of ultra-
sound frequency at 20 ◦C, for a transducer with 5 MHz center
frequency.

Table I shows the estimated values for the other experi-
ments, but averaged over the bandwidth of the pulse. The
temperature values within parentheses are the actual mea-
sured temperature during the experiment.

The obtained values of density of PMMA and PEEK at 20
◦C agree well with those presented by Deventer et al. [9].

IV. DISCUSSION

We have shown that the immersion setup shown in Fig.
2 can be used to determine values of acoustic attenuation,
speed of sound, and density for PMMA and PEEK poly-
mers. We also made experiments with PVDF (Polyvinyli-
denefluoride) and POM (Polyoxymethylene), but we were
unable to obtain values for these. The reason was that for the



TABLE I
MEASURED PROPERTIES OF PMMA AND PEEK, AVERAGED OVER THE BANDWIDTH OF THE PULSE.

Material Temperature Frequency Acoust. impedance Attenuation, Speed of sound Density
(◦C) (MHz) z (MPa·s/m) α (Np/m) c (m/s) ρ (kg/m3)

PMMA 5 (5.07) 5 3.24 55.32 2795 1161
PMMA 5 (5.02) 10 3.14 83.28 2791 1125
PMMA 20 (19.34) 5 3.28 60.84 2750 1192
PMMA 20 (21.24) 10 3.37 105.90 2759 1222
PMMA 37 (37.09) 5 3.44 61.25 2693 1277
PMMA 37 (37.14) 10 3.69 106.31 2699 1368
PEEK 5 (5.24) 5 3.35 53.40 2617 1280
PEEK 5 (4.93) 10 3.32 103.32 2625 1264
PEEK 20 (20.21) 5 3.24 52.59 2586 1252
PEEK 20 (21.23) 10 3.29 85.44 2589 1272
PEEK 37 (36.49) 5 3.32 44.35 2554 1300
PEEK 37 (37.29) 10 3.26 73.63 2558 1276

4.5 5 5.5 6
800

1000

1200

1400

1600

1800

Frequency, f (MHz)

D
en

si
ty

,ρ
2 (

kg
/m

3 )

PMMA
PEEK

Fig. 5. Density of PMMA and PEEK as function of ultrasound
frequency at 20 ◦C, for a 5 MHz transducer.

frequencies used for PMMA and PEEK, the reflection and
attenuation coefficients were too high, and we were able to
record at most two echoes. These polymers might, however,
be interesting for use with lower ultrasound frequencies.

The main source of error in the present setup, is misalign-
ment of the transducer to the polymer sample. If the surface
of the transducer is not parallel to the surface of the sample,
we will have an oblique reflection. As a consequence, the
attenuation and acoustic impedance over-estimated. This
might explain the apparent variation in density between the
5 MHz and the 10 MHz transducers.

Depending on the distance between the transducer and the
sample (d1, in Fig. 1), the diffraction losses might also differ
between different measurements. At the moment, no correc-
tion for diffraction losses is made.

V. CONCLUSIONS

In this paper, we present a method based on pulse-echo
ultrasound to measure acoustic properties of polymers. The
experiments show that the proposed techique can be used to
obtain values for acoustic attenuation, speed of sound, and
density.

These values depend on temperature and ultrasound fre-
quency, and when polymers like PMMA or PEEK are used
as buffer-rods, these values have to be known. In this paper
we report values for 5 ◦C, 20 ◦C, and 37 ◦C, for 5 and 10
MHz transducers.
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