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Abstract
A 4-channel customised ultrasound unit for treating small animals with
therapeutic ultrasound at 1.5 MHz has been set to specified output similar to
that of the Sonic Accelerated Fracture Healing System device (SAFHS, Smith &
Nephew, Exogen, TN, USA). Methods to measure the properties of an
ultrasonic field according to IEC 61161 and IEC 61689 have been implemented.
Specifications of the customised unit are: pulse repetition frequency: 1 kHz,
duty cycle: 20%, effective radiating area of the transducer: 1.42 ± 0.11 cm2,
collimated beam. The temporal average power was set to 43 ± 6 mW, giving an
effective intensity of 30 ± 6 mW cm-2. The beam non- uniformity ratio is 2.3.
During the course of animal experiments, no significant change was observed in
the ultrasound intensity of the transducers.
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1 Introduction
Ultrasound to stimulate the healing of fractures has been applied to the bones of
the leg and the arm.2 In order to investigate whether this method applies also to
the mandible, a series of experiments was planned on rats. As the ultrasound
transducer used for human treatment (SAFHS) with a diameter of 31 mm is too
large to use on rats, 4 smaller customised transducers with an external diameter
of 18 mm were made (RTD, Röntgen Technische Dienst, Rotterdam, The
Netherlands). The 4 nominally identical transducers were energised by a 4
channel generator (ICT-networks, University Hospital Groningen, Groningen,
The Netherlands). It was desired to use the same ultrasound intensity as in
human treatment which uses ISATA = 30 mW cm-2 (spatial average-temporal
average intensity). This intensity is high enough to promote healing and low
enough so that no damage is done.
In order to measure intensities methods described in documents of the
International Electrotechnical Commission (IEC) 61689 and IEC 61161 have
been implemented.3,4 In short two measurements are performed. First, the
power of the ultrasound beam emitted from the transducer is measured with a
balance. Second, the distribution of the intensity in the ultrasound beam was
determined by scanning the beam with a hydrophone, from which the effective
area of the beam is derived. The quotient of power and effective area gives the
intensity. The measurements were aimed at obtaining the parameters of the
instrument as required by IEC 60601-2-5 Ed 2.5

1.1 Signal generation and electronic measuring instruments
The 4 transducers (RTD) have a piezo-electric crystal with a diameter of 15 mm.
This is the active element. The housing is made from a stainless steel cylinder,
outer diameter 18 mm and length 80 mm, with a cable of length 1 m, ending in
a BNC-connector. A thin (3 mm) coaxial cable is used to insure flexibility. The
transducer is designed for operation at 1.5 MHz.
Each transducer is intended to be driven by the corresponding channel of the 4
channel ultrasound generator. This generator gives waveforms with an
amplitude of 15 to 30 Vpp, adjustable by a potentiometer on the front of the
unit. The waveform exists out of pulse trains with a fundamental frequency of
1500 kHz, and a length of 200 µs. The repetition time is 1000 µs. The four
transducers are sequentially active. The voltages on the transducer are measured
when coupled to water and in the absence of standing waves. For test purposes
the transducer has also been driven by a function generator (model 3314A,
Hewlett Packard, Everett, Washington, USA). This generator was generally set
at its sinusoidal drive, maximum voltage (10Vpp in 50 ohm) and continuous
wave mode. Pulse trains of various lengths and intervals could also be obtained.
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Voltages were measured on a 4 channel digital oscilloscope (PM3394, Philips,
Eindhoven, The Netherlands) with delayed triggering and an input impedance
of 1 MΩ // 25 pF. Hydrophonic measurements of the ultrasound wave
revealed a second harmonic of -38 dB, a third harmonic of -41 dB and a fourth
harmonic of -49 dB. Thus harmonic distortion of the sound field is not
considered.

2 Power measurement

2.1  Theory
When an ultrasonic beam of power P in a medium with sound velocity c is
completely absorbed by an absorber, a force F is exerted on the absorber which
satisfies

F = P / c

In the balance which measures vertical forces we have a flat horizontal absorber.
The beam impinges under an angle θ  with the normal. Then the force in the
direction of the vertical is given by

Fv = P cos(θ ) / c

Of the beam a fraction R is reflected (Figure 1), of course also under an angle θ
with the normal. The recoil of this beam adds a force FR

FR = P R cos(θ ) / c

The total vertical force F = Fv + FR, hence we find

P = c F / (1+R) cos(θ ) (1)

The radiation pressure exerts also a horizontal force on the balance. A balance is
constructed in such a way that it is insensitive to small horizontal forces.
Therefore, the horizontal component of the radiation force can be ignored.
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Figure 1. Ultrasonic beam 1 falls under an angle θ  with the normal on the absorber. A
small part of the energy is reflected as beam 2. Most energy of the beam enters the

absorber.

The intensity of the reflected beam is calculated from formulae derived from
Wells.6 Only longitudinal waves are considered, this is justified for beams not far
from the normal. If an ultrasonic beam impinges on a boundary under an angle
θ  with the normal, a part of the beam is reflected and a part of the beam is
transmitted under an angle θ t. If the sound velocity in the first medium is c1 and
in the second medium is c2 the angle θ t  is calculated from

θ t.= arcsin (c2*sin (θ) /c1)

The reflection coefficient is given by

R = ( ( Z2 cos (θ) – Z1 cos (θ t) ) / ( Z2 cos (θ) +Z1 cos (θ t) ) )2 (2)

in which Z is the acoustic impedance (the product of c and density ρ) of the two
media.

2.2  Target
For the absorbing target a piece of black rubber with a thickness of 6.4 mm was
used in the shape of an octagon. The distance between the sides of the octagon
was 45 mm. The density was determined by weighing the target in air (13.513 g)
and under water (3.016 g), with a reading accuracy of 0.005 g. Using 999 kg/m3

for the density of water, the density of the rubber was found to be 1286 ± 1
kg/m3. The acoustic properties were determined at 1.5 MHz by insertion of the
absorber in an ultrasound path in water.7 The change of transmission was  –22.5
dB and the change in arrival time –0.50 µs. From the change in arrival time and
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the sound velocity in water (1482 m/s at 20 °C) the sound velocity in rubber
was derived as 1670 m/s. From formula 2 the reflection coefficient at θ =0 is
calculated as R = 0.0341. Thus the loss of intensity by reflection at two
boundaries is 2 * 10 * log (1-0.0341) = -0.3 dB. Hence the attenuation by the
rubber is (22.5-0.3)/0.64 = 34.7 dB/cm at 1.5 MHz.
With an attenuation of 22 dB only 0.7% of the energy which enters the absorber
reaches the back side. As the absorber is placed on a brass plate most of this
energy is reflected, and will be absorbed on its way back. Thus the target is
considered as perfectly absorbing for the energy which enters it.

Figure 2. The frame for suspending the underwater target in the balance. The figure is
to scale, dimensions in mm.
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2.3 Preparation of the balance
A balance from Mettler (Type H10Tw, Zürich, Switzerland) was used. Its range
is 160 g and the smallest readable division 0.1 mg. The subdivisions of grams are
read on a mirrored image, of which the last two figures are read by adjusting a
vernier scale (range 10 mg). The scale was removed and replaced by a specially
constructed scale for underwater weighing (Figure 2).
The scale could be rotated around its suspension point. Where the part crosses
the water surface two thin wires from stainless steel (diameter 70 µm, length 33
mm) were present in order to reduce the influence of surface tension on the
weighing. The wires are cleaned with a brush with acetone, to remove possible
fat. The target consisted of a hollow brass plate with a thickness of 2 mm, the
middle mm was over a large part of the area replaced by air. The brass plate
(diameter 40 mm) was covered by the rubber target. The target was inspected
for horizontal position (tolerance 3 mm on 100 mm). The target will be
surrounded by a water bath of with a depth of 69 mm, filled to 3 mm under its
rim, and an area of 112 x 144 mm (Figure 3).
At the bottom of the bath the same rubber as for the target was used for an
absorbing layer, in the direction of the reflected beam also a curved vertical
sheet of the same rubber was present. Taking care that no sudden force is
applied to the wires, the target is hung in the balance. The empty water bath is
put under the target, lifted and placed on a frame constructed from plastic
building blocks (Fisher Scientific, ‘s Hertogenbosch, The Netherlands). The
bath is filled with demineralised water of 22 °C which is degassed by exposing 3
l in a 5 l flask at least 24 hours to vacuum (starting with a pressure at which
water boils at room temperature, the vacuum-pump is then shut off and the
flask with the water is left alone). The target is inspected for gas bubbles; if
present they are removed with a brush or a tweezer.

2.4 Surface tension
The surface tension of the water acts on the wires as an additional force. To
indicate the importance of this factor we calculate the value of the surface
tension for pure water. For two wires of a diameter of 0.07 mm diameter the
length of the circumference is L = 2*π*0.07 mm = 0.4 mm. The surface tension
of water σ = 76 10-3 N/m. The force exerted by surface tension is L*σ  = 3. 10-

5 N = 3 mg. In itself this force does not matter, as it is present both for the
activated and for the not activated transducer. However, if the surface tension
varies between the two situations the outcome of the measurement is
influenced. As our balance can be read to 0.1 mg, it can be seen that surface
tension might be important. To minimise this influence, the surface tension of
the water is lowered by adding a detergent, only straight suspension wires are
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used, and changes in surface structure by contamination of the wires with fat
from fingers is avoided.

Figure 3. The geometry of the under water target in the balance. The drawing is to
scale, dimensions in mm. The left side of the container is not drawn. The suspension
wires of the target were rotated out of the plane of the drawing. The beam axis and its
two reflections in the target and the water surface indicate that the reflected beam hits

the target partially for the second time.

2.5 Procedure for weighing, linearity tests, and statistical analysis
The transducer was mounted in a laboratory support under an angle with the
vertical. The angle was measured with a graduated arc provided with a weight of
50 g on a thin (0.2 mm) copper wire indicating the vertical line. Angles could be
read with a repeatability of 1°. A reading run on the balance consisted out of
five readings. Alternating, the transducer was not activated and activated. After
each change of activation the scale for fine reading was adjusted to its fiducial
mark. The reading was done to 0.1 mg. This corresponds to 1 balance unit (bu).
The difference in the average position of 3 readings with non-activated
transducer and 2 readings with activated transducer were taken as the outcome
of a measurement. Runs wherein readings for the same activation state of the
transducer differed more than 5 bu were rejected. These runs were repeated. For
observations which were not part of a series of related runs, four separate runs
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were performed and agreement of the runs within 3 bu was required. A
measurement angle θ  of 15° was chosen, to avoid the occurrence of standing
waves between transducer and absorber. From experiments described
elsewhere1 it can be concluded that the effect of standing waves is less than 2%,
which can be ignored. In addition, two linearity tests were performed on the
balance in air and in water. The results indicated an uncertainty due to non
linearity of the vernier scale of 1 bu (systematic error), while the standard
deviation (SD) of a run is set at 1 bu. Statistical analysis were carried out in the
spreadsheet Excel. The results were interpreted using Barnes.7

2.6 Summary of uncertainties in power measurement
Estimates of uncertainty are derived following chapter 7.1 in amendment A1 to
IEC 61161.4 Numbers refer to the subclauses of that document (Table 1).

1. Balance system. For the dry balance the calibration by Mettler is trusted.
The vernier scale introduces a systematic uncertainty of 1 bu.

2. Linearity. From the linearity test we estimate the random uncertainty of a
run to be 1 bu. The margin of uncertainty (95% confidence level ) is set at
2.0 bu.

3. Extrapolation to moment of switching was not used. Its error is included in
2.

4. Target imperfections. The transmitted wave is smaller then 0.7%. The
reflected wave is 3.6 % and is accounted for in formula (1). Further
reflections from the target or lateral absorbers are not considered.

5. The flat geometry of the target makes errors from geometrical factors small.
6. The reflected wave will hit the surface of the water, and may impinge

partially on the target (Figure 3). The contribution of this secondary
reflection is set at 1.8 ± 1.8 %. Other contributions from reflected beams
can be ignored.

7. Target angle. The target is aligned to within ± 2°. The target angle in
formula (1) is thus 15 ± 2°. This leads to a value of cos θ = 0.965 ± 0.009:
uncertainty is 0.93 %

8. Transducer misalignment. The angle of the transducer is measured to ± 1°.
This gives an additional uncertainty in cos θ = 0.965 ± 0.005 , uncertainty is
0.46 %.

9. Water temperature. Temperature is maintained within 3 °C from 22 °C. The
resulting uncertainty due to change of sound velocity is 0.6 %.

10. Ultrasonic attenuation and acoustic streaming. Over a distance x of 4 cm
the power at 1.5 MHz is attenuated by a factor exp(2α x) = 1.004. In which
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α = 2.3 10-4 f 2 = 5.2 10-4 cm-1. The applied correction factor for attenuation
and acoustic streaming is thus 1.002 ± 0.002.

11. Coupling foil is not applied.
12. The transducer diameter is 15 mm. Therefore the target diameter should be

at least 1.5 * 15 mm = 22.5 mm. To intercept at least 98% of the energy the
radius of the target should be at least 21.8 mm.1 The used target just satisfies
this condition, even if we take into account that the beam is widened by a
factor 1/cos θ = 1.036. The required diameter in this direction is 45 mm.

13. Plane wave assumption (ka > 35) is satisfied.
14. Environmental influences. Measurements should be repeated at least three

times to account for random influences of air flows and vibrations. These
sources of errors have been accounted for in the linearity assessment (2)

15. An excitation voltage of circa 10 V can be read on the oscilloscope to ± 0.02
V, using the maximal feature. This would imply a repeatability of power
settings to 0.4 %. We did not try to obtain absolute calibrations. This would
mean calibrating the oscilloscope (to 2 %) and accounting for the influence
of all connecting cables. These errors are only relevant in case a comparison
with another laboratory is planned. It will be difficult to reach an error
margin of ± 4% for the power due to reading of the voltage.

16. The influence of ultrasonic transducer temperature was not tested. No
difference was found between the power of a transducer activated during 1
or 15 min prior to taking a reading. The temperature of the measuring bath
(22 °C) is relevant for the conditions of use (application to the skin, in a
laboratory at room temperature).

17. Non-linear effects were not considered because of modest output power
and use of degassed water.

18. An overall measurement accuracy cannot be higher as the ± 10 % (95%
confidence level) obtained in a careful setting.9

The overall calibration factor is 0.993. The total absolute error is 0.3 mg, the
relative error is 0.054. The main contributions to the relative error are (6): the
reflected wave hits the target for the second time, (12): part of the beam misses
the target, and (7, 8): the angles between transducer, target and balance. Errors 6
and 12 are complementary; reducing one will increase the other. All relative
errors are of a systematic nature for a particular mounting of the transducer.
Thus we allow for a systematic uncertainty of 6%.
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Table 1. Accounted factors to be applied to P/cF and their uncertainties (relative
uncertainty unless mg is stated).

Item Factor Uncertainty

1. Vernier scale of balance - 0.1 mg

2. Balance reading - 0.2 mg

4. Reflection from target 1/(1+R) 0.964 -

6. Second hit by reflected wave 0.982 0.018

7. Target angle 15 ± 2° 1.035 0.009

8. Transducer misalignment 1° - 0.005

9. Temp effect on sound velocity - 0.006

10. Attenuation/streaming 1.002 0.002

12. Part of beam misses target 1.01 0.010

15. Repeatability of power setting - 0.004

At an average reading of 3 mg (30 bu) the repeatability error is given by item 2,
(2 bu) leading to an error of 6 %. A systematic error in force is 1 bu: 3%. Thus
the estimate for total uncertainty in power is 6+6+3 = 15 %. Remark that if
four readings are averaged the random error (2 due to balance) is halved. The
total uncertainty will than be 6+3+3 = 12 %.

3 Scanning of the field
The scans were performed for one transducer (marked in the surveys as
transducer A). Because of the identical construction of the transducers the data
for the beam shape are used for all transducers.

3.1 Instrumentation
The procedures for measuring sound fields haven been detailed elsewhere.10 The
transducer is placed in a water bath filled with 50 l demineralised water. The
water is degassed partially by replacing 2 l water each day by under vacuum
degassed water. At the beginning of the measuring day the bath was heated to
23°C by adding 3 - 5 l boiled demineralised water, depending on the initial
temperature (15 - 18 °C). In the course of the day the bath cooled to 19 °C.
Gas-bubbles on surfaces were not seen. The transducer was energised with a
pulse train of 60 sinus waves of 1500 kHz from the function generator. The
amplitude was set to 10 V (i.e. 20 Vpp when not loaded). The voltage on the
transducer was 9.52 Vpp. In case this voltage is used in continuous wave mode,
the force on the balance, following the procedure in paragraph 2.5, was found to
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be 60 bu. The effective intensity of the beam is 0.06 W cm-2 (as can be derived
from the calculation which will be presented in paragraph 3.4). This value is far
below the limit of cavitation 0.5 W cm-2.3

The ultrasound field was measured with an active hydrophone (MKII,
Medisonics, Watford, England) with a ceramic transducer, diameter 1 mm, and
preamplifier (gain 30 dB).
The hydrophone could perform rectangular scans in the x-y plane perpendicular
to the beam axis (= z-axis). The transducer was driven by two stepper motors
under computer control. All scan lines were taken in the same direction, thus
avoiding hysteresis in positions. Readings were done after the hydrophone was
come to rest at its position.
The centre of the field was found by trial scans, considering symmetry at the -6
to -12 dB level with respect to the maximum. At this position the distance to the
transducer was measured from the time difference between the trigger pulse of
the scope, derived from the start of the driving voltage on the transducer, until
the first pulse arriving from the hydrophone. Distance was calculated using the
sound velocity of water (1488 m/s) at 22 °C. No corrections for temperature
were applied.

Signal processing was as follows. The preamplifier was loaded with a resistor of
100 Ω. Voltage U was read on the oscilloscope, triggered on the emitted signal.
The delayed time base was used, the delay depending on the distance between
hydrophone and transducer. The setting of the vertical gain G of the
oscilloscope was 0.2 V/division, time base 2 µs/division. A typical maximal
amplitude of the signal was 1 Vpp . The image was transferred to a personal
computer, which calculated the power of the waveform ( ∫U2dt ) in the
observation window. Care was taken to fill the window (length 20 µs) with a
CW-like signal, containing circa 30 periods of the signal waves, thus keeping
inaccuracies due to the use of incomplete waveforms below 1.6%. Occasionally
a comparison of absolute values was needed. The following framework of
formulae was then used. In most cases measurements were relative, and then
ratios of values were calculated omitting constants.

Local intensity I is calculated from the Root Mean Square pressure prms, and
acoustic impedance Z, using the plane wave assumption:

I = prms2 /Z (3)
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The pressure is found from the voltage U on the oscilloscope using the end of
cable loaded sensitivity of the hydrophone (including its preamplifier): ML

prms = Urms  /ML (4)

If the gain of the oscilloscope is G (volts/division) the signal offered to the
computer is D divisions:

D = U / G (5)

The computer calculates the sum St over Nt samples in the time window

St = Nt Drms2 (6)

Power of the beam P is found by integration of intensity over the beam area A.
In practice integration is performed by summing intensities obtained in a raster
scan with step size s. Using all the factors introduced above the actual
calculation of power is obtained from:

P = ∫ I dA = ∑ prms2.s2 /Z  = G2 s2 ∑ St  / Z ML2 Nt (7)

Unless otherwise indicated the following values were used:
G = 0.2 V/division
Z = 1000 * 1488 = 1.488 106 kg m-2 s-1

Nt  = 500
ML = 9.63 10-6 V/Pa

Noise level was measured at the same setting of the oscilloscope, while the
transducer was not energised. Occasionally it was checked that energising the
transducer did not cause electrically transmitted crosstalk. Data from the
computer were analysed with the spreadsheet Excel. Noise level was subtracted
from measured data.

Raster scans were performed in a 31 x 31 array of equidistant points. As these
scans went not far enough out to satisfy the condition of -32 dB with respect to
the maximum also linear scans through the centre of the pattern in an array of 1
x 31 or 31 x 1 points were made. In these linear scans the distance between
points was taken 2 or 3 times as large as in the raster scans. Also the sensitivity
of the oscilloscope was increased to 50 mV/div, thus increasing the sensitivity
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by a factor of 16 with respect to the raster scan. The linear scans were saturated
in the central region; this part is omitted from the data.

3.2 Results

3.2.1 Raster scans
The planes of the raster scans were positioned according to paragraph 8.3.2 of
IEC 61689.3  The farthest scan was made at the distance of the last axial
maximum from the transducer. Experimentally this was found at 53 mm from
the transducer. It was expected to be at a2/λ = 56 mm (transducer radius a =
7.5 mm and wavelength λ = 1.00 mm at 1.5 MHz). The scan results at 10, 24, 38
and 52 mm indicate a good circular symmetry of the ultrasound beam. At
distances of 52 and 38 mm a single intensity peak is observed. At 24 mm high
intensity is seen on a ring around the centre, at 10 mm many oscillations occur
in the central region. This can be expected for the near field of an ultrasonic
transducer. Earlier scans were made at z = 60, 20 and 5 mm, at a different
setting of the oscilloscope. The raster scan at 5 mm from the transducer is
presented in figure 4 as this distance is relevant for the insonation of the
mandible of the rats.

Figure 4. Rectangular raster scan for a scanning plane at a distance of 5 mm from the
transducer.
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3.2.2 Beam area
Beam area was calculated from the performed raster scans, according to IEC
61689 (annex A).3 The effective radiating area AER = 1.42 ± 0.11 cm2. The
effective radius of the transducer a1 = √ (AER / π) = 0.67 cm. From the slope of
the regression line Q = 0.044 cm-1 we conclude that the beam type is
‘collimated’ (not divergent, nor convergent).

3.2.3 Beam non-uniformity ratio
The beam non-uniformity ratio RBN is calculated from (adapted from par 9.2.5
in IEC 61689)3

RBN = St max AER / ∑ St.s2

in which St max  is the highest occurring time sum and ∑ St .s2  is the sum of all
time sums in a raster scan with step size s. As we have 4 raster scans the average
of the four values was taken. This resulted in a beam non-uniformity ratio of
RBN = 2.31. Note that this is a very low value, for physiotherapy ultrasound
transducers. The requirement is RBN < 8.

3.3 Setting of voltage with the balance
The desired effective intensity is 30 mW cm-2. In view of the effective radiating
area AER=1.42 cm2 the power P should be 30 *1.42 = 42.6 mW. With sound
velocity c = 1488 m/s we find that the desired force on the balance is F = P /
0.993 c = 2.88. 10-5 N = 29.4 bu.
The final adjustment of the 4 channel generator for the customised ultrasound
transducers was done at a bath temperature of 18.2 °C. Transducer A was
checked for a second time (A1), subsequently this transducer was measured in a
bath of 22.9 °C  (A2). The following results were found (Table 2):

As the number of observations per transducer is small the differences between
standard deviations (SD) of individual transducers have no meaning. The SD’s
per column were quadratically averaged leading to an overall SD of 0.73. The
uncertainty due to random errors (at 95% confidence level) is set to 2 SD /
√(N-1), in which N is the number of observations on a transducer. The mean
value for the 4 transducers A, B, C, and D is 29.0 ± 0.40 (SD). As no transducer
falls outside the 95% confidence limit (0.8) this result is valid for all transducers.
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Table 2. Force exerted by four transducers (balance units, 1 bu = 0.1 mg).

Transducer A B C D A(1) A(2)

Voltage (Vpp) 20.5 22.4 19.5 20.3 20.7 20.4

1st reading 29.0 29.7 30.2 29.0 28.8 29.8

2nd reading 28.8 27.2 29.3 28.8 30.2 28.2

3rd reading 29.8 29.3 28.7 29.2 - 27.7

4th reading 29.2 27.5 29.3 28.5 - -

5th reading - - 29.0 - - -

SD 0.43 1.26 0.56 0.30 1.00 1.10

Mean 29.2 28.4 29.3 28.9 29.5 28.6

Uncertainty (mean) 0.8 0.8 0.7 0.8 1.5 1.0

The final result is F = 29.0 ± 2.0 bu. The uncertainty is estimated as follows:
• random uncertainty this series 0.8 bu
• random uncertainty expected from validation 1.0 bu
• random uncertainty use maximum 1.0 bu
• systematic uncertainty due to non-linearity of balance 1.0 bu
• total uncertainty 2.0 bu = 6.9%

3.4 Calculation of power and intensity
The power is calculated as P = 0.993 F.c. = 42.8 mW. The factor 0.993 has been
derived in paragraph 2.8. To the uncertainty in the force (6.9 %) we have to add
the uncertainty in the conversion factor (6%). As the latter uncertainty is
systematic, we add the uncertainties to 12.9%. Hence the power P = 42.8 ± 5.5
mW. The effective intensity is I = P / AER. = (42.8 ± 5.5) / (1.42 ± 0.11) = 30.1
± 6.2 mW cm-2.

3.5 Overview of variables
An overview of the ultrasound field variables of the customised ultrasound unit
and the SAFHS device is presented in table 3.

3.6 Control measurements during the course of the animal experiments
To determine whether the ultrasound intensity varied over the course of the rat-
experiments presented in this thesis, the force of the ultrasound field was
repeatedly determined between the experiments over a period of one year. The
results in table 4 indicate that the ultrasound intensity did not change to a
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significant degree during the experimental period. There was a slight increase in
the average force over the experimental period of 1.9 %.

Table 3. Overview of ultrasound field variables.

Customised transducers SAFHS device

Ultrasound frequency [MHz] 1.50 1.5

Modulating signal burst width [µs] 200 200

Repetition rate [kHz] 1 1

Effective radiating area [cm2] 1.42 ± 0.11 3.88

Temporal average power [mW] 43 ± 6 117

Temporal maximum power [mW] -- 625

Peak power [W] -- 1.25

Spatial average - temporal average intensity

(ISATA)[mW cm-2]
30 ± 6 30

Spatial average - temporal maximum intensity

(ISATM) [mW cm-2]

> 150 161

Beam non-uniformity ratio 2.32 2.16

Table 4. Repeated force measurements of the 4 customised ultrasound transducers
during the experimental period (bu = balance unit).

Reading A (bu) B (bu) C (bu) D (bu) Average

(bu)

1st reading 31.1 28.5 31.5 28.5 29.9

2nd reading 29.8 27.9 29.2 30.1 29.3

3rd reading 29.3 29.5 29.3 29.1 29.3

4th reading 30.8 29.9 31.6 29.4 30.4

Difference 1st - 4th

reading

-0.3 1.4 0.1 0.9 0.5

% 1st - 4th reading 99.0 104.9 100.3 103.2 101.9
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Introduction
Ultrasound attenuation at 1.5 MHz has been determined for an expanded
polytetrafluoroethylene membrane (Gore-Tex® Regenerative Membrane, W.L.
Gore & Associates, Flagstaff, USA), and for a collagen membrane (Bio-Gide®

Resorbable bilayer membrane, Geistlich Biomaterials, Wolhusen, Switzerland).

Materials and methods
An ultrasound beam was set up in degassed demineralised water between a 15
mm diameter 1.5 MHz transducer and a ceramic hydrophone (MKII Active
Hydrophone, Medisonics, Watford, England) with a diameter of 1 mm. The
hydrophone was placed at a distance of 52 mm from the emitting transducer in
the centre of the beam. A membrane sample was placed just in front of the
hydrophone with its plane perpendicular to the ultrasound beam. The sample
was moved by stepper motors in two directions perpendicular to the beam. For
each position of the sample the pressure wave on the hydrophone was
registered on a digital sampling oscilloscope (Philips PM3394, Eindhoven, The
Netherlands). A semi-continuous wave was used and care was taken to register
the steady state signal. From this steady state signal the sum of the squares of
the signal S was calculated. For comparison also the sum of squares for the
signal without sample in place was determined: S0. Attenuation A (in decibels) of
the sample was calculated from A = 10 log (S0/S). The sample was prepared by
degassing it in demineralised water for 24 h at a pressure of less than 0.1 atm.
Thereafter it was transferred to the measuring position in the ultrasonic beam,
without exposing it to air. In analysing the data results were ignored that were
within 1 mm from the borders of the homogeneous regions of the sample. The
e-PTFE sample had an homogenous central area in the form of an ellipsoid with
axis of a length of 9 x 13 mm. One quarter of the ellipse had been cut away.
This sample was scanned in steps of 1.0 mm. The square collagen membrane
sample measured 10 x 11 mm and was homogenous in appearance. The central
part of this sample (2.5 x 2.5 mm) was scanned in steps of 0.25 mm.

Results
The oval e-PTFE membrane consist of an inner part and an outer rim. The
ultrasound attenuation of the inner part was inhomogeneous (range 5 to 12 dB),
the average attenuation was 8.3 ± 0.4 dB (mean and 95% confidence interval).
This corresponds to a transmission of ultrasound energy through the membrane
of 15 %. The ultrasound attenuation of the outer part was more than 20 dB,
which corresponds to a transmission of ultrasound energy through the
membrane of less than 1% (Figure 1).



Attenuation measurements

147

The average attenuation of the collagen membrane was 0.02 ± 0.07 dB. This
corresponds to a transmission of ultrasound energy through the membrane of
more than 98%. This attenuation is so small that local variations caused by the
sample could not be separated from instrumental effects.

Figure 1. Attenuation raster scan of the expanded polytetrafluoroethylene membrane. A
schematic drawing of the e-PTFE membrane is superimposed. One quarter of the e-

PTFE membrane (dotted line) was not present during the measurements.
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