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1. Introduction
Various methods have been proposed for measuring sound
absorption characteristics of materials especially for
buidings1–10).
Some
recent
studies
have
used
pressure-velocity probes (pu-sensors)4-10). Using these
sensors, the authors proposed another method (EA-method)
to measure the surface normal impedance of a material by
application of an ensemble-averaging technique6,8-10).
In one application of pu-sensors, Jacobsen et al.
conducted sound absorption and intensity measurements, and
then reported some uncertainties related to sensor calibration
methods11) recommended in the manufacturer’s instruction
manual12). Additionally, Basten and de Bree presented a
procedure to conduct calibration of the pu-sensor in a wide
range13).
In previous papers6,8-10), the authors conducted a series of
EA-method measurements by applying the manufacturer’s
recommendations to the calibration method. To ensure
accuracy, the stability of the transfer function on sound
pressure and particle velocity resulting from the calibration
process were monitored. We encountered another point of
uncertainty attributable to the instability of the monitored
transfer function, and thus we inferred that sensor instability
might be influenced by humidity surrounding the pu-sensor.
Svetovoy et al14) and Honschoten et al15) discussed in

their paper about microflown (μ-flown) sensor stability and
mechanism on temperature changes using a geometric
analytical model. The μ-flown is the particle velocity sensor
that is used in a pu-sensor. The design principle of the
μ-flown sensor is simply the heat difference sensed by two
parallel wires. The heat difference depends on thermal
conductivity and it might be affected by humidity.
However, Svetovoy et al and Honschoten et al assumed the
thermal conductivity to be constant and did not examine the
influence of humidity on the model.
The pu-sensor manufacturer detected the influence of
ambient temperature, atmospheric pressure, and humidity to
pu-sensor sensitivity. The figures presented by de Bree12)
show the influence of atmospheric pressure affected within
high-frequency ranges above 1500 Hz with less than 0.05 dB.
The ambient temperature affected the frequency range above
750 Hz by less than 1 dB. In contrast, the humidity influence
affected all frequency ranges by 3.5 dB12).
Therefore, we will examine the relative humidity
influence on pu-sensor stability through measurements
consisting of calibrations and EA-method measurements.
Furthermore, the focus of the study is on explaining the
importance of considering the humidity factors related to the
pu-sensor stability in order to produce more reliable results
of absorption coefficients. The result will be useful not only
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for EA-method measurement but also for various methods of
architectural acoustics measurement.

pu-sensor
Sound
source

2. Methodology
2.1. Calibration Method in Impedance Tube
In this study, we use an impedance tube to calibrate the
pu-sensors. As presented in Fig. 1, the tube has length L; its
end is terminated by a hard wall.
Hereinafter, i is an imaginary number − 1 , and ω is the
angular frequency. Then, both measured sound pressure
pm(X) and measured particle velocity um(X) are measured by
using the pu-sensor located at point X.
To calculate the true transfer function ୳ܪ୮̴୲ ሺ߱ሻ between
the particle velocity and sound pressure, a correction value,
CH, is defined as follows:
୳ܪ୮̴୲ ሺ߱ሻ ൌ  ୳ܪ୮̴୫ ሺ߱ሻ ȉ ܥୌ ,

(1)
ߩܿ ሺ݇ሾ ܮെ ܺሿሻ ݑ୫ ሺܺሻ
ܥୌ ൌ 
ȉ
ǡ
(2)
݅ ሺ݇ሾ ܮെ ܺሿሻ ୫ ሺܺሻ
Therein, ୳ܪ୮̴୫ ሺ߱ሻ denotes a measured transfer function
using the pu sensor, k signifies the wave number, ȡ
represents air density, and c stands for the speed of sound.
Theoretically, CH is independent of X.
2.2. Ensemble Averaged Impedance (EA-method) and
Corresponding Absorption Coefficient
In previous papers6,8-10), the authors introduced
impedance as
ۄۃ
ǡ
(3)
ݑۃ୬ ۄ
where p and un denote the sound pressure and particle
velocity with respect to the normal direction at the material
surface, and where < • > denotes ensemble averaging at
random incidence. Tentatively, the resulting impedance,
<Ζn >, was designated as "Ensemble Averaged" impedance.
The authors defined the “corresponding absorption
coefficient” <Į>, to check and to evaluate the impedance as
follows:
ܼۃ୬  ۄൌ 

ଶ

ܼۃ୬  ۄെ ߩܿ
 ۄߙۃൌ ͳ െ ቤ
ቤ Ǥ
ܼۃ୬  ۄ ߩܿ

(4)

In practical measurements, the averaging of calibration
performed using a fast Fourier transform (FFT) was
conducted as
ே

ͳ
ܼۃ୬  ۄൌ  ୳ܪ୮౪ ሺ߱ሻǡ
ܰ

(5)

where N is the averaging number used in FFT. Here, the
incident condition for obtaining < Ζn > is random and the
average value of the impedances over incident angles is
derived. For a system that is ergodic and assuming sufficient
averaging, Eqs. (3) and (5) become identical. Then, we can
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Fig. 1 Schematic diagram of pu-sensor calibration
in an impedance tube.

measure the averaged surface normal impedance at random
incidence.
3. Measurements
3.1. Setting of Calibration
To conduct practical calibrations, as shown in Fig. 1, the
pu-sensor was calibrated by application of a square
impedance tube with 70 cm long, L, and 10 cm × 10 cm
inner dimensions. The pu-sensor positioned at point X = 68
cm. Pink noise was emitted from a loudspeaker at the
opening edge of a tube (x=0). The resolution of two-channel
FFT unit (SA-78; Rion Co. Ltd.) was set to 1.25 Hz by
length of Hanning window 0.8 s. Linier averaging of N=150
in the frequency domain was performed in 90 seconds
because of the time overlap.
3.2. Setting of EA-method Measurement
Figure 2 depicts a schematic diagram of EA-method
measurement setup with pu-sensor utilization6,8–10). The
pu-sensor is positioned at the center of 0.9 m × 0.9 m sample
material. Distance, d, is 1 cm above the material surface.
Glass wool (GW50) with 32 kg/m3 density and 50 mm in
thickness is used as the measured material. The same settings
of two-channel FFT in Section 3.1 were applied.
As described in our previous papers6,8-10), to produce the
incidence condition close to random incidence, six
loudspeakers (FE-103; Fostex Co.) mounted in small boxes
that radiate incoherent pink noise were placed in a
reverberation room. The pink noise was filtered to focus on
the frequencies of 100–1200 Hz. A sub-woofer (SX-DW77;
Victor, Ltd.) was also installed to increase the low-frequency
energy, roughly below 200 Hz.
3.3. Measurement Conditions
Measurements and calibrations were conducted in a
reverberation room of 168 m3 with non-parallel reinforced
concrete walls, located in the basement of Oita University
Information Center. In this section, each calibration and the
EA-method measurement of the pu-sensor are referred to as
a pair. Each pair is taken at the same humidity level
(difference of humidity, Δϕ = 0%). Because time durations
of both measurements (the calibration and the EA-method
measurements) were 90 seconds each, we predicted that the
environmental conditions might not change significantly. To

19.6-20.3 oC. The changes of atmospheric pressure on each
set measurement are slight where the maximum difference is
0.7 kPa.

pu-sensor
d

Material

Fig. 2 Schematic diagram of the EA-method measurement
setup with a pu-sensor.

4.1. Relation between humidity and correction value on
sensors calibration
In all measurements, similar procedures for both pu-1 and
pu-2 sensors were applied where the results of calculated CH
demonstrated comparable trends. Therefore, in view of this,
only one of the sets was used (set 4) to illustrate the similar
phenomena of the other measurement sets.
The influence of relative humidity on the results of
pu-sensor calibration in six relative humidity levels, ĳ, of
35–60% by 5% humidity intervals was examined. To give
the tendency clearer for visual observations, the real parts
and imaginary parts are illustrated hereafter instead of
amplitude and phase.
Figure 3(a) portrays frequency characteristics of the
correction value, CH, of pu-1 at six relative humidity levels
of 35%–60%. In the figure, the six relative humidity levels
are shown as parameters. The frequency characteristics of
real parts for the six correction values show a sequential
order from ϕ = 35% to ϕ = 55% at frequencies of 100
Hz–1200 Hz. At ϕ = 60%, CH is obtained between ϕ = 45%
and ϕ = 50%. The imaginary part of CH at ϕ = 55% and ϕ =
60% above frequency 650 Hz tend to agree each other.
Similarly, CH of ϕ = 35%, ϕ = 40%, ϕ = 45%, and ϕ = 60%
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maintain humidity condition at Δϕ = 0%, the measurement
using the EA-method was conducted immediately after the
pu-sensor calibrated.
The level of relative humidity is conditioned to increase
gradually by 5% intervals, starting from humidity 35–60%,
and resulting in six pairs of calibration and EA-method
measurement at the same level of humidity. Complete pairs
of calibration and EA-measurement on six levels of humidity
comprise one set, and due to the amount of time needed to
control and maintain room humidity, one set measurement
usually took 1–2 days. Each set of measurements was taken
by using two identical pu sensors in turn. These sensors were
labeled as pu-1 and pu-2 (PT0905-32 and PT0404-05;
Microflown Technologies). To demonstrate repeatability,
four sets of measurements were conducted over of a period
of 390 days from November 2010 to December 2011. Set 1
was conducted in December 2010; set 2 in October 2011; set
3 and 4 in December 2011.
The relative humidity inside the room was controlled
using a humidifier (KA-N35; Toshiba Corp.) and
dehumidifier (MJ-180EX; Mitsubishi Electric Corp.),
respectively, to increase and decrease humidity. To obtain
uniform relative humidity inside the room, a conditioning
fan (YKS-451; Yamazen) was applied before each sensor
calibration at each humidity level.
In addition to humidity, ambient temperature and
atmospheric pressure were also recorded during the
measurement. The ambient temperature and relative
humidity were measured by means of a temperature and
humidity meter (DT-321S; CEM Corp.) with the precision of
±0.5oC and ±2% respectively. The atmospheric pressure was
also measured using a barometer attached to a pistonphone
(NC-72; Rion Co. Ltd.). During the period of 90 seconds
while the measurements were being taken, the temperature
and humidity meter as well as the barometer were positioned
at a distance of 1 m from the pu-sensor. The uniformity of
humidity was confirmed within a range ± 1% during the
measurements at each humidity level by visual observation.
The temperature ranges while measurements were being
taken on each set were as follows: Set 1 is from 19.6-20.7oC;
set 2 is 22.4-24.3 oC; set 3 is 19.6-20.4 oC; and set 4 is

4. Results and Discussions

Real part of correction value, CH

2ch FFT
spectrum
analyzer

Real part of correction value, CH

Incident sound

-1.8
1200

Frequency [Hz]

Fig. 3 Correction value, CH, at different relative humidity from
ϕ = 35% to ϕ = 60%: (a) pu-1 and (b) pu-2.
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maximum, the minimum and the arithmetic mean within
six pairs of impedance ܼ ᇱ ୡ୫ especially in the
low-frequency range below about 250 Hz. Even so,
overall agreement within the combinations is good in
both real and imaginary parts of the impedances.
Next, Fig. 4(b) shows frequency characteristics of the
corresponding absorption coefficients obtained by pu-1
and pu-2. Throughout the frequency range except at 125
Hz, the small width between the maximum and minimum
values at a frequency show that the absorption
coefficients at a frequency agree well each other within
the combinations of Δ ϕ = 0. Similar agreements can be
observed both for pu-1 and pu-2.
The general agreements among impedances and
2
Real part

Normalized Impedance

4.2. Relation between humidity and absorption
characteristics measured in the same humidity (Δ
Δϕ =
0%)
This section provides the comparison of normalized
impedances, (<Zn >/ȡc), and absorption coefficients, <Į>,
measured by using the EA-method for a combination of
the same relative humidity, both in calibrations and
measurements (i.e. Δϕ = 0%). Δϕ is the group of certain
relative humidity difference.
The impedance value <Zn > was calculated from the
transfer function ୳ܪ୮̴୲  obtained using ୳ܪ୮̴୫ , which
were measured at certain relative humidity then
multiplied by the correction value C H obtained at
calibration on certain relative humidity.
A comparison of <Zn > or <Į> on the pair
combinations were made as follows: first, the moving
averages of <Zn > and <Į> are calculated with 50 Hz
steps. The author designates such values as ܼ ᇱ ୡ୫
and Dᇱ ୡ୫ . Secondly, the impedance and absorption
coefficient over combinations are calculated in arithmetic
means, then denote as ܼԢοఝ and DԢοఝ ǡ respectively.
Among six pairs combinations of calibration and
measurement with the same relative humidity (Table 1:
Δϕ = 0%), only the value of the maximum, the minimum
and the arithmetic means of impedances ܼ ᇱ ୡ୫ and
absorption coefficients Dᇱ ୡ୫ are illustrated in Fig. 4.
Figure 4(a) shows frequency characteristics of
impedances obtained by pu-1 and pu-2. In the figure,
some discrepancies are observed among the value of the

Table 1 Complete set of measurement and examination consist
of six groups and each group consists of pairs
[Combination of Pair]
[Group]
Calibration (c) and
Difference of Relative
EA-Measurement (m)
humidity, Δϕ
c35m35, c40m40, c45m45,
0%
c50m50, c55m55, c60m60
c35m40, c40m45, c45m50, c50m55,
5%
c55m60, c40m35, c45m40, c50m45,
c55m50, c60m55
c35m45, c40m50, c45m55, c50m60,
10%
c45m35, c50m40, c55m45, c60m50
c35m50, c40m55, c45m60,
15%
c50m35, c55m40, c60m45
20%
c35m55, c40m60, c55m35, c60m40
25%
c35m60, c60m35

0
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,0%
Arith. mean, Z ' (pu-1)
,0%
Min. Z ' (pu-1)
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,0%
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1
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from frequencies of 200–300 Hz agree as well as ϕ = 50%
and ϕ = 55%. The imaginary part of CH then spreads and
forms a sequential order from ϕ = 35% to ϕ = 60%.
Figure 3(b) shows frequency characteristics of the
correction value, CH, of pu-2 at different relative humidity
from ϕ = 35% to ϕ = 60%. The real part of CH at 35% and
40% agree each other well across the frequency region.
Nevertheless, a sequential order of CH from ϕ = 35% to ϕ =
60% occurred here. All CH of the imaginary part agree within
the frequency range of 200–300 Hz, then tend to spread and
form a sequential order of ϕ = 40% to ϕ = 60% from 300 Hz
to the upper frequencies. However, especially for ϕ = 35%
and ϕ = 40% as well as ϕ = 50% and ϕ = 55% agree in the
frequency range of 200–1200 Hz.
In Figs. 3(a) and 3(b), we can observe gradual changes of
CH according to the humidity both for pu-1 and pu-2. It
might not be clear that the change is exactly in the sequential
order of humidity, but the change represents a kind of
humidity effect onto the result of pu-sensor in a simple
application. In the following sections, the influence of CH on
measurement results using EA-method will be discussed.
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Fig. 4 Maximum, minimum, and arithmetic mean value of
absorption characteristics of GW50 within the group
of Δϕ = 0%; (pu-1 and pu-2)

ȱ

4.3.1. Standard Deviation of Absorption Coefficients
To examine the absorption coefficients measured of
six ∆ϕ , comparisons of standard deviation, SD, were
made among the absorption coefficients. The standard
deviation is calculated as
𝑁𝑁𝑁𝑁Δ 𝜑𝜑𝜑𝜑

1
SDΔ𝜑𝜑𝜑𝜑 (𝑓𝑓𝑓𝑓) = �
� �𝛼𝛼𝛼𝛼 ′ cm ,
𝑁𝑁𝑁𝑁Δ𝜑𝜑𝜑𝜑
cm

∆𝜑𝜑𝜑𝜑 (𝑓𝑓𝑓𝑓)

2

− 𝛼𝛼𝛼𝛼�′∆𝜑𝜑𝜑𝜑 (𝑓𝑓𝑓𝑓)� ,

(6)

where N ∆ϕ denotes the number of pair of combinations
within the group of ∆ ϕ .
Figure 5(a) and 5(b) illustrate the frequency
characteristics of SD∆𝜑𝜑𝜑𝜑 (𝑓𝑓𝑓𝑓) obtained by pu-1 and pu-2
respectively. In Fig. 5(a), SD∆𝜑𝜑𝜑𝜑 (𝑓𝑓𝑓𝑓)s are apparently
deviated sequentially from the lowest ∆ϕ = 0% to ∆ ϕ =
25% in the frequency region above 275 Hz. As an
exception, for frequency below 275 Hz, the SD∆𝜑𝜑𝜑𝜑 (𝑓𝑓𝑓𝑓) is
distributed randomly. Meanwhile, for pu-2 in Fig. 5(b),
sequence tendencies also occurred, except SD∆𝜑𝜑𝜑𝜑 (𝑓𝑓𝑓𝑓)s for
∆ ϕ = 25% and 20% which was almost identical.
Here, the sequential increasing of SD∆𝜑𝜑𝜑𝜑 (𝑓𝑓𝑓𝑓)s from
∆ ϕ = 0%-25%, show evidence that the difference of
humidity between the measurement of calibration and the
EA-measurement lead to dispersion of the resulting
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Fig. 5 Comparisons of standard deviations (∆ϕ = 0, 5, 10, 15, 20
and 25%): (a) pu-1 and (b) pu-2.

absorption coefficients. In this case, the SD∆𝜑𝜑𝜑𝜑 (𝑓𝑓𝑓𝑓)s of
∆ ϕ = 0% has the smallest deviation compared to other ∆ϕ,
meaning that calibration and EA-method measurement
under humidity ∆ ϕ = 0% yield the most stable result.
Further analysis of SD∆𝜑𝜑𝜑𝜑 (𝑓𝑓𝑓𝑓) is presented in Fig. 6 to
explain the results of all sets. In the figure, SD∆𝜑𝜑𝜑𝜑 (𝑓𝑓𝑓𝑓) is
averaged over frequencies of 125–1175 Hz and denoted as
����
SD∆ϕ values with respect to
SD∆ϕ . The figure shows eight ����
the difference of relative humidity, ∆ϕ, from 0%-25%.
The eight ����
SD∆ϕ values consist of four sets of
measurement, where each set of measurement obtained by
using pu-1 and pu-2.
����∆ϕ increases with
Regardless of the sensors, SD
increasing ∆ ϕ occurred from 0%-25%, and the tendency
0.1

∆ϕ

4.3. Examination on Six Groups of Humidity
Difference (∆ ϕ > 0%)
An extensive examination was conducted to clarify the
influence of humidity on pu-sensor sensitivity. The
examinations were applied through calculation on
combination of pairs from humidity difference, ∆ϕ,
5%–25%.
The pairs discussed in this section were obtained from
all possible combinations on each humidity difference,
∆ ϕ, using previous C H and impedance values which were
measured under humidity conditions from 35% to 60%
given in Sec. 4.2. As shown in Table 1, there are 36
combinations of pairs in total, including the pairs
measured at the same humidity (∆ϕ = 0%),

0.1

SD

among absorption coefficients measured by using pu-1
and pu-2 are resulted mainly from the same measurement
conditions, where each calibration and EA-method
measurement of the pu-sensor was taken at the same
humidity level (difference of humidity, ∆ ϕ = 0%). Under
this condition, the calibration results C H are considered
accurate enough to produce consistent measurement
results of impedance and its corresponding absorption
coefficients. A similar tendency of the above results also
occurred in the other measurement sets. An examination
of other ∆ ϕ is explained in the next section.

0.05
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Differences of relative humidity, ∆ϕ [%]
Fig. 6 Standard deviation, ����
SD∆ϕ with respect to the difference of
relative humidity, ∆ϕ, from 0%-25% obtained by pu-1 and pu-2.
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repeatedly occurred within a long period of time. As a
����∆ϕ less than
reference, if the ∆ϕ is less than 10%, SD
0.05 can be expected in frequency region above 250 Hz.

In this study, there were three limitations of the
measurement conditions: Firstly, the humidity ranged
from 35-60%, secondly, the maximum difference of
temperature was 1.8 o C and thirdly, the maximum
difference of atmospheric pressure was 0.7 kPa.
4.4. Statistical Analysis of Environmental Factors
Influences
The ambient temperature and atmospheric pressure are
two other environmental factors that possibly influence
sensor sensitivity during the process of application.
Therefore, as additional information, the influence of
respective environmental factors on the sensor sensitivity
was calculated by means of the partial correlation test.
����∆ϕ of the
The partial correlation results between the SD
absorption coefficient and the SD of the temperature (∆t),
atmospheric pressure (∆p), and humidity (∆ϕ), are shown in
Table 2.

pu-1
pu-2

∆p
0.521
0.160

∆t
-0.069
-0.461

Both calculated results of pu-1 and pu-2 showed
coefficient number > 0.95, which explains the significant
correlation of ∆ ϕ on the sensor stability. Up to this stage,
∆ ϕ has the most significant influence on ����
SD∆ϕ among
other environmental factors. It should be noted that the
investigation of these factors are limited within the range
mentioned in Sec. 4.3.1.
5. Conclusions
The authors examined the stability of pu-sensor
measurement through the changes of relative humidity,
ranged from 35%–60% in a reverberation room. Here, the
change in humidity influences the CH value. Comparisons of
standard deviations result on absorption coefficients for six
groups of different relative humidity from 0%-25% indicate
that humidity exerts a significant influence on the sensors,
where the deviation values increases as the humidity
difference increases and the tendency occurred within a long
period. Hence, measurements performed under the same
humidity condition will produce more stable absorption
coefficients. For practical use, limitation of deviation might
be required for specific measurement and ∆ϕ is necessary to
be considered. Partial correlation test on environmental
factors that may affect the sensors stability confirmed that
there is considerable influence of humidity on the deviation
values of absorption coefficients. Finally, the present study
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