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Abstract
Condenser microphones are originally designed for airborne acoustic measurements. For this reason, their
electro-mechanical behavior is well-known and characterized almost in atmospheric conditions. However, more
and more applications, such as acoustic thermometry, gas metrology or thermoacoustics, require the use of
electrostatic transducers (as acoustic transmitters or receivers) in gas conditions that differ significantly from
atmospheric ones. Previous experiments using the electrostatic actuator technique evidenced the relevant influ-
ence of the static pressure and the type of gas on the frequency response of condenser microphones. The same
technique is used here to characterize the mechanical properties of a 1/4” microphone’s membrane in vacuum
at temperatures between 80 K and 300 K. The resonance properties of the membrane are then obtained and
expressed as function of the temperature. Thus, they are used in comprehensive models of condenser micro-
phones whose validity as function of the temperature is experimentally checked. Also, an improved model of
condenser microphone coupled to an electrostatic actuator is developed for the sake of this work. By improving
the supporting models and experimental methods, this work is expected to drive the design of new electrostatic
transducers and promote an advance of the calibration procedures, as required for specific applications.
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1 INTRODUCTION
The global behavior of measurement condenser microphones has been abundantly studied [1, 2, 3, 4]. This
behavior is those of a circular metallic membrane, loaded by the thin air film between the membrane and the
backplate, which is connected to a small back cavity. The validity of existing is checked experimentally almost
in usual working conditions for such kind of transducers, i.e. in atmospheric conditions.
However, these electrostatic transducers, designed and optimized almost for airborne applications, are used in
more and more applications, such as acoustic thermometry, gas metrology or thermoacoustics, in gas conditions
that differ significantly from atmospheric ones [5, 6, 7]. For this purpose, their behavior is not known with
a sufficient accuracy. Previous experiments using the electrostatic actuator technique evidenced the relevant
influence of the static pressure and the nature of the gas on the frequency response of condenser microphones,
which is consistent with the effects predicted by existing models [8, 3]. Nevertheless, these models still do not
take into account the effects of the temperature on the mechanical properties of the microphone’s cartridge and
membrane.
The aim of this work is to provide new experimental data on the effects of temperature on the behavior of a
microphone (in particular on its mechanical properties) in order to suggest some improvements to the models
currently available, and even provide new ones, for the sake of applications requiring the use of electrostatic
transducers in extreme or non atmospheric conditions.
In the present paper, the experimental techniques chosen for this work and the set-up carried out at the LCM
are first described and few promising results obtained are then shown and commented.
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2 EXPERIMENTAL APPROACH
2.1 Electrostatic actuator for relative calibration of microphones
Relative calibration of condenser microphones consists in determining its response to a pressure field, uniform
across the membrane, as a function of the frequency. To achieve that, the electrostatic actuator is a simple and
easy technique to carry out [9, 10, 8], requiring very few specific equipment.

Figure 1. Relative calibration of a microphone using the electrostatic actuator technique.

As shown on Figure 1, the actuator is a grid placed in front of the membrane of the microphone at a distance d0
(few millimeters). An oscillating voltage Ug(t) =Ug0 +ug(t) is applied between the actuator and the membrane
in order to have an electrostatic force on it

F(t) = F0 + f (t) =−
εSg

2D(t)2 (Ug0 +ug(t))2 . (1)

The oscillating part f (t) of this force simulates a pressure field on the membrane p = f (t)/Sm assumed to be
uniform. The voltage Ur(t) =Ur0 +ur(t) is then measured at the output of the microphone, through its pream-
plifier (electrical input impedance Ze). If required, the open-circuit voltage ur0 at the output of the microphone
in response to the electrostatic actuator can be measured using the inserted voltage technique [11].
Finally, the response of the microphone to the actuator is proportional to its pressure sensitivity σ :

ur0

ug
=−εU0

d2
0

Sg

Sm
σ

ZA

ZA +ZL
, (2)

where ZA and ZL are respectively the acoustic impedances of the microphone and of the gas film between the
membrane and the actuator. In atmospheric conditions, ZL is assumed to be negligible compared to ZA, that
leads to

ur0

ug
≈−εU0

d2
0

Sg

Sm
σ . (3)

Actually, this method cannot be carried out to perform absolute calibrations because the distance d0 between the
membrane and the actuator cannot be measured with a sufficient accuracy. However, the frequency response of a
microphone contains interesting information on the mechanical-acoustic behavior of a microphone, especially on
its resonance properties. Moreover, the electrostatic actuator technique can be carried out in vacuum, allowing
us to determine the mechanical properties of the microphone’s membrane independently of its acoustic front
and back loads.
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2.2 Experimental set-up carried out for controlling temperature, pressure and gas conditions
Recently, experimental efforts have been done in order to characterize the effects of ambient conditions on the
electro-mechanical-acoustic behavior of condenser microphones [8, 12]. These works all rely on the use of the
electrostatic actuator technique, carried out in a pressure vessel allowing to perform measurements under various
gas, pressure and temperature conditions.
The experimental set-up carried out in the present work is shown on Figure 2. A 1/2” actuator is placed on the
top of a 1/4” measurement microphone (GRAS type 40BF). The microphone cartridge and its preamplifier are
fixed in vertical position in a pressure vessel. The temperature regulation is achieved by a thermostated liquid
bath of ethanol and water, liquid nitrogen or nitrogen vapors.

Figure 2. Experimental set-up carried out in order to characterize the effects of the gas, pressure and temperature
conditions on the behavior of condenser microphones.

The pressure vessel can be filled with helium or argon gas, or set in vacuum. The static temperature inside the
vessel is monitored by several thermometers thermally linked to the microphone.
The necessity of using long cables in such an experiment implies important to electrical perturbations caused
almost by cross-talk. As a consequence, we chose not to polarize the electrostatic actuator: the membrane
is then submitted to an equivalent acoustic pressure generated by the actuator at twice the frequency of the
generator.
In order to avoid electric arching, the polarization voltage of the microphone is here 125, 100 or 50 V instead
of 200 V.
The electric signals are generated and measured by a lock-in amplifier in a frequency range from 200 Hz to
100 kHz.
The inserted voltage technique has been carried out here in order to cancel the effects of the preamplifier on
the response of the microphone to the electrostatic actuator.
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3 INFLUENCE OF THE TEMPERATURE ON THE MECHANICAL PROPERTIES OF
THE MEMBRANE

The response of the microphone to the electrostatic actuator has been measured in vacuum at several tempera-
tures. The behavior of the microphone in these conditions is then reduced to those of a membrane in vacuum
submitted to an oscillating uniform force field, its mechanical properties depending on the temperature.
The temperature range here is from about 80 K to 300 K, which is those of interest in low temperatures acoustic
thermometry. Since the electric impedance of the preamplifier depends on the temperature, we noticed the use
of the inserted voltage technique has a significant contribution in the measurement results [12].
This experiment first showed that the kind of microphone and preamplifier we used work at temperatures lower
than 100 K, which has not been observed before to our knowledge. Regarding the results then obtained at
several temperatures, the response of the membrane to the actuator in vacuum can be described as a simple
resonant function, characterized by the resonance frequency f0 and the damping ξ [13]. The values determined
for these two parameters are plotted as functions of the temperature on Figure 3.

Figure 3. Measured resonance frequency and damping of the membrane of a microphone in vacuum as functions
of the temperature.

These results highlight the great influence of the temperature on the resonance properties of the membrane.
One can see three populations of points on each graph, related respectively to a specific temperature range
and a dedicated system for the temperature regulation (liquid nitrogen, cold nitrogen vapor, liquid ethanol-water
mixture). For practical reasons, the measurements in the lowest and highest temperature ranges have been
performed before those in the temperature range from 120 to 220 K. It can then be noticed that the effects of
the temperature on the properties of the membrane seem to be reversible.
The global trend for the resonance frequency f0 of the membrane is a straight line. A least mean squares
optimization lead to a slope of 16.1 Hz/K and 43755 Hz y-intercept. These parameters can now be introduced
in existing modelling procedures [3, 4] for describing the global behavior of microphones, including the effects
of the temperature on the gas properties and on the mechanical properties of the membrane.
The behavior of the damping ξ seems to be more complicated with local maxima and we hardly could suggest
a function to describe this trend. Actually, it is not problematic since when using a microphone under gas
pressure (even very low), the damping due to viscous and thermal effects in the gas film between the backplate
and the membrane is much higher than the structural damping of the membrane.
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4 CONCLUSIONS
The analysis of the whole experimental data set obtained here is still in progress for (i) characterizing the
influence of the polarization voltage on the mechanical properties of the membrane and (ii) the global effect
of the temperature on the mechanical-acoustic behavior of the microphone when used in helium gas. These
experimental results should then be compared to those obtained by using modelling procedures already available,
in which the effects of the temperature on the resonance frequency of the membrane are introduced, making
use of the results in vacuum presented here.
However, these models do not take into account the acoustic behavior of the gas film between the membrane
and the actuator, which effect should be negligible in atmospheric conditions, but significant at high static
pressures. Then, an improved model of condenser microphone coupled to an electrostatic actuator is currently
developed for the sake of this work relying on previous analytical advances [4, 15].
By improving the supporting models and experimental methods, this work is expected to drive the design of new
miniature electrostatic transducers and promote an advance of the current microphones calibration procedures,
as required for specific applications.

REFERENCES
[1] Zuckerwar, A.J. Theoretical response of condenser microphones. J. Acoust. Soc. Am. 64, 1978, 1278–1285.

[2] Škvor, Z. Vibrating systems and their equivalent circuits, Studies in electrical and electronic engineering.
Elsevier, Amsterdam, 1991.

[3] Bruneau, M.; Bruneau, A.-M.; Škvor, Z.; Lotton, P. An equivalent network modelling the strong coupling
between a vibrating membrane and a fluid film. Acta Acustica 2, 1994, 223–232.

[4] Lavergne, T.; Durand, S.; Joly, N.; Bruneau, M. Analytical Modeling of Electrostatic Transducers in Gases:
Behavior of Their Membrane and Sensitivity. Acta Acust. united Ac. 100, 2014, 440–447.

[5] Pitre, L.; Sparasci, F.; Risegari, L.; Guianvarc’h, C.; Martin, C.; Himbert, M.E.; Plimmer, M.D.; Allard, A.;
Marty, B.; Giuliano Albo, P.A.; Gao, B.; Moldover, M.R.; Mehl, J.B. New measurement of the Boltzmann
constant k by acoustic thermometry of helium-4 gas. Metrologia 54, 2017, 856–873.

[6] Gavioso, R.M.; Madonna Ripa, D.; Steur, P.P.M.; Gaiser, C.; Truong, D.; Guianvarc’h, C.; Tarizzo, P.;
Stuart, F.M.; Dematteis, R. A determination of the molar gas constant R by acoustic thermometry in helium.
Metrologia 52, 2015, S274–S304.

[7] Guianvarc’h, C.; Gavioso, R.M.; Madonna Ripa, D. Acoustic and microwave method in spherical cavities for
the determination of the thermophysical properties of gaseous mixtures. Presented at the Forum Acusticum
2011, Aalborg, Denmark.

[8] Guianvarc’h, C.; Gavioso, R. M.; Benedetto, G.; Pitre, L.; Bruneau, M. Characterization of condenser mi-
crophones under different environmental conditions for accurate speed of sound measurements with acoustic
resonators, Rev. Sci. Instrum., vol. 80(7), 2009, p. 074901.

[9] IEC, International Standard IEC 61094-6: Measurement microphones Part 6: Electrostatic actuators for de-
termination of frequency response, 2005.

[10] Jarvis, D. R. The accuracy of the electrostatic actuator method of determining the frequency response of
condenser microphones, J. Sound Vib., vol. 123 (1), 1988, pp. 63–70.

[11] IEC, International Standard IEC 61094-2: Measurement microphones Part 2: Primary method for pressure
calibration of laboratory standard microphones by the reciprocity technique, 2009.

7373



[12] Lavergne, T.; Risegari, L.; Gavioso, R.M.; Guianvarc’h, C.; 2018. Dispositif expérimental pour la carac-
térisation de microphones capacitifs par grille d’entraînement en conditions contrôlées de gaz, pression et
température. Presented at the 14ème Congrès Français d’Acoustique, Le Havre, France, April 23-27, 2018.

[13] Lavergne, T.; Guianvarc’h, C.; Risegari, L.; Honzík, P.; Gavioso, R.M.; 2018. Effets de la température
sur les propriétés électro-mécaniques d’un microphone capacitif et de son préamplificateur. Presented at the
14ème Congrès Français d’Acoustique, Le Havre, France, April 23-27, 2018.

[14] Honzík, P.; Podkovskiy, A.; Durand, S.; Joly, N.; Bruneau, M. Analytical and numerical modeling of
an axisymmetrical electrostatic transducer with interior geometrical discontinuity. J. Acoust. Soc. Am. 134,
2013, 3573–3579.

[15] Honzík, P.; Bruneau, M. Acoustic Fields in Thin Fluid Layers Between Vibrating Walls and Rigid Bound-
aries: Integral Method. Acta Acust. united Ac. 101, 2015, 859–862.

7374


