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Abstract

The sensor design features and the sensing material properties which can influence the response time
of the polymer-based capacitive humidity sensors are shortly discussed. The ways of specifying the dynamic
properties of capacitive humidity sensors in technical data sheets by the leading companies on the market
are briefly characterized and discussed.

The schematic view and operation of the experimental setup for determining of the dynamic parameters
of capacitive humidity sensors at different temperatures of humid air are described. The dynamic behaviour of
polymer-based capacitive humidity sensors was registered as the measurement profiles for both positive and
negative step changes in humidity level. The response and recovery times, as well as the time constants for
the exponential approximation fits of the step responses, were determined either graphically or analytically,
based on the collected data.

The changes of these parameters under atmospheric pressure within the temperature range from — 30 °C
to +20 °C were analysed. The exemplary transient measurement profiles are shown, together with the
illustrations of the graphical method for determining the response and recovery times. Also, the plots of the
relationship between response and recovery times as well as time constants, and temperature, are presented.
Some explanations of the obtained results are suggested.

Keywords: dynamic behaviour of sensors, response time temperature dependency, polymer-based capacitive
humidity sensors, exponential approximations of sensor step response.
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I[nHaanecmle XapaKTEePUCTUKHA €MKOCTHBIX AATYUKOB
BJIA’KHOCTH

1. MaeBcku

JlobuncKull mexHuuecKkull yhusepcumen,
ya. Haooviempuyxas, 384, Jlrooaun 20-618, Honvwa

Hocmynuna 04.10.2019
Ipunama k newamu 16.12.2019

PaccMoTpeHBl KOHCTPYKTHUBHBIE HapaMETpPbl U CBOMCTBA YYBCTBUTENIBHBIX MATEpPHAJIOB, BIHAIONINE
Ha BpeMsl OTKJIMKa EMKOCTHBIX JaTYMKOB BJIQYKHOCTH Ha OCHOBE MOJIHMMEPOB. BBIOMHEH KpaTKuil 0030p n
aHaJIM3 CIIOCOOOB OINpeaeICHHS JUHAMUYECKUX XaPaKTEPUCTHUK EMKOCTHBIX AATYMKOB BIAXHOCTU B TEXHH-
YeCKOW JOKYMEHTALMU BEAYIIUX MPOU3BOJUTENEH, TPEICTABICHHBIX HAa PHIHKE.

[IpuBeneHo onucaHne CXeMbl U PadOThl HIKCIIEPUMEHTAIILHON YCTaHOBKH ISl OTIPEIeICHHsI TUHAMUYe-
CKHX XapaKTEePUCTUK EMKOCTHBIX JJaTUUKOB BJIAXKHOCTH IPU Pa3IMUHBIX 3HAUEHHSIX TEMIIEPATYPBI BIaKHOTO
BO3/yXa. J[MHaMUYeCKHe XapaKTEepUCTHKH EMKOCTHBIX JJATYMKOB BJIAXKHOCTH HA OCHOBE ITOJINMEPOB OIpe/ie-
JISUTMCH B BUJIE OTKJIMKA BBIXOJHOTO CUTHAJIA MIPH CTYIIEHYaTOM U3MEHEHHUH BJIAXKHOCTH KaK € MOJIOKUTEIb-
HBIM, TaK U C OTPULATENBHBIM IIaroM. BpeMeHa OTKIIMKa 1 BOCCTaHOBJIEHUS, a TaKKe MOCTOSIHHBIE BPEMEHU
JUTS SKCIIOHEHIIMAJIBHON alpOKCUMAIMK OTKJIMKA Ha CTyIIEHYaTOe BO3/IEHCTBHE, ONPEAEISUINCH HA OCHOBE
Pe3yabTaTOB U3MEpEHHH Tpaduiueckn IMO0 aHATUTHYECKH.

[Ipoananu3upoBaHbl N3MEHEHUS YKa3aHHBIX TapaMeTpoB B Ipeenax Temneparyp ot — 30 °C go + 20 °C
npu atMocdepHoM naBieHun. [IpruBeaeHbl MpUMEpHI MOTYYSHHBIX MEPEXOAHBIX XapaKTEPUCTHK, TPOUILITIO-
CTpUPOBaH rpaduuecKuii METo1 ONpeieIeHUs BpeMEH OTKIIMKA U BoccTaHOBIIeHHsL. [IpencraBiensl rpaduku
3aBHCHMOCTH BPEMEH OTKJIMKa M BOCCTAHOBJIEHNS, a TAK)KE MOCTOSIHHBIX BPEMEHH, OT TemnepaTypsl. [1pen-
JIO’KEHBI BO3MOXKHBIE 00BSICHEHHS OJTYYCHHBIX PE3YJIbTaTOB.

KioueBble cioBa: JUHAMUYCCKUC XAPAKTCPUCTUKH OATUUKOB, TCMIICpaTypHass 3aBUCUMOCTH BPEMCHU
OTKJIMKaA, éMKOCTHBIC JaTYUKW BJIAJKHOCTU HAa OCHOBC IOJMMEPOB, 3KCIIOHCHIIMAJIbHAA alllpOKCUMalusd
CTyIEHYaTOI'0 OTKJIMKaA JaT4YUKa.
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Introduction sensing element from contaminations (if necessary)

and the lack of airflow over the sensor can increase
the response and recovery times considerably.

In the polymer-based capacitive humidity
sensors which are designed for measuring relative

Humidity is one of the most commonly
measured process variables in industry; also, a plenty
of applications of humidity sensors both indoors

and outdoors, from meteorology to medicine, can  yymidity values, the thin humidity-sensitive layers are
be mentioned. Generally, all the applications can be mostly made of polyimide (the detailed composition

categor@zed into gas humidij[y measyrements, and  of the layer is usually the trade secret) [2, 4]. Below
the moisture measurements in solid materials. For the lower measurement range limit of 1-5 % RH

measuring ofthe gaseshumidity, the capacitivesensors 5 accurate measurement other sensing principles
are the popular choice because of many advantages,  than capacitive, and other sensor designs are used;
primarily: linearity, low power consumption, and  gne of them is the coulometric-type sensor [5].
broad operating temperature range [1]. The manufacturers of humidity sensors provide

As arule, the sensing element of these sensorsisa i the specifications mainly the parameters concerning
thin planar polymeric film placed between two parallel  the steady properties: accuracy, measurement range,
plate (PP) electrodes, or coated onto a pair of comb-like  sensitivity, and sometimes the calibration equation
interdigitated electrodes (IDE) printed on a thick glass-  and the temperature correction of the indication.
like substrate. The arrangement of the electrodes has ~ The dynamic properties are usually omitted, or the
an influence on the dynamic properties of the sensor.  time constant (commonly denoted as #,;) value is
The IDE-type arrangement allows faster response to  reported — because the dynamics of the step response
a change in humidity than the PP-type because it takes  of the humidity sensors is roughly described by
longer to let an additional parcel of water molecules  afirst order differential equation [4]. The temperature
get inside or outside the sensing material layer, passing  at which the #,; value was obtained is rarely given
across the surface of the upper electrode. The time (and then, as a rule, the room temperature between
of response to a change in measured humidity depends ~ + 20 °C and + 25 °C is stated [cf. Table 1]). Even
also on the adsorption (or desorption) rate of the water  more rarely, the magnitude of the humidity step and
molecules on the surface of the sensing polymeric film  the airflow velocity are characterized. Moreover,
and is influenced by the diffusion rate into (or out of)  the supplementary explanations on the methodology
the film [2, 3]. The dead volume inside the housing of the determination of the ¢, value are provided
of the sensor, the filter membrane protecting the only sporadically (e.g. [6, 7]).

Table

Examples of specifying the dynamic behaviour parameters of capacitive humidity sensors in
technical data sheets from various market-leading manufacturers

Sensor's dynamic behaviour

Company Sensor described as: Manufacturer's remarks or footnotes:
IST K5-W Response time 7, <5 s 50 %RH to 0 %RH at +23 °C [8]
Honeywell HIP;-;?E?SZ-L Response time typical 30 s 1/e in slow moving air [9]

E+E HCT 01 Response time 7;; < 6's @1,,=30 °C (10 %RH to 90 %RH) [10]

HygroMer® Humidity response time g,

Rotronic at23°Cand 1 m/s [11]

IN-1 < 15 s without filter
.. Response time #,; % Time for reaching 63 % of a step function, valid
S SHT 71, SHT 75 . 63 . ’
enstron ’ typically 8 s at 25 °C and 1 m/s airflow [12]

However, the operating temperature range sensor is available in the literature (e. g. [13])
of such sensors is broad (often from —40°C to but such publications are sparse, despite of the
+ 125 °C) and the temperature affects the dynamic fact that capacitive humidity sensors dominate
properties of a sensor as well as the steady ones. long on the market [1]. The numerical studies
Information about the influence of temperature on  of this problem provide only limited progress
the dynamic behaviour of that type of humidity in its understanding [14].
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In this paper the results of the research performed
on the dynamic behaviour of the capacitive humidity
sensors for various step changes in the humidity
level of moist air, within the temperature range from
—30 °C to +20 °C and under atmospheric pressure
are presented.

In the following sections, the word "humidity" is
used in the meaning "relative humidity", unless not
stated explicitly otherwise.

Experimental Setup

In order to establish the dynamic behaviour
of the polymer-based capacitive humidity sensors,
the experimental setup depicted in Figure 1 was
used. All the component devices of the setup were
connected with the fittings and pipes of inner
diameter of 4 mm (Swagelok), electropolished inside.
The source of dry synthetic air (trace absolute
humidity of 2 ppm, or ca. —72 °C the frost point)
was the steel bottle (not shown in Figure 1).

7

Chilled mirror
hygrometer

Temperature,
controlled
Sensors under chamber
testing
i
Sensors’
chamber
MIC
Air

inlet

Bubble
humidifier

Figure 1 — The schematic view of the experimental setup
(MFCs denote Mass Flow Controllers)

The air flow was split into two streams: the
first stream was kept dry and passed through the
mass flow controller MFC 1 directly towards the
measurement chamber, whereas the second stream
after passing the MFC 2 was humidified in the bubble
humidifier. Then these two streams were mixed and
fed into the small measurement chamber, mounted

vertically in the middle of a bigger temperature
controlled chamber. Inside the small measurement
chamber four capacitive humidity sensors were fixed
(together with a Pt 100 temperature sensor, not shown
in Figure 1). The absolute humidity of the air stream
at the chamber outlet was measured with a precise
chilled mirror hygrometer. The inlet and outlet of the
small chamber were cone-shaped in order to ensure
a laminar flow; the flow rate of the air was kept at 1
I/min. The step change in the humidity level of the
air flow was performed by the change in the flow of
the air stream bubbled through the liquid water in the
humidifier, introduced by the change in the settings of
the MFCs. Both high and low changes of the relative
humidity (denoted as Ap) were realized.

In order to get the measurement profiles of
various humidity step responses, after each step
change the signals from the sensors were collected
at 10 s time intervals at temperatures from — 30 °C
to +20 °C at 10 K intervals.

The sensors under test were two SH771 and two
SHTT5 pieces from the Swiss company Sensirion
(see Table) manufactured in the CMOS technology,
with embedded signal-conditioning electronics. This
type of sensor is often applied in scientific facilities
and space-oriented research (e.g. [13, 15]).

Results and Discussion

Using the experimental setup described above,
several measurement profiles of the dynamic
behaviour of sensors under test were obtained, both
for positive and negative steps in the humidity level.
At a given temperature, the temporal profiles of
responses to either small or high changes in humidity
level do not differ remarkably from each other;
a proportional scale change in magnitude can only be
observed (Figure 2).

115 =905, rp=210s
40 | rrr{lun:(uuun:uzzuuzzzuug_;_;_g_)
30
E T=-10°C
& 20 -
=4 [
10 -
1 , ts3 =80 s, f00=200s
0 . . . :
0 200 400 600 800
f,s

Figure 2 — The comparison of two step response
measurement profiles (for the small step — the profile in
blue, for the big step — the profile in green) at 7=— 10 °C
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For each profile, the response time 7y, (or the 10 -
recovery time f,, respectively) was determined o T=420°C
graphically; the exemplary profiles are shown I \ —4— Measurement Profile
in Figures 3 and 4. & 6 \) —&  Approximation 1st Order
g 4
6
A(P, max <
5O — T T e t=——t 2 (&
e -
E 4 0 . UW
=] 10
S _ T=120°C 0 50 100 150
& I,s
< 24 —4— Measurement Profile ?
14 / =—® Approximation 1st Order a
0 & 12
O T T 1 = o
0 fso 50 100 150 10 | T=-207C
ts =—#— Measurement Profile
’ E § 1 —® Approximation 1st Order
a £ 6
s,
A(P, max < 41
12 —_—— e —— — — 5 |
10 0 T T T T T f]ﬂﬁw
E 8 0 100 200 300 400 500
& T=-20°C
°. 6 s
g— 4 == Measurement Profile ?
=& Approximation 1st Order b
2
0 W Figure 4 — The exemplary measurement profiles for the
T T T T T T ! . . . g . . .
0 100 200 3009400 500 600 700 negative step change in humidity (solid lines) and their
ts exponential approximations (dashed lines); the recovery
? . . . . .
) time value ¢, is determined graphically: a — recovery time

Figure 3 — The exemplary measurement profiles for the
positive step change in humidity (solid lines) and their
exponential approximations (dashed lines); the response
time value #,, is determined graphically: a — response time
too =38 s at T=+20 °C; b —response time #,, =320 s at
T=-20°C

Also, each profile was approximated with an
exponential fit of the sensor's step response, according
to the first order differential model (shortly named
on the plots' legend as "Approximation 1st Order").
For a positive step height Ag,,,, the fitting function
Ao(f) over time is expressed:

t

63

AQ(1)=A¢,, | 1-e (1)

Analogically, for a negative step, the formula is

written as:
t

A(P(l) = A(pmax e 7 > (2)
where ¢, is the time constant (for a negative step),
i. e. the time elapsed from the step change (¢=0) to
the time instant when ca. 37 % (or 1/e) of the step
height Ao, 1s attained.

t,o,=00s at T=+20 °C; b—recovery time #,,=295s at
T=-20°C

Foralmost all registered profiles, at the beginning
near ¢ = 0 a small "foot" is observed, which depicts the
deviation from the ideal exponential behaviour due
to the mixing process in the small chamber (stirred-
tank flow) and in the tube leading the humidified air
to the measurement chamber (piston flow).

However, for almost all temporal measurement
profiles, the ratio #y,/ts; (or t,)/t;;, respectively)
is within the range 2.1-2.5, which is close to the
theoretical value of In 10 = 2.3 — the values of 7y, and
t,o (as well as t; and 5, respectively) are similar for a
given temperature. It also turned out that the dynamic
behaviour of the polymer-based capacitive humidity
sensors is strongly dependent on temperature, as
depicted in Figures 5 and 6 (7 denotes temperature).

Although the power function approximation
of the dependencies shown in Figures 5 and 6 is
possible, it seems that below 7=— 20 °C a different
physical phenomenon dominates the process of
equilibration than above 7'=-20 °C, which makes
the sensors' dynamic behaviour much slower. In
the literature [13] are clues that below 7=-30 °C
the response times f,, are even much more slower
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(from about one hour at 7=—40 °C to several days
at T=-70°C).

1000
800
600
W
& 400
200
0 T T T T T ; 1
40 -30 -20 -10 0 10 20 30
i 2
a
1000
800
600
w
=3
= 400
200
-40 -30 -20 -10 0 10 20 30
T,°C
b

Figure 5 — The temperature dependence of: a — response
time #y,; b — recovery time ¢,

400
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Qﬂ 200
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0 T T T T T T 1
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500
400
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Figure 6 — The temperature dependence of: @ — time constant
for positive step t3; b — time constant for negative step f3,

The value specified in the SHT71 and SHT75
sensors' datasheet: #;; = 8 s (typically, at 7=+ 25 °C
and 1 m/s airflow) is lower than the values obtained
in this research, where the airflow applied was
ca. 0.04 m/s; consequently, the new humidity
equilibrium state was delayed in respect to the
specified value.

Conclusion

After conducting the research and the literature
quest, the following conclusions can be drawn.
Firstly, the manufacturers commonly use the term
"Response time" specified as e.g. f#;, which is
usually labelled "Time constant", and is as a rule
ca. 2.3 times shorter than ¢, (generally called
"Response time" in the gas sensors' field); that may
cause misunderstandings. In the specifications, the
temperature dependence of f; is mostly omitted;
other environmental conditions for which the
specified value of ¢ is valid are provided only rarely.

Secondly, the dynamic behaviour of the
polymer-based capacitive humidity sensors is
slowed down when the temperature falls. This effect
becomes more apparent at temperatures below
—20 °C as the relationship between temperature
and ¢y, (as well as #, ), and #;;) becomes more
nonlinear. It seems that below —20 °C a change
of the dominating physical phenomenon that
governs the process of approaching the humidity
equilibrium, occurs. This could be explained by the
slower rate of surface adsorption (or desorption) of
water molecules onto the polymeric film, as well
as the slower diffusion rate (both adsorption and
diffusion are temperature-dependent processes),
especially at sub-zero temperatures.

Thirdly, at a given temperature value the step
height changes the values of the sensors' dynamic
parameters only slightly, for both the positive
and negative step change. Also, the response and
recovery times do not differ much, especially when
the temperature falls below 0 °C.

Finally, the temperature effect on the dynamic
behaviour of the polymeric capacitive humidity
sensors can influence the dynamic behaviour
of an automation system containing such sensors
when considerable changes in temperature occur
(e.g. outdoors or in winter). The change in the
surrounding conditions of the sensor environment
other than temperature (e.g. the airflow) can also
make the response times longer than the specified
values.
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