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Environmental Monitoring

Using Comfort Sensing System
Daesuk Na’', Jeongho Kang™ and Sekwang Park’

Abstract
This rescarch is about a comfort sensing system for human environmental monitoring using a

one-bodied humidity and temperature sensor and an air flow sensor. The thermal comfort that a
human being feels in indoor environment has been known to be influenced mostly by six parameters,
ie. air temperature, radiation, air flow, humidity, activity level and clothing thermal resistance.
Considering an environmental monitoring, we have designed and fabricated a one-bodied humidity and
temperature sensor and an air flow sensor that detect air relative humidity, temperature and air flow
in human environment using surface micromachining technologies. Micro-controller calculates a PMV
(predicted mean vote) and CSV (comfort sensing vote) with sensing signals and display a PMV on
LCD (liquid crystal display) for human comfort on indoor climate. Our work has demonstrated that a
comfort sensing system can provide an effective means of measuring and monitoring the indoor
comfort sensing index of a human being. Experimental results with simulated environment clearly
suggest that our comfort sensing system can be used in many applications such as air conditioning
system, feedback controlling in automobile, home and hospital etc..
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1. Introduction . neutral, slightly cool, cool and cold™.
The most important requirement for an
air conditioning system such as cooling
and heating apparatus is to create a
comfortable indoor climate with high-
energy efficiency. Conventional air con-
ditional system 1is sensing only air
temperature and has limitations of air
conditioning for comfort on indoor
climate. With the rapid development of
microprocessor technologies and control
tools such as fuzzy and neural network,

The thermal comfort that a human
being feels has been known to be
influenced mostly by six parameters,
i.e. air temperature, radiation, air flow,
humidity, activity level and clothing
thermal resistance?. It was not until
Fanger empirically established the well-
known PMV equation that the for-
mulation of the parameters was suc-
cessfully made. PMV index basically there has been growing need for in-situ
quantifies the degree of discomfort and  |5nitoring of parameters necessary for

is expressed on such psychophysical the optimal control of air conditioning
scale as hot, warm, slightly warm, ¢ y s t e m

The most important prerequisite for
the commercial applications of the PMV

* AEggu AXA7)EEE (School of Ele-

ctronic and Electrical Engineering, Kyung- Scheme is to extract correct values of
pook National Univ) PMV index at low cost. Considering a
wk (F) oW (NEOMEMS Co. Ltd) thermal comfort, we have designed and
<Hedzh2002d 129 74> fabricated a one-bodied humidity and
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temperature sensor and flow sensor
that detects air humidity, temperature
and air flow on indoor climate.

The control of humidity, temperature
in an ambient atmosphere is imperative
for improving quality of life and enhan-
cing industrial processes. Present-day
systems are becoming more and more
integrated, therefore there is a strong
demand for multifunctional, small-sized
sensors for detecting several paramet-
ers like humidity and temperature'®.
In response to this strong demand, we
have been developing one-bodied thin-
film sensor for detection of humidity
and temperature.

An advantage of performing several
measurements using a single sensor
structure is that the information certa-
inly comes from the same location in
the sample solution. Besides that, the
number of contact leads is reduced and
the size of the single multi-purpose
sensor structure will be smaller than

two separate structuresm.

2. Experimental

Simulation of humidity sensor having

interdigitated electrode

Computer simulation and 3-D model-
ing of one-bodied humidity and tempe-
rature sensor have been carried out to
predict the capacitance range and sen-
sitivity to relative humidity. And the
influence of geometric parameters like
the structural width and height on the
basic capacitance was investigated with
simulation calculations.
The governing equation of static electr-
ic field is a Poisson type equation:

2 _ 0
veV= . (1)

where V is electric potential, is the
electric charge density, is the electric

permittivity.

One-bodied humidity and temperature
sensor have resistor-electrode pairs as
a repeating unit, as shown in figure 1

(a).
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Asassssasa Electrode

Substrate

(a) One-bodied humidity and temperature sensor.

Jal]

Heater

Temperature sensor

(b) Flow sensor.
A schematic diagram of the fabricated
SEensors.

Figure 1.

This unit can be divided into inner
domain and corner domain. We set up
a 3-D FEM model and conducted
electrostatic analysis with simulation
tool using finite element method and
obtained the profile of electric field
surrounding the electrodes and resis-
tors. As shown in figure 2.

I !
'
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inner l - corner
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—

Figure 2. Resistor-electrode pair and modeling of
the one-bodied humidity and tempera-
ture sensor.
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Electric energy stored between resis-
tor and electrode can be calculated
from the profile of the electric field™ .
Thus we can calculate the capacitance
of electrode-resistor pairs through equ-
ation (2).

C=2W/] (V,— V)*

(2)

Assuming that the ratio of electrode
width (w) to electrode spacing (g) is
1:1, the total capacitance of the one-
bodied humidity and temperature sen-
sor consisting of N electrode-resistor
pairs is
Cinner
28
Where Cinner, Ceomer are capacitances of
inner and corner domains and each
area of domain is g X g.
The sensitivity (S) of sensor is

S:(Cwet_ Cdry) / 100 [IJF(%)R,H,]_

Ctotal= [ ( W— 4g) + Ccomer] XN [pF] .

Where Cary and Cyet are the capacitan-
ces of the sensor at 0 %, R.H., and 100
%R.H.. The relative permittivity of
polyimides varies with relative humidi-
ty between 3.2(dry-0%R.H.) and 4.0
(moist-100%R.H.), and the variation is
linear for most of the range of R.H.
(10-90%)® We used these values to
determine the dielectric constant of
polyimides and obtain Cary, Cuwet.

The influence of geometric paramete-
rs like structural width and thickness
on the basic capacitance was investiga-
ted with simulation calculation using
the inner domain. Figure 3 shows the
capacitance per area and the sensitivi-
ty as a function of the electrode distan-
ce and thickness. Also, figure 4 shows
the capacitance per area and the sen-
sitivity as a function of electrode dis-
tance and polyimide thickness and the
sufficient polyimide thickness was found
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to be twice the electrode distance.
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Figure 3. Assuming that the polyimide thickness is
enough high, the capacitance and the
sensitivity as a function of electrode
width.
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Figure 4. The capacitance(a) and the sensitivity(b)
as a function of polyimide thickness and
electrode width.
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Multi sensor design

The design of sensors is based on a
thermal comfort. The controlling mech-
anism as a kind of heat exchanger
helps the body core to maintain relat-
ively constant temperature in given
thermal environment. Heat is generat-
ed inside a human body and dissipates
through various channels for the heat
exchange between the body and therm-
al environment . To get values of
PMV index in indoor environment, it is
necessary to know air temperature,
relative humidity and air flow.
Therefore, each sensor for their values
are designed by FEM and fabricated by
lithography and micromachining techn-
ologym.

In one-bodied humidity and temper-
ature sensor, as shown in figure 1 (a),
the used structure consists only of
shaped electrode on a substrate. The
structure consists of a resistor passing
through interdigitated electrodes that
is a common design for conductivity
sensor ¥®. We have made the distance
of fingers wider to create a resistive
path for temperature measurements
and placed the resistive electrode
between interdigitatated electrodes.
interdigitated electrodes and resistive
electrode can be used for evaluating
relative humidity by measuring capaci-
tance variance to RH.. Resistive electr-
ode between interdigitated electrodes
can be used for temperature measure-
ment.

Flow sensor is made of Pt on ceramic
plate. Pt is sputtered on ceramic plate.
We design Pt patterns of 1002 and 1kQ.
100 @ is used for heater and 1 kQ is
used for detecting temperature of air
flow. By constructing Wheatstone brid-
ge with heater (Rh). temperature sen-
sor (Rf) and other resistors, unbalanc-

ed output will be generated by air flow
with temperature compensation. A
closed-loop configuration, in which the
temperature is kept constant and the
required power is measured, potentially
offers higher response speeds[g]. The
design for the driving circuit of the
flow sensor with temperature compens-
ation is shown in figure 5. The flow
sensor consists of heater and temperat-
ure sensor, which is made of Pt on
ceramic. The schematic diagram of the
fabricated air flow sensor is given in
figure 1 (b).

Figure 5. Driving circuits of fabricated flow sensor.

Fabrication of one—-bodied humidity and
temperature sensor

The sensor area is 4 mm X 4 mm
which leads to measurable capacitances
of 20~30 pF. The fabrication of the
electrodes and resistors has been
accomplished on the substrate using
photolithography technology. Soda-lime
glasses with a thickness of 1lmm were
first thoroughly <cleaned employing
ultrasonic and chemical means. Next,
Aluminum layer 2 um in thickness was
thermally evaporated onto the glass
substrate. The aluminum film was
subsequently patterned using photolit-
hography process. Polyimide layer of 8
um thickness has been deposited by
spin coating and patterned using a
photolithographic step. In the last
step, the polyimide film was cured in a
nitrogen atmosphere. After curing, the
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thickness of polyimide film was deter—
mined to be 5 um.

The temperature and humidity resp-
onses of the fabricated sensor were
measured in a temperature and humi-
dity chamber (STH-702). The tempera-
ture was varied from -40 °C to 150 °C
and the resistance of the resistor was
measured to obtain its temperature
response. The capacitance variances to
relative humidity were measured by
applying 5 V to interdigitated electrod-
es and 0 V to the resistor with the
capacitance measuring circuit. The
relative humidity varied from 3 %R.H.
to 98 %R.H.

Comfort sensing system design and

construction
These fabricated sensors are pack-

aged in probe with driving and
amplifier circuit to detect temperature,
relative humidity and air flow in indoor
climate. Microcontroller is used for
measuring of output voltage of each
sensor and calculates PMV and CSV
index and displays the calculated
results on LCD.

® & ¥ ¢ s 2 ow s
Lep
- display PMV, ¢SV

&
Sensing Unit Control Unit

|

Figure 6. A block diagram of the comfort sensing
system.

Reyboard

-select sensing place
(home, office, hospital, plant)

Figure 6 shows a block diagram of
the comfort sensing system constructed
using a one-bodied humidity and temp-
er ature sensor and a flow sensor. The
system consists of. 1) a sensing unit
with signal processing, 2) MPU (80C31
microcontroller) which calculates PMV

and CSV index and controls the control
unit, 3) a display part using LCD, and
4) keyboard. A system has been fabri-

cated using these sensors and MPU
with PMV equation (1) in ISO7730%
and experimental results with environ-
ment clearly suggest that our system
can be used in many applications such
as an air conditioning system,feedback-
controlling in automobile, home and
hospital etc..

(0.303 - & "% 1+0.028){ (M— W)
—3.05x10 735773 —6.99(M— W) — P,]
—0.42[ (M— W) —58.15]

—1.7x107%- M- (5867 —P,)

—0.0014 - M(34—1,)—3.96x1078- 7,
[ (to+273)* = (7,4 213)"]

_fcl . hc N (tcl_ ta)}

FMV =

(3)

35.7—-0.028(M— W)

— Iy {3.96x10 %« ful (t,+213)*

— (G421 + fu htay— 1)

hc={2.38 (ty—t) "B for 2.38 (t,— 1) "®>12.1Y Va,}
2w v, for2.38 (ty — t,) "5<12.1Y V,,

fu= {1.oo+1.29 Iy for I; <0078 - m* - CT/W }
1.05+0.645 - Iy for 14 <0078 - m* - T/W

M :metabolic rate (met)=(58.2 W/m?)

W : external work (met)

I : thermal resistance of clothing

(clo)=(0.155 m® T/W)

£ : ratio of man’s surface area while
clothed, to man’s surface area
while nude.

ta : air temperature(TC)

t» : mean radiant temperature [TC)

Var ¢ relative air velocity (m/s)

P, : partial water vapor pressure [Pa)

h: : convective heat transfer coefficient
(W/m?* C)

te - surface temperature of clothing
()

Comfort sensing system calculates
PMV and CSV index using PMV equa-
tion (3) and displays the calculated
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results on LCD. Figure 7 shows a flow
chart of comfort sensing system on
indoor climate.

It consists of: 1) detection of temper-
ature, humidity and air flow in indoor
climate, 2) input parameters of metab-
olic, external work and clothing using
keyboard, 3) calculation of PMV and
CSV 4) display on LCD. Initial step
prepares internal wuser setting in
special function register, internal RAM
and other devices. According to key

input, branch to modify of initial
variable wusing key input and set
default mode (home, office, hospital
and plant).
(s )
L,  nialize ’ -
//j\\ HOME: home default mode 1

OFFIE: offie default mode
HOSPITAL: hospital default mode
PLANT: plant default mode
No — e
S A

< Retin? > Yes
. )

~

( Default mode(office) P "
i ‘humidity and air flow

ﬁ':fifffi' o

Sense & A/D gonvert }

P \

Calculate
PMV=f(temperature, humidity, air flow
npe: R A

T T

Display
PMV, CSV(comfort sensing vote

T 2
L S

Figure 7. A flow chart of comfort sensing system.

Values of default mode are based on
mean values of each place. After mode
selection, temperature, relative humi-
dity and air flow in indoor climate are
detected from sensors. Temperature
compensation of detected wvalues is
completed in software and calculated to
PMV and CSV and displayed on LCD.
Execution is returned to key input
routine and repeats those routines.

3. Results and discussion

In order to construct a comfort sens—
ing system using fabricated sensors, it
was necessary to investigate the
characteristics of these sensors in
response to temperature, humidity and
air flow among other things. Driving
circuits of fabricated air flow sensor is
shown in figure 6. Humidity and
temperature sensor output the frequen-
cy variation of each detection on indoor
climate. For measurement of air flow,
driving circuit is consists of feedback
system as shown in figure 6. According
to heat losses that are caused by air
flow in heater (Rh) output voltage of
OP-AMP 1is increased and come to
steady state, and air flow is measured
by output voltage at that time. Figure
8 9, 10 is the characteristics of each
sensor. Each fabricated sensor has good
characteristics and is useful in comfort
sensing system on indoor climate.
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Figure 8. The capacitance variance and simulation
resuits.

We have performed the 3-D accurate
simulation of one-bodied humidity and
temperature sensor using finite-eleme-
nt methods and developed the fabrica-
tion process of the sensor. Then one-
bodied humidity and temperature sen-

sor have been fabricated using semi-
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conductor process and the experimental
results were made a comparison with
capacitance calculated by FEM simu-
lation tool. Figure 8 shows the capa-
citance variance to relative humidity
change and the capacitance calculated
by simulation tool. The capacitance of
the fabricated sensor wvaried linearly
over most range of R.H. with linearity
(below 2 %FS) and low hysteresis, and
showed good agreement with values
calculated by simulation tool.

AResistance[ 2]

-20 5 30 55 80

Temperaturel C]

Figure 9. The temperature characteristics of the
fabricated one-bodied humidity and
temperature sensor.
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Figure 10. Characteristics of an air flow sensor.

Experimental results are 2 % lower
than values calculated, which is due to
the accuracy of measurement circuits
and stray capacitance from, for exam-
ple, the leads and contact pads. And
the fabricated sensor had the response
time of 40 seconds in absorption, 70
seconds in desorption. As shown in
figure 9, the temperature coefficient of

resistors used as temperature sensor
was about 1 Q/°C. Figure 10 shows
characteristics of an air flow sensor.

More than 50 sensors are fabricated
and tested to measure their characteri-
stics. In humidity sensing part. thick-
ness of sensing layer is about 10 um,
distance of electrode is about 16 um,
sensitivity is 17 fF/%R.H., and offset is
about 24 pF. Response time of absorpt-
ion is about 40 seconds over the range
from 10 %R.H. to 50 %R.H., that of
desorption is about 70 seconds over the
range from 90 %R.H. to 50 %R.H.
Nonlinearity is 2 %FS over the range
from 8 %R.H. to 97 %#R.H. and hystere
sis is below 2 %FS. In temperature
sensing part, TCR (temperature coeffi-
cient of resistance) is about 1 Q/°C,
offset is about 290 Q.
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Figure 11. Typical graph of offset and sensitivity of
humidity as a function of electrode
distance.

Figure 11 shows typical graph of
offset and sensitivity of humidity as a
function of electrode distance. Charact-
eristics of one-bodied humidity and
temperature sensor are shown in table
1.

Increasing the capacitance and sensi-
tivity of sensor needs to increase the
thickness of electrodes or humidity-se-
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nsitive films, or decrease the electrode
width or interval. New fabrication pro-
cess needs to be developed to increase
the thickness of electrodes or humidity-
sensitive films. Decreasing the electro-
de width or interval is considered good
method for improving the characteristi-
cs of sensor. The simulation results
shows that sensor having polyimide
thickness, 5 um, have greatest sensiti-
vity at electrode width, 2.5 um.

Table 1. Characteristics of fabricated humidity and
temperature sensor.

Sensing part Characteristics Value
Thickness of sensing layer | 10 um + 1 um
Flectrode distance 6uwn £ 1 um
Sensitivi About
nsitivity
crsitvity V7EF/%RHL
Offset About 24 pF
Operating range 8%R.H."97%R.H.
Humidity Nonlinearity o o
(at 8 %RH.97 %RH) Below 2 %K
Hysteresis Below 2 %FS
Rising time (from 10 %R.H.
About 40 ds
t0 50 %R1L) | seeonds
Falling time (from 90 %R.H.
About 70 s s
to 50 %RIL) Ht 7 seeonds
Temperature coefficient About 4 fF/°C
. TCR of temperature About 1 [U/C)
['emperature N
Offset of temperature About 290 U

Table 2. The average of the details of participants
in moderated thermal environmental.

NO 1 2 3 4
Datelmm/dd] |5/21 6/4 9/11 9/11
Area Lab. Hospital |[Lab. Hospital
Sex M |[F M M |F M
Participant 25 16 |7 34 (7 |17
Height[cm] 174 1162|175 175 (166 {173
Weightlkg] 66 149 |73 63 |54 |66
Age 19 {19 |32 20 N9 |27
Clothing [clo] |62 |53 |.49 53 149 |52
Metabolic rate |1.1 (1.1 [0.87 1 1 1

Table 2 is the average of the details
of participants in moderated thermal
environment. The participants vote about

comfort of each moderated thermal
environment during the test of mea-
surement.

We designed and made a comfort
sensing system using above fabricated
sensors. Figure 12 describes the CSV
index changing aspects of physical
factors such as indoor temperature
range of 19 to 32 under constant
humidity of about 656 %R.H. and flow of
0.1 m/s. Healthy eight men exposed to
moderate thermal environment and
CSV of the fabricated comfort sensing
system and CSV of a human being were
recorded at the same time according to
the variation of temperature.

——— CSV of ahuman being
--------- CSV of a fabricated indicator
— PMV of a human being
--------- PMV of a fabricated indicator
100
95 2
90
85 !
%0 0%
075t &
70 !
65 -2
60
55 | K
50 4
19 21 7 29 31

23 25 2
Temperature| C]

Figure 12. A CSV index as changing room
temperature.

It is clear from the figure 12 that the
output values from comfort sensing
system are in a good agreement with
CSV of a human being. Operator in
general controls a temperature to make
a comfort climate. But this kind of
control method requires more energy
than that of the fabricated comfort
sensing system due to operating heater
or air conditioner. For instance, CSV is
about 70 % at 31 of room temperature
and to increase C3V up to 80 % there
are two methods. One is to decrease a
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room temperature with air conditioner,
but it requires high energy consumpti-
on. The other is to increase air flow
instead of decreasing a room temperat-

ure. The later is more effective in
energy saving point of view. In fact if
the air flow is controlled from 0.1 m/s
to 0.5 m/s at 70 % of CSV, after one
minute CSV represents about 80 %.
Fabricated system in figure 6 can be
utilized in controlling a comfort envir-
onment with much more effective
energy saving. Experimental results
clearly suggest that our sensing system
can be applied in air conditioning
system as a practical means of mon-
itoring PMV and CSV indices and
feedback-controlling for comfort envi-
ronment.

4. Conclusion

Our work has demonstrated that a
comfort sensing system on indoor
climate can provide an effective means
of measuring and monitoring the
comfort sensing of a human being. In
order to construct comfort sensing sys-
tem on indoor climate, we have design-
ed and fabricated 1) one-bodied humi-
dity and temperature sensor, 2) air
flow sensor. Fabricated sensors have
good characteristics and are useful in
comfort sensing system. Comfort sens-
ing system can provide an effective
means of measuring the comfort sensi-
ng of a human being. Experimental
results in simulated environment clear-
ly suggest that our sensing system can
be utilized in air conditioning system
as a practical means of monitoring
PMV and CSV indices and feedback-
controlling in automobile, home and
hospital etc..

Acknowledgement

supported by the
"2001-year Korea Sanhak Foundation”.
This work was also partly supported
by the Brain Korea 21 (BK21) program
of the Ministry of Education.

This work was

References

(1) Jong-Uk Bu, Tae-Yoon Kim,
Young-Sam Jun, Young-Cho Shim
and Sung-Tae Kim, Silicon-Based
Thermal Comfort Sensing Device,
Transducers95, 1995, pp. 104-107.

(2] ISO7730, International Standards
Organization, Geneva, 1984.

(3] Wenmin Qu. Wojtek Wlodarski. A
novel multi-functional thin-film
sensor for ozone, humidity and
temperature, Transducers 99, pp.
664-667, 1999.

(4) G. R. Langereis, W. Olthuis and
P. Bergveld, Measuring conduct-
ivity, temperature and hydrogen
peroxide concentration using a
single sensor structure, Trans-
ducers 97, 1997, pp. 543-546.

(5] Yang Rao, Jianmin Que, C. P.
Wong, Electrical and mechanical
modelling of embedded capacitors,
Proceedings of the 49th Electronic
Components & Technology Confe-
rence, pp.506-509 , 1999.

(6) J. G. Korvink, T. Boltshauser, H.
Baltes, Accurate 3D capacitance
evaluation in integrated capac-
itive humidity sensors, Sensors
and Materials 4, pp.323-335, 1993

(7) Sekwang Park, Jeongho Kang,
Jinsu Park and Suhwan Mun,
One-bodied humidity and temper-
ature sensor having advanced
linearity at low and high relative



Daesuk Na, Jeongho Kang, Sekwang Park 33

humidity range, Sensors and Act-
uators B, pp. 322-326, 2001.

(8) P. Jacobs, A. Varlan, W. Sansen,
Design optimization of planar
electrolytic conductivity sensor,
Medical & Biological Engineering

X &
Daesuk Na

Daesuk Na was born in
Korea on May 2, 1972.
He received the B.S.
degree in mechanical en-
gineering from Yeung-
nam University, Taegu,
Korea, in 2001. He is currently in the
M.S. candidate in electrical engi-
neering at Kyungpook National Uni-
versity, Taegu, Korea. His research
interests are chemical sensors, mea-
surement system and MEMS tech-
nology, especially engine oil sensors.

Jeongho Kang
Jeongho Kang was born
in Korea, on December
19, 1969. He received
the B.S. and M.S. and
Ph. D. degrees in elec-
trical engineering from
Kyungpook National University, Taegu,
Korea, in 1994 and 1997 and 2002,
respectively. He 1is currently a re-
searcher in NEOMEMS Co. Ltd.. His
research interests are multi sensors
using micromaching technology, espe-
cially humidity sensors.

& Computing, November 1995.

(9] Sekwang Park, Hyungpyo Kim
and Yunseok Kang, Study of Flow
Sensor Using Finite Difference
Method. Sensors and Material,
Vol. 7, No. 1, pp. 53-41, 1995.

Sekwang Park
Sekwang Park was born
in Korea, on October
25, 1954,

He received the B.S.
degree in electrical en-
gineering from Seoul
National University, Seoul Korea, in
1976, and M.S. and Ph. D. degree in
electrical engineering  from Case
Western Reserve University, Cleve-
land, OH, USA. in 1984 and 1988,
respectively. He was project leader of
LVAD Technology CO.. USA, from 1988
till 1989. He is currently a professor in
the school of Electronic and Electrical
Engineering at Kyungpook National
University. His research interests are
sensors and actuators using micro-
machining technology, especially pres-
sure sensors, flow sensors, tem-
perature sensors, humidity sensors and
optical sensors.



