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Abstract

In this paper, we present textile sensors for the equipment of a wireless monitoring suit. The suit is intended for the monitoring of
electrocardiogram (ECG) and respiration rate of children in a hospital environment. Special attention is given to the dedicated sensor
interface circuits. The sensors, which are entirely fabricated out of textile, are integrated in a prototype belt of the monitoring suit. The
complete suit will not contain only the sensors, but also the interface, data handling, storage and transmission electronics. Therefore,
distributed, miniaturized circuitry, textile interconnections, a textile antenna and hermetic packaging are developed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, ambient intelligence has become a popular
concept. It is very likely to be the driving force for con-
sumer electronics in the near future[1]: cars and homes
will be equipped with distributed networks of sensing and
computing elements, resulting in a user and context aware
environment. Wearable electronics and intelligent textiles
may become key-elements for ambient intelligence. Recent
developments illustrate the promising character of wearable
electronics and intelligent textiles[2,3].

In the work presented here, wearable electronics and
intelligent textiles are used for a medical application: con-
tinuous and long-term monitoring of children in a hospital
environment. At present, monitoring, using conventional
sensor techniques often cause problems: skin irritation,
hampering wires,. . . Skin irritation and allergic contact
dermatitis have been reported[4], caused both by the adhe-
sive part and the gel used in conventional electrocardiograph
electrodes. By integrating sensors, data processing, storage
and transmission circuitry in clothing, the patient’s comfort,
mobility and privacy is increased[5]. Moreover, as textile
materials are used for the sensors, antenna and interconnec-
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tions, the integration is increased, resulting in even more
patient-friendliness and the washability (and thus reuse) of
the suit is obtained.

Fig. 1 shows a schematic overview of the wearable mon-
itoring unit. Two physiological parameters, respiration rate
and ECG, are measured, using dedicated textile sensors: the
Respibelt and Textrodes. The measured data is handled in a
microprocessor and useful data can be stored in a serial EEP-
ROM. If necessary, an alarm can be activated. An inductive
link provides wireless power transmission to the suit, such
that the battery can be recharged, and bi-directional data
transmission. In this way, the stored data can be retrieved
and analyzed on a PC and data processing parameters can
be reprogrammed.

2. ECG measurement

2.1. Textrodes

As an alternative for conventional gel electrodes, both wo-
ven and knitted stainless steel electrodes, called ‘Textrodes’
(Fig. 2), are developed for the measurement of ECG. The
advantage of the Textrodes is their non-irritating character
(in contrast to the gel electrodes) and the possibility of inte-
gration in a shirt or suit. The major drawback is the inherent
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Fig. 1. Schematic overview of the wearable electronics.

Fig. 2. Photograph of a knitted 3× 3 cm Textrode.

high skin-electrode impedance. The (dry) skin-electrode
impedance of the Textrodes is in the range of 1–5 M� cm2,
in the 5–100 Hz frequency range, compared to a typical
10 k� cm2 for commercially available gel electrodes. In
Fig. 3, a model for the skin-electrode impedance is depicted.
The model consists of the skin impedanceZskin, an dc
offset potentialVdc-offset, impedance of the conducting gel
Zgel (if gel is used) and the electrode impedanceZelectrode.
The conducting gel used in conventional electrodes, partly
shortcircuits the skin impedance. The impedancesZelectrode

Fig. 3. Model for the skin-electrode impedance and the motion artifacts.

and Zgel can be neglected compared toZskin, as Zskin is
much larger thanZelectrode and Zgel [6]. This results in a
simplified model, consisting of a dc offset potentialVdc-offset
and an impedanceZskin-electrodewhich is approximated by
Zskin. The higher skin-electrode impedance of the Textrodes
results in a reduced signal-to-noise ratio (SNR). The main
noise sources in ECG measurements are motion artifacts
and common mode interference. The noise signal caused
by motion artifactsVma can be adapted from[7] and is ap-
proximated by formula (1), assumingZin � Zskin-electrode:

Vma = 2

[
�Vdc-offset + �Zskin-electrode

(
(VECG/2) + Vdc-offset

Zin
+ Ibias

)]
(1)

where �Vdc-offset is the variation of the dc-offset of the
skin-electrode interface, caused by motion;�Zskin-electrode
is the variation of the skin-electrode interface impedance,
caused by motion;Zin is the input impedance of the read-out
amplifier; Ibias is the bias current of the read-out amplifier.

As can be seen, the motion artifact noise signal consists of
two terms, comprised in the model ofFig. 3. In the first place,
motion causes a change in the dc-offset of the skin-electrode
interface. A second term is the change in skin-electrode in-
terface impedance caused by motion.

Fig. 4gives a schematic overview of the origin of the com-
mon mode interferenceVcm. The expressions forVcm can be
adapted from[8]. For a two electrode configuration (without
the third reference electrode) and three electrode configu-
ration, the respective common mode interferenceVcm2 and
Vcm3 are approximated by formula (2) and (3), assuming
Zin � Zskin-electrode.

Vcm2= Id

Zin

2

( |Zskin-electrode1− Zskin-electrode2|
Zin

+ 1

CMRRamplifier

)
(2)

Vcm3= IdZ3

( |Zskin-electrode1− Zskin-electrode2|
Zin

+ 1

CMRRamplifier

)
(3)
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Fig. 4. Model for the common mode interference.Z3 is used as a ground electrode, but by substituting it’s value with formula (6) this model is also
valid for a right leg drive circuit.

whereZskin-electrodeis the skin-electrode interface impedance;
Zin is the input impedance of the read-out amplifier;Id is
the displacement current in read-out amplifier, caused by
common mode; CMRRamplifier is the common mode rejec-
tion ration of the read-out amplifier;Z3 is the skin-electrode
impedance of the third (reference) electrode.

Typical values for all parameters are given inTable 1. It
can easily be seen from formulae (1) through (3) that a three
electrode configuration and a read-out amplifier with a high
input impedance, a low bias current and a high CMRR are
preferred.

2.2. Interface circuit

To overcome the problems associated with this high
skin-electrode impedance, the read-out amplifier ofFig. 5

Table 1
Typical values for all parameters determining the noise in ECG measure-
ments

Gel electrodes Textrodes

Zskin-electrodeat 10 Hz 10 k� ± 0.5 k� ||
140 nF± 20 nF

2 M� ± 100 k� ||
700 pF± 100 pF

�Zskin-electrodeat 10 Hz (k�) 1 100

Vdc-offset (mV) 15
�Vdc-offset (mV) 2.5
Id (�A) 0.5
VECG (mV) 5

is used. It consists of an instrumentation amplifier, with
a bootstrapped input stage and an active right leg drive.
The operational amplifier OPA251 (Burr-Brown Texas In-
struments) is chosen for its low power consumption, low
bias current and high CMRR. The feedforward mechanism
of the bootstrapped input stage guarantees a high input
impedance[9], which is given by:

Zin ≈ Rbt1 + Rbt2 + jωRbt1Rbt2Cbt (4)

This is illustrated inFig. 6, where the input impedance of
the bootstrapped stage is compared to the input impedance
of an operational amplifier (OPA251). Following values
were selected for the components:Rbt1 = 1 M�; Rbt2 =
1 M�; Cbt = 1�F.

The instrumentation amplifier converts the differential
ECG signal into a single-ended signal, with a high common
mode rejection[10]. The CMRR of the complete amplifier
equals the CMRR of the instrumentation amplifier and is
given by:

CMRR ≈ CMRROA(Ria1 + 2Ria2)

Ria1CMRROA + Ria1 + 2Ria2
(5)

where CMRROA is the CMRR of the operational amplifier.
An active right leg drive is used to reduce the common

mode noise[11]. The common mode signal of the two mea-
surement electrodes is averaged by the resistorsRrld1, in-
verted (a 180◦ phase shift is applied) and fed back to the
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Fig. 5. Schematic overview of the ECG read-out amplifier.

body by the third electrode, in this way annihilating the
common mode voltage on the body. Compared to the use
of a third electrode connected to the amplifier common, the
active right leg drive reduces the skin-electrode interface
impedance of the third electrode, as seen by the amplifier,
and thus resulting in a lower common mode noise.Z3 in
formula (3) can be replaced by Z′

3:

Fig. 6. Input impedance of the bootstrapped input stage compared to the
input impedance of an operational amplifier.

Table 2
Specifications of the ECG read-out amplifier

Input impedance at 10 Hz (G�) 6.3
CMRR (dB) 85
SNR motion artifacts (dB) 0
SNR common mode interference (dB) 35
Power consumption (mW) 0.96

Z′
3 = Z3

2Rrld2/Rrld1 + 1
(6)

The specifications of the read-out circuit are summarized
in Table 2. It is clear fromTable 2that by proper ampli-
fier design, it is possible to eliminate the noise caused by
common mode interference. Motion artifact noise however,
is still dominant. As this is a very low frequency signal,
most of the motion artifact noise can be avoided by filter-
ing, having the disadvantage of a partly loss of the ECG
signal as well. Some typical ECG measurements are shown
in Fig. 7 for both classical electrodes as well as Textrodes.
The signals is already filter with a RC band pass filter with
cutoff frequencies of 0.5 and 200 Hz.

3. Respiration measurements

3.1. Respibelt

Respiration measurements are commonly carried out in
different ways[12,13]: magnetometers measure variation in
diameters, strain measure variations in circumference and
inductance plethysmography is said to measure cross-sectio-
nal area variation. Thorough analysis of inductance plethys-
mography however[14], demonstrated that this method
cannot provide a direct measure of the cross-sectional area,
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Fig. 7. ECG measurements (a) using gel electrode and circuit fromFig. 2 without active right leg drive and bootstrapped amplifier; (b) using gel
electrodes and circuit fromFig. 2 without active right leg drive; (c) using gel electrodes and circuit fromFig. 2; (d) through (f) same as (a) through (c),
using Textrodes.

but that the measured inductance variation is a complicated
function of the shape and the length of the loop. Most
studies reported that, for long term monitoring, when one
is only interested in respiration rate, there is no significant
difference between the strain gauges measurements and
inductance plethysmography.

We present a fabric sensor, called the ‘Respibelt’, which
can replace the conventional respiration measurement meth-
ods. The Respibelt is made of a stainless steel yarn, knitted
in a Lycra-containing belt, providing an adjustable stretch
(Fig. 8). By placing the Respibelt as a coil around the ab-
domen or thorax, circumference and length changes of the
Respibelt, caused by breathing, result both in an induc-
tance and resistance variation. In this way, both changes
in perimeter and cross-section are measured.Fig. 9 shows
the resistance and inductance variation of the Respibelt as

Fig. 8. Detail of the Respibelt respiration sensor.

a function of the length. The gauge factor of the resistor
is measured to be –0.53. The negative value indicates that
stretching the Respibelt results in a resistance decrease.
This decrease in resistance is caused by the tightening of the
nooses of the knitted structure under stretch. The inductance
variation due to stretch of the Respibelt is 0.05�H/cm. The
general expression for the inductanceLcoil of single turn
coil [15], given by formula (7), can be adapted and fitted
to the measurement results, taking into account the linear
approximation (8) for the relation between the coil diameter
D and the wire diameterd. This results in formula (9).

Lcoil = 0.0063D

(
2.303 log10

(
8D

d

)
− 2 + µδ

)
(7)

8D

d
≈ αl2 + βl + γ (8)

LRespibelt= 0.0046l log10

(
al2 + bl + c

)
(9)

whereD is the coil diameter,d the wire diameter,l the coil
length,µ the magnetic permeability,δ the skin effect factor
andα, β, γ, a, b, c are the fitting parameters.

Next to this empiric approach, the Respibelt structure is
simulated using different software packages. Fasthenry[16]
is used for the finite element simulation of the Respibelt
inductance, whereas Weftknit[17] is used for a qualitative
study of the strain gauge effect. The qualitative approach of
the Weftknit software gives an explanation for the negative
strain gauge (Fig. 10): when stretch is applied to the Respi-
belt (which is during breathing in), the nooses of the knitting
structure tighten. This results in a better conductive contact
between the nooses and thus a lower resistance.
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Fig. 9. Resistance and inductance variation of the Respibelt as a function
of elongation. The Respibelt rest lengthl0 is 60 cm. For respiration
measurements, the Respibelt is applied on the abdomen with a pre-strain
of 0.5 to avoid the strong non-linearities at low strain levels.

3.2. Interface circuit

To combine these two effects in a single read-out system,
the Respibelt is used as a part of an XOR-oscillator of which
the resonance frequency depends on both its inductance
and resistance (Fig. 10). The reference oscillator (XOR 1)
of Fig. 11 is tuned to 2.5 MHz, whereas the measurement

Fig. 10. Weftknit simulation of the Respibelt structure.

Fig. 11. Read-out circuit for the Respibelt.

oscillator (XO2 & Respibelt) runs at a frequency of approx-
imately 2.2 MHz. The sensitivity of the Respibelt results in
3070 Hz/cm. The measurement signal is downconverted by
XOR3 and the filter to a frequency of about 300 kHz. With a
circumference variation of about 2 cm due to breathing, the
frequency-modulated signal is converted to a digital signal
by a counter or an analog signal by a frequency-to-voltage
(F–V) converter. After demodulation, additional digital or
analog filtering is necessary, to eliminate motion artifacts
and drift. In Fig. 12, some typical measurement results
are depicted. For the demodulation, a counter and an IIR
2nd order Chebychev bandpass filter are used, with cut off
frequencies of 0.03 and 0.4 Hz.

4. Wireless power and bi-directional data transmission

To transmit the recorded data from the Textrodes and the
Respibelt wirelessly from the suit to a base station, an exist-
ing inductive link[18] is adapted and integrated in the suit.
The inductive link, consisting of two coils, is able to transmit
bi-directional data at a bit rate of 60 kbit/s. Simultaneously,
50 mW can be wirelessly transmitted from the base station
to the suit. The primary (base station) coil is integrated in a
mattress, the secondary coil is embroidered on the suit. In
this way, data can be transmitted and power transferred to
the wearable electronics while the patient lies down on his
bed. This power transfer ensures continuous operation of the
system and can also be used to recharge the battery.Fig. 13
shows the secondary coil. It concerns a 6 turns spiral induc-
tor with a diameter of 12.5 cm, consisting of stainless steel
yarn, with an inductance of 2.9�H and a quality factor of
0.72 at 700 kHz. The inductive link operates within a maxi-
mal coil separation range of 6 cm at a frequency of 700 kHz.
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Fig. 12. Respiration measurements with the Respibelt: (a) 3 min measurement; (b) 10 min measurement; (c) 30 min measurements.

Several antennas have already been integrated in clothes
for mobile phone communication[19] or Radio Frequency
Identification tags (RFID tags)[20,21], but neither of these
developments combines the bi-directional data and power
transmission, albeit over a short range.

Fig. 13. (a) Embroidered secondary coil of the inductive link. (b) Detail.

5. Data processing and storage

The data processing and storage unit consists of a
PIC16C771 microprocessor (Microchip) and a 24LC64 se-
rial EEPROM (Microchip). In a first phase, a simple peak
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Fig. 14. Prototype belt of the intelligent suit.

detection[22] and heart rate calculation algorithm is imple-
mented on the microprocessor for the ECG measurements.
For the respiration measurements a counter, additional
filtering and a respiration rate calculation algorithm are im-
plemented. Both heart rate and respiration rate are stored
in the EEPROM and are easily read out to a PC via the
inductive link, making use of the RS232 protocol.

After some clinical experiments, more elaborated func-
tions will be implemented, allowing continuous, long-term
monitoring. An event recording function will be used to store
only the clinical relevant data. The alarm function will ac-
tivate a buzzer when a parameter drops below or exceeds a
critical value. The exact parameters for theses functions will
be decided following the clinical experiments.

6. Integration

The Textrodes and the Respibelt will be integrated in a
monitoring suit for children. A prototype belt is shown in

Fig. 15. (a) Concept of the integration: distributed network with stainless steel yarn bus system. (b) Detail of the ECG read-out circuit button.

Fig. 14. The Textrodes are integrated in the Mickey Mouse
ears. The complete suit must not only contain the sensors,
but also the sensor interface and data handling, storage and
transmission circuitry. Special attention is given to the minia-
turization and packaging of the circuitry: comfort and washa-
bility of the suit should be preserved.

The circuitry is conceived as a distributed network, inte-
grated in the suit. It is placed on four hybrid boards. On a first
board the ECG read-out circuit is placed, the second board
contains the respiration read-out circuit, the third one con-
tains the data processing and storage unit and on the fourth
board, the wireless link circuit is placed. The boards have a
diameter of 2.1 cm and a thickness of 2 mm (Fig. 15). These
hybrid boards will be tied as buttons on the suit. For the
interconnections between the boards, sensors and antenna,
a bus system is currently under development, consisting of
stainless steel yarn. This bus system will be integrated in the
suit in such a way that it will not hamper the patient.

A hermetic encapsulation will also be developed, provid-
ing a washable packaging for the electronics. At present, this
is still one of the major challenges to be tackled, not only
for this specific project presented here: it remains the bot-
tleneck in every wearable electronics or intelligent textiles
development[23].

7. Conclusion

With this work, we demonstrate that textile materials
themselves have a strong potential to be used as sensor
elements, antennae and interconnections in a wearable
bioinstrumentation system. Despite the low quality of the
textile sensors, the use of high specifications provides re-
liable monitoring. Major benefits are the improved patient
comfort and the reusability of the sensors. Washable pack-
aging of the electronics remains the major challenge to be
tackled, not only for the specific system presented here, but
for all wearable electronics and intelligent textiles develop-
ments.
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