ELSEVIER

Available online at www.sciencedirect.com

sc.sucs@p.“w

Sensors and Actuators A 130-131 (2006) 48-53

SENSORS
ACTURTORS

A

PHYSICAL

www.elsevier.com/locate/sna

Integrating wireless ECG monitoring in textiles

Johan Coosemans *, Bart Hermans, Robert Puers

Katholieke Universiteit Leuven, Department ESAT-MICAS, Kasteelpark Arenberg 10,
B-3001 Leuven-Heverlee, Belgium

Received 20 June 2005; received in revised form 13 October 2005; accepted 20 October 2005
Available online 20 December 2005

Abstract

This paper reports on the full realization of a garment embedded patient monitoring system, including wireless communication and inductive
powering. The developed system is primarily intended for the continuous monitoring of the electrocardiogram (ECG) of children with an increased
risk of Sudden Infant Death Syndrome (SIDS). The sensors and the antenna are made out of textile materials. All electronics are mounted on a
flexible circuit to facilitate integration in the baby’s pajamas. A significant increase in the comfort of patient and nursing staff is achieved by this
integration in textiles. A prototype baby suit was fabricated and successfully tested.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Previous work on so-called ‘intelligent textiles’ shows that
biomedical monitoring systems can greatly benefit from the
integration of electronics in textile materials [1-8]. This syn-
ergy between textiles and electronics mainly originates from the
fact that clothing is our most natural interface to the outside
world. The higher the level of integration of the sensors and
circuits in the clothing, the more unnoticeable the monitoring
system becomes to its user and thus the higher the comfort of the
user.

This paper presents a garment embedded patient monitoring
system, primarily intended for the monitoring of babies prone
to Sudden Infant Death Syndrome (SIDS). As these babies have
an increased risk of cardiac arrest, a continuous measurement
of the electrocardiogram (ECG) is necessary. Up to now adhe-
sive gel electrodes are used, wired to an alarm unit. These wires
hinder both the baby and the nursing staff. Furthermore, the long-
term use of conventional gel electrodes can cause skin irritation
and allergic contact reactions. This paper presents a solution
that overcomes these inconveniences by the integration of the
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sensors, interconnects and the processing and transmission cir-
cuitry in the baby’s suit. A general system overview is depicted
in Fig. 1.

2. ECG measurement

As an alternative to conventional ECG electrodes, both knit-
ted and woven stainless steel electrodes (called Textrodes) were
developed in collaboration with Bekintex [8]. These dry Tex-
trodes (Fig. 2) are less irritating than gel electrodes. In addition,
stainless steel has a low toxicity, the yarns can be manipu-
lated as a textile material, and can be washed without losing
their properties. Disadvantages of the Textrodes however, are
the increased sensitivity to motion artifacts, as well as the poor
skin—electrode contact. Therefore, the analog ECG front-end
had to be redesigned.

Because the Textrodes are of bad quality, a three-electrode
ECG configuration circuit is preferred over a two-electrode ECG
circuit. In a first attempt, a driven right leg (DRL) topology
(see Fig. 3) was implemented, because of its known high com-
mon mode rejection ratio (CMRR) [9]. Fig. 4 (left) shows the
equivalent circuit, for the calculation of the common mode inter-
ference.

In this equivalence, it is supposed that all electrode
impedances Z. are equal and that the amplifier’s poles do not
lie in the aimed frequency range (0.5-150 Hz). The common
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Fig. 1. General overview of the system.

mode voltage V. is then given by:
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Fig. 2. Belt with Textrodes.
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Fig. 3. Simplified model for thee-electrode ECG configuration. Dotted line:
DRL; full line: grounded configuration.

with Z.| =Ze» =27, the input impedances and Z;; =Zj =27,
the DRL feedback gain A:

2-R C.-(C C
A= f, Cx=w and
Ra Cg+cb+CC
_ C.-Cp
C Ce+Cr+Ce

Vp is the common mode source, e.g. due to 50 Hz power-line
interference.

Eq. (1) can be further simplified: the electrode impedances
are much smaller than the input impedance of the amplifier (Z.,
Zy < Z;) and the pole in (1) lies out the frequency range of
interest. Eq. (1) then becomes:

V. = §-Zg- K v )
T o1+A P

We can make the same calculations for a grounded three-

electrode configuration. In this case, the equivalent circuit for

the calculation of the common mode is shown in Fig. 4 (right).

The calculations then lead to:

5 Zg- K- (Ze + Z)

Ve = -V 3
Zi+Ze+Zo+s-Zy-Cx-(Ze + Zy)

Simplification yields:

Ve=s-Zy- K-V, “

From Egs. (2) and (4), the advantage of the DRL configura-
tion compared to the grounded configuration becomes clear. The
common mode is reduced with a factor A, which is the gain of
the feedback amplifier in the DRL configuration. To minimize
the common mode interference, the gain A can be increased.

Fig. 4. Equivalent circuit for the common mode. Left: DRL; right: grounded
configuration.
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Nonetheless, saturation of the output of the feedback amplifier
must be avoided.

In the presented design, the common mode signal does not
only consist of 50 Hz power-line interference, but mainly origi-
nates from the electro-magnetic field that is used for the inductive
powering of the circuit (as described in next paragraph). Mea-
surements at the input of the ECG amplifier learned that the
resulting common mode signal almost forces the opamp into
saturation, due to the large RF field. Eq. (2) illustrates that the
common mode of a DRL circuit can only be reduced if the
feedback amplifier has a large gain. However, under the above
mentioned common mode conditions, this gain must be limited
to A~ 1. Consequently the DRL circuit has only little outcome
on the common mode rejection and becomes ineffective. For this
reason, a grounded three-electrode configuration is implemented
instead.

The design of this grounded configuration ECG amplifier is
hampered by the presence of the RF field as well. For normal
levels of common mode interference, a large amplification factor
is implemented in the differential to single ended amplifier, to
obtain a high signal-to-noise ratio. In this application however,
the amplification in the first stages must be limited to avoid satu-
ration due to the large common mode signal. The ECG amplifier
is followed by a third-order low pass filter, with a cut-off fre-
quency of 150 Hz, to eliminate the remaining RF common mode.
The filter contains further distributed amplification.

3. Power and data transmission

Power is provided trough an inductive link at 132 kHz, so
batteries can be left out. Continuous measurements, reduction
of the volume and weight, and ease of package sealing are the
key benefits of this approach. Fig. 5 shows a schematic overview
of the inductive link and the equivalent non-coupled circuit. The
power consumption of the system is represented by a load resis-
tance Rjpad-

Starting form this equivalence, the link gain V./V] can be
calculated. This link gain reaches a maximum at the resonance
frequency w;, with

wr = —— = 132kHz 5)
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RS1 RSZ
k
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Fig. 5. Top: schematic overview of the inductive link. Bottom: equivalent non-
coupled circuit.

Fig. 6. Flexprint with integrated circuitry and secondary coil; 10cm x 10cm
(70 pm Cu; N=27).

The maximum gain equals:

Vsec 1
~k-n- Lo R (for Rioad > Rs2) (6)
V1 |max e 4 ol
Rioad Ly

where k is the coupling factor, n the transformer ratio and wy, is
the natural frequency, with

L 1 R
n= =2 and w, = —— /1 + 2
L LsZ'C

Rioad

The external coil is made large (26.5 cm x 26.5cm x 2 cm), to
cope with misalignments between the primary and secondary
coil, e.g. due to movement of the baby. In a first prototype, the
receiving coil is implemented together with all electronics on a
flexible circuit (Fig. 6). The available area for this coil is about
10cm x 10cm. The number of turns N of this secondary coil
was optimized in software to maximally exploit the available
area and achieve a maximum link gain. This allows minimizing
the radiated magnetic field strength.

From Eq. (6), the optimal number of turns N can be deter-
mined. A large N results in a large Lg» and consequently a large
transformer ratio n. On the other hand, a large N also means
that the coil windings become thin, resulting in a large Ry
and a low quality factor Q. The inductive link was simulated
in FASTHENRY [10], for a mutual coil distance of 9cm and
Ri0ad =500 2. Fig. 7 shows the simulated link gain as a func-
tion of the number of turns, with a maximum at N=27. Table 1

Table 1
Measurements and simulated values of the inductive link properties
Simulated Measured
Lg (nH) 21.2 21.1
Ly (nH) 82.4 82.7
Qs (at 132kHz) 249 21.2
k (%) 4.63 4.7
Vsec! Vi 0.52¢ 0.47

Flexible printed circuit coil.
2 Eq. (6).
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Fig. 7. Link gain as a function of the number of turns of the secondary coil.

illustrates the good agreement between the simulations and mea-
surements of the inductive link properties.

Wireless bi-directional data communication is provided
through the same inductive link as the power transfer. The data
transmission to the implant is used to adapt the measuring algo-
rithm to the patient’s specific needs and is done by on/off keying
of the driver. The uplink to the receiver transmits the measured
data and by load modulation. This passive telemetry is imple-
mented based on the proven techniques in [11]. The ECG is
sampled at 300 Hz. The transmission data rate is at 16.5 kbit/s.

After the inductive link optimization, the telemetric range
extends up to an axial distance of 18 cm from the external
coil that can be placed under the mattress. As the maximal
range is not always demanded, an automatic power control is
implemented to reduce unnecessary power dissipation. For this
purpose, the induced voltage is measured at the input of the volt-
age regulator that regulates the supply voltage to 5 V (see Fig. 1).
This voltage is sampled at 10 Hz and sent to the external unit.
In case the induced voltage drops below 6 V or rises above 8V,
e.g. due to movement of the baby, the external unit will correct
the transmitted power level. To this end the supply voltage of
the class-E driver can be digitally controlled from 2 to 24 V.
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Fig. 9. Detail of the backside of the baby suit, showing the embroidered coil
and the flexprint.

4. Prototype fabrication

All electronics for the sensor interface, data processing and
wireless transmission are mounted on a flexible printed circuit
(Fig. 6). The substrate material (Dupont LF9210) consists of
a laminate structure of Kapton polyimide (25 um) and copper
foil (70 wm) and is patterned by a standard photolithographic
process. As the flexible printed circuit is highly compliant, it
can be knitted in clothing without a reduction in comfort.

For the ease of fabrication, in a first prototype, the coil for
inductive powering and data transmission is integrated on the
flexible printed circuit as well (see Fig. 6). The thick copper
layer results in a high quality coil (Table 1). The Textrodes are
knitted in an elastic belt, which can be worn under the nor-
mal clothing. The elasticity of the belt assures a good contact
between the body and the electrodes. The flexible circuit is con-
nected to the electrodes by means of three press-studs. In this
way, the electronics can easily be removed when the belt is to be
washed.

In a second prototype, the secondary coil is embroidered on a
baby suit (see Figs. 8 and 9). This further enhances the comfort
of the baby, as the size of the non-breathing Kapton film can be
reduced from 10 cm x 10 cm to 5 cm x 5 cm. The coil wire con-
sists of 19 wm x (@ 79 wm) stainless steel yarns with a copper

Fig. 8. Baby suit prototype. Left: inside showing the Textrodes; right: backside.
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Fig. 10. Left: demo set-up with belt prototype, worn by a 12 weeks old baby. Right: baby suit prototype, worn by a 21 weeks old baby.

Table 2
Measurements and simulated values of the inductive link properties

Simulated Measured
Lo (wH) 12.7 13.7
Oy (at 132kHz) 18.3 17.2
k(%) 3.33 3.2
Vsec! Vi 0.34% 0.26

Embroidered coil.
2 Eq. (6).

core and has a low resistance of 0.20 2/m. The extremities of
the coil wire are directly soldered to the flexible circuit.

The connections from the circuit to the electrodes are embroi-
dered in a similar way. Contact between the electrodes and
interconnect wires is achieved by knitting the wire through the
electrodes.

For this type of coil, the optimal number of turns (N=33) is
not feasible, as the winding density is limited by the embroi-
dering technique. Table 2 compares measurements with simu-
lated values of the inductive link properties for the baby suit
prototype.

5. Results

The prototypes described above were successfully tested.
A demo set-up with the belt prototype, worn by a 12 weeks
old baby is depicted in Fig. 10 (left). A raw ECG measured
in this set-up is shown in Fig. 11. No signal processing was
applied. Fig. 10 (right) shows the baby suit prototype, worn by
a 21 weeks old baby. The measurement results of both pro-
totypes are similar. Fig. 12 depicts an ECG measured with
the same set-up as in Fig. 11, except for using conventional
electrodes instead of the Textrodes. The ECG signals mea-
sured with the Textrodes display more low frequent base line
drift, and the signal-to-noise ratio is lower than when using
conventional gel electrodes. Nonetheless, even with the Tex-
trodes, the signal quality is more than adequate for an accurate
beat-to-beat detection of the heart rate, as demanded by the
application.

0 0.5 1 1.5 2 2.5 3 3.5
time [s]

Fig. 11. ECG measured in set-up of Fig. 10 (left). Raw non-filtered data.

0 0.5 1 1.5 2 2.5 3 3.5
time [s]

Fig. 12. ECG measured with the same set-up as in Fig. 11, except for using
conventional electrodes instead of Textrodes.

6. Comparison with other monitoring suits

The field of ‘smart clothing’ is evolving rapidly: ambulatory
monitoring suits are being developed by the University of Pisa
[2], the University of Karlsruhe [3], Vivometrics [4] and the
MyHeart consortium [5]. More specifically, SIDS suits for new-
born are under development by Sensatex [6] and Verhaert [7].
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The novelty of the system, presented in this paper, lies in the level
of integration into textiles. Whereas few of the other systems also
use textile sensors, none of them has an integrated solution for
wireless communication and powering. In general, the instru-
mentation electronics, together with a battery and a wireless
transceiver, are packaged in a ‘box’ that can be plugged to the
shirt and that is to be removed before washing. By implement-
ing inductive powering over a textile coil, we could downsize
this ‘box’ to a single flexible circuit that can be rigidly con-
nected to the fabric. In the future, the size of this flex can be
further minimized by integration of the electronic components.
So although a large effort remains to make the complete suit
machine washable, a solution comes into sight, e.g. by molding
[12] the miniaturized electronic module to the fabric.

7. Conclusion

The presented system has proven the feasibility of integrating
sensors and electronics in textiles for measuring ECG, com-
bined with wireless powering and data communication. Through
these developments the comfort of the patient has entered a new
dimension. Moreover, this is one of the first working demonstra-
tors of wireless ‘intelligent textiles’. Future work will focus on
miniaturization of the electronics, packaging and further clinical
validation.
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