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Abstract: Capacitive sensing of the electrocardiogranmost well-known physiological signal, and it proesd

allows inconspicuous monitoring of the most welblm
electrophysiological signal. Wheelchair users wgitirdiac
maladies would benefit from ECG unobtrusive moiitgr
However, motion and daily life activities imposerosig
artifacts to the signal acquired. This study aimstte
extended capacitive electrocardiogram acquisitiai awnd
without movement. To validate the hardware, andetis on
its capability to do long-term monitoring, recorginof 5

detailed information on cardiac status [7]. Therefoa
capacitive coupled ECG acquisition system woulc lmeost
favourable solution.

Devices using electrodes with coupling to the stibje
through isolating media have been developed inrélcent
past, with the applications spanning from shirtschairs,
toilet seats, and bath tubs [8—11]. Besides the ddstudies
in wheelchairs, in this scenario movement artefaetsome

minutes were made for immobile and moving wheelghai a staggering concern. Thus, 5 minutes recordinge tad&en
and compared with the contact ECG obtained using t@ infer the stability and robustness of the sepsalution
reference equipment. Seven subjects tested the hifitno regarding artefact generation.

scenario, with tight agreement between contact and A  hardware setup implementing capacitive
contactless ECG. Fourteen realistic combinations oflectrocardiography was developed. The electrodes w
inclination and speed were tested on a treadmith the placed within a cover attached to a wheelchair'sktest,
capacitive ECG sensing hardware being able to geovi thus being imperceptible to the user. This uncairstd

comparable results to the reference equipment. Tong-
term capacitive ECG acquisition by means of thelWare
setup developed was found feasible and reliablainvithe
test maximum limits of 7 km/h and 4.4% of inclireati

monitoring solution was assessed for eight headthtyjects
in a motionless scenario during five minutes. Rdsaf the
same duration were taken in an exercise treadroill f
seventeen different combinations of speed andnattn,
from 1 to 7 km/h and inclinations from 0 to 4.4%ig set

Keywords: cardiac continuous monitoring, capacitive of tests was used to inspect the reliability of dapacitive

electrocardiogram, treadmill, unobtrusive instrutaéion,
wheelchairs.

1. INTRODUCTION

ECG acquired from the developed hardware, for &sti&a
use by subjects with different anthropometric cbemastics.
This paper presents a synthetic analysis of thaltees
gathered. Its organization is as follows: sectiode&cribes
the sensing device; section 3 discusses the restiltke

Several groups of wheelchair users need permanewglidation tests taken in the two scenarios; lasthe

monitoring of their cardiovascular condition, egtroke
victims in recovery, elders, or diabetics [1]. Givéhe
limitations imposed by the normal electrocardiogi@tG)
acquisition
electrodes over the body surface, a contactlessicolwith
embedded and unnoticeable electrodes is prefer@bigs,
embedding cardiac system sensing devices in wheteicis
both necessary and attractive, for instance, aalldws
monitoring the subject’s state without constrainiig daily
life autonomy [2].

conclusions drawn appear in section 4.

2. WHEELCHAIR HARDWARE

relying on the placement of conductive

The ECG sensor is shown, together with a two eomo ¢
for scale perception, in Fig. 1. Its signal coraithg
circuitry is displayed in Fig. 2 and was embeddedhe
wheelchair. This monitoring setup is totally unaeistve, and
the subject is unaware of the continuous monitoring

Capacitive ECG sensing is based on the potentaigdh

Embedded solutions based on the processing of tta the probe conductive surface, reflecting thepdiential

ballistocardiogram (BCG) or of the photoplethysnargr
(PPG) have been presented [3—6]. However, the EQGei

changes occurring at the body surface, propagétedigh
the dielectric constituted by the intermediate itextThis



causes the impedance between gkin and the electrodes
be extremely high, which makesucial a careful design «
the sensing probes. The addition to skat of a large plar
electrodeconnected either to the reference voltage or
driven right leg scheme is also significao reduce power
line interference [12], [13].

The electrodes designed have a copper surfaceani
area of 33.75 cmwith the plae electrode having an area
560 cnf. Shielded coaxial cable and RF connec are used
to connect the signal to theonditioning circuitr. Proper
impedance matching was achieved Ilusing Texas
Instruments INA116 operational amplil (bias current 3
fA, input impedance >0 Q || 0.2 pF, and common mo
rejection ratio of 84 dB).

Fig. 1. Two leadsdriven ground plane sensand the PCB with
the capacitive electrocardiogram signal coioning circuit. Note
the size of the hardware when compared witl two euro coin.
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Fig. 2. Diagram of e capacitive ECG sensing se with the
respective signal conditioning circuitry. The indexd position ove
the person’s back is also shown.

To provide a reference to the systenMedlab IFOX100
system was used. This deviggovides three analogl
outputs: the electrocardiogram (ELGwvaveform, the
instantaneous heart rate, and the oxygen saturaficdhe
subject These outputs are enabled by the addition oft
leads gripped to the volunteers’ limbs the ECGand a
finger PPG sensor.

The capacitive ECG and the thresferencesignals are
synchronously recorded, so thaferenc data, namely an
ECG waveform, is available. Thes®ur voltages are
digitalized and sent via WiFi to a laptdgy means of a 16
bit data acquisition bwed (National Instruments 920
programmed to samplie analogue inputs at 1 K and
plugged to a compatible wireless module (NI V-9163).

3. RESULTSAND DISCUSSION

A total of 8 volunteers tested t system. Their age was
23.0 + 8.9years old (average * standard deviation),
weight was 75.5 = 11.Rg, and their height 19 + 0.07 m.
The body to mass index averagwas 23.5, with three
subjects in the overweight (-30) region and five in the
normal (20-25) region.

3.1 Static wheelchair
The subjec were seated on the wheelc and the
finger PPG and a 3 limlead ECG of Medlab -OX100
were connected. During 5 minui, the wheelchair did not
move, and the subjects were told to be still, whailewed to

talk normally.
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Fig. 3 ECG signals acquired froithe eldest and the youngest
subjects with the wheelchastoppe. Graphs show ECG from
Medlab POX100 (blue, lower position within graph) a
capacitive ECG (green, upper position). To impreeadability the
signals were shifted upwards and downw, but their amplitudes

weren'’t changed.
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Fig. 4. ECG signalsaacquired from the shortest and the tal
subject (20 cm variationyvith the wheelchair stopped. Graphs
show ECG from Medlab ®X100 (blue, lower position withi
graph) and capacitive ECG (green, upper positidn).improve
readability the signals were shifted upwards andrdeard:, but
their amplitudes weren’t changed.

In this immobility scenario, thcapacitive ECG (ccECG)
sensorworked properly, and the best signal possible
obtained. Thesldest and the youngest sub have a portion



of their signals presented in Fig. 3. The same éapjn Fig.
4 for the shortest and tallest subjects.

Analyzing the example signals presed,it can be seen
that the capacitivECG of all the subjects hiamplitudes on
the same order of magnitude, varyifigm 2 to 5 V The
Medlab device, adjusted to the lowestin, also provided
similar amplitudes among subjects. Aexception was
encountered on the elder subjechose EC( had larger
amplitudes.Hence, deeper evaluation of mid-aged and
elder subjects is needed.

The youngest subject presents some baseline discib:
due to its breathing cyclé& which the commercialevice is
less sensitive. The segmeof the tallest subject present:
portion of signal acquired while talki, again with the
direct contact solution being less sensitive tg flact The
shortest subject presents small T waves in the citapa
version while the direct contact shows a regular T wi
This is a problem detected only on this subject mag be
due to the relative position of the sensor on hiskl

3.2 Treadmill tests

A test sesion was made for one volunt on a
professional gym treadmill with variable speed
inclination, Pulse Fitness 260FT.

Fourteen combinations of speed and incliné were
experimented, as indicated in Table dr Each combinatic,
a 5 minutes recording was madteroutine wheelctir use a
few km/h are achieved, so 7 km/habove the limits, and
was the maximum speed testeRegarding inclinatior
Portuguse law (DL 163/2006) establist a maximum
inclination of 6% to ramps serving as access tddngs.
Testing up to 4.4% is nedahe maximum allowed, thus
demanding scenario.

Table I. Inclinations and speeds testgith the wheelchair il
the treadmill

Speed [km/h]| Inclination [%
1 0;1.1;2.2;3.3;4
3 0,11,22,33,4
5 0;4.4
7 0;4.4

The RMS value of each second of recording was coealp
Then its mean value was removed, so that the aomiis
components present in the Medlab output do notaftfe
comparison. Finally, there wasnormalization step to allo
comparison of different amplitude ECGBig. 5 illustrates
the results. Regarding signal artefacts generated
wheelchair motion, it was found thé#éte capacitive ECG
presents an amount of artefacts alike to the amoloservec
in the direct contact solution.

Direct contact ECG RMS value is relatively morebg:
than capacitive coupled ECG, as visible in Figop teft
graph. However, as seen in previous figures, threct
contact output is much smaller than the capacitivepled,
so the disproportion in sa of artefact is muchigher. After
normalization the zones without artefact seem nstable,
as visible in the bottom left graph.
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Fig. 5.Normalized RMS value of ECisignals acquired from one
subject at four different speedsd two different inclinations, fc
the wheelchair in the Pulse Fitness 260FT treadagich grapl
shows data from Medlab ®X100 (blue, lower position withi
graph) and capacitive ECG (green, upper positid).improve
readability the signals were skt upwards and downwar

Figures 6 and 7 depiet ten sconds period of the some
recordings for speeds 1, 3, 5 and 7 km and inclinations
of 0% and 4.4%The signals displayed ¢ the reference
commercial device ECG artfie signal from the«capacitive
ECG acquired from theackres. In these figures it is seen
the hardware ability to maintain the acquisition thie
capacitive ECG. The QRS peak is evidently synclzemh
while only for 5 km/h the minor waves are indisdbla.
Therefore, the movement the wheelchair, even at
relatively fast speeds, in the smooth floor of tteadmill, is
not impeditive of good quality capacitive ECG aifinn.

4. CONCLUSIONS

Capacitive electrocardiogramsensing hardware was
developed and embedded in a wheelchThe sensing
method is based on two rectangular copper eledr
placed approximately in the direction of the scapuln the
back of the electrodes a large copper plane withference
signal, acts as a third capacitiv-coupled electrode.

Assessment tests witkight healthy subjects normally-
dressedjn a motionless scenario showed good agree
between direct contact and contactless EFive minutes of
recording were made to each, and the amount ofaatt
present in both signals is perfectly cparable.

Tests were also conduced the wheelchair moving in a
treadmill with a volunteer.tlwas :een that the capacitive
ECG waveform is still amparable to the direct cont
solution, and that it has a similar amount of moverr
artefacts, for several realistpeed, between 1 and 7 km/h,
and inclinations, 0 to 4.4 %.
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Fig. 6. ECG signals acquired from one subject at foureckift
speeds with the wheelchair in the Pulse Fitness-2&Beadmill,
running horizontally. Each graph shows ECG frcMedlab P-
0X100 (blue, lower position within graph) and capee ECG
(green, upper position). To improve readability #ignals were
shifted upwards and downwards.
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Fig. 7. ECG signals acquired from one subject at fouredfit
speeds with the wheeldhan the Pulse Fitness 260FT treadmr
with a4.4% slope. Each graph shows ECG from MedIl-OX100
(blue, lower position within graph) and capacitiZ€G (green
upper position). To improve readability the signalsre shiftec
upwards and downwards.
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