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Noninvasive Bed Sensing of Human Biosignals
via Piezoceramic Devices Sandwiched
Between the Floor and Bed

Shoko Nukaya, Toshihiro Shine, Yosuke Kurihara®,

Kajiro Watanabe, Member, IEEE and Hivoshi Tanaka

Abstract-—This paper deseribes o novel bed seasing method for
neninvasive, constraint-free, subliminal detection of biosignals,
The scnsor system detests the heartbeat, respivation, bedy
movement, position change and seratehing mofion of a person
iying or sleeping ou the bed. These biosignals provide not only
basic medical information but also :soph;stkcn(cd details about
sleep conditions. Thus, the bed sensing methpd can be wsed to
monitor the heaith condition of people sleeping at fome as well as
that of patients in the hospital, Furthernsore, the bed senser system
can deteet eoerging ch:mges in the physicat condition of o person,
'whcthcr at home or m the hospital, The basic device used for

aosic bonded to stainless steel plate sandwiched
bctween the floor and the four corness of the bed, Thus, 0o special
bed is required, The device, which deteets thie biosignals generated
a3 meehanical vibrations, has o wide dynamic range and high SN
ratio enabliog the detection of microvibrations from the hearthont
tiy the change in acting foree, without saturation from body
movements, 18 aceurstely defects the person’s heartheat and
respiration o weil as body movement and even the number of
soratehing mofions. The device Js suitable for various health
mommnug applicafions including sletp and mcmcai n;ommring

for eirculatory systene disorders as well as i ired
by itching,

ndex  Terms ive biosensing, bed ing
; i, heartheat, respivation, position chang bl
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L INTRODUCTION

‘M THE aging society, it is important for senior citizens to

L imaintain and improve their health and to lead active Hves

instead of ying in 2 hospital bed. Monitoring of biosignals in
various situations at home whether outdoors or in the bedroom
is helpful for daily health management. The use of wrist
actigraphy provides information not only on activity cycles
during the ddy but also on sleep cycles at night. Various studies
have been carried out in conjunction with activity and sleep
sycles 11, 121, {3}, We recently presented an ambicnt intelligent
approach to ubiguitous health monitoring at home for detection
of biostgnals from 2 person on flooring, on 2 tatami mat, in the
bathtub, or in the lavatory at home [4] based on the preumatic
method [5]. This method dlso detects biosignals in the daytime,
Furthermors, we expanded this idea to outside the home flrough
the use of a mobile phone by designing a low-frequency
mtcmphcme for detecting biosignals [6]. A method that
is the deteetion of nighttime biosignals is the bed
sensor method, typical cxamples of which can be found in
fiterature [73, [8], 199, [10}, [11], {12]. One of the bed sensor
methods detects body movement, hearlbeat and respiration
throuph mechanical vibration using, for example, 2 highly
sensitive accelerometer, or p vibration within a
info which a highly seasitive pressure sensor is plugged.
However, when the gain of the sensor was set to detect the very
small vibrations of the heartbeat, the large vibrations from body
moveinent saturnted the sensing device. Furthermore, even
though the sensor is sensitive, a preamplifier with high gain and
filters was required to enhance the heartbeat signal.

‘This paper deseribes a bed sensor method with & wide dynamic
range and high SN ratdo enabling the detection of
microvibrations from thie heartbeat by the change in acting force
when a person is fying on the bed, without saturation from body
movernent snd without « preamplifier, thus without any voltage
source. The sensing device penerates voltage corresponding to
the biosignals of the heartbeat, fon, body mo t,
changes in position and scratching motions of a person on the
bed,
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IL BED SENSOR SYSTEM

4. System

Pigure 1 shows the proposed bed semsor system.
Piezoceramics bonded to stainless steel plates are set beneath
cach of the four feet of the bed to support the weight of the bed
und the person on it. Since piezoceramics have capacitive
characteristios, the output voliage in the steady state is
zero-biased and changes from zero voltage.

The variables and constants for the plezoceramic devices and
the system shovn in Figure 1 are defined as follows:

[Piezoceramics]

A [Cfm] or [N/V]: foree factor of the plezoceramic device

M [kg]: mass of bed and person on it

k [N/m]: stiffness constant of the metal stainless steel plate

o [Ns/m]: damping coefficicnt of the metal plate

C [F}: capacitance between the piszoesramic devices

* R [92): input resistance of the processor

£ [s}: time

x{f} [m]: resultant displacement of stainless steel plate

S8y INT: force generated by the devices

{8) [C: electrie charge generated by external steain or bend
fo the ceramics

{8} [C}: resultant clectric charge in the ceramics

Fnel), XD 260, () [m]; displacement of device plate set
at the head and right corner, head and left corner, foot
and right corner, and foot and left corner, respectively

exl{B), eult), enlt), enl) [V]: oulput voltage due to xi.{), ulth
Xr{8), %o(0), respectively

Poft) [Vs]: integrated value of the difference of en{f) — en(f)

Py(t) [Vs]: integrated value of the difference of en(f) — en(r)

[Bed]

G, G’; center of gravity (CG)

FyfH[NT: forces pushing the bed by heartheat

Fo{IN]: forees pushing the bed by respiration motion

£ [més*}: magnitude of aceeleration due to gravity

M [kel: weipht of the bed with a person on jt

L [m}: length of the bed

Le (1] tength from CG to foot side of the bed

Ly fm}: length from CG to head side of the bed

W {tn]: width of the bed

Wi [m}: length from CC to Jeft side of the bed

W, [m): length from CG to right side bed of the bed

Ky [m: displacement of CG of the bed from the head to foot
divection due to change in position of person on the bed

w{1) frul: displacement of €G of the bed from the feft fo right
direction due to changs in position of person on the bed

iy [m]: distance from the heart to CG

dy Im}: distance from the diaphragm for respiration to CG

(), O,(0): sinking anple of the bed from the head to foot
direction and from the [eft to right direction, respectively

From the systen shown in Figure 1, we measured the heartbeat
and respiration flom output enll), el enll) or end).
Furthermore, in order to detect changes in position and
seratching muotions, we infegrated (he difference between two

2ot [fentd) ~en() e
P00 e

Fié. 1. Bl sonsor method wsing piceoceranics

outputs ey(d), eq() from the left side and e, (6, €, (1) as
follows:

Fylty= ‘[:{eu {r)~en e

B =[feu)-etolir o

B. Theoretical Model of the System

Figure 2 shows a situation where a person is lying on the bed,
The location of the heart is at distance dyy from the CG and the
diaphragnt for respiration is at distance dy from the CG. The
heartbeat and respiration motions push the bed via forces F(0)
and Fe(f) at these positions, respectively. Furthenmore, the
persott moves toward the foot side of the bed as well as toward
the rght side of the bed and the CG shifts from G to G for
displacement K1) and w(s), and the foot side sinks at angle G0
and the right side sinks st angled, ()., tespectively, as shown in
Figure 2. :

Tirst, we considered the bed motion and pi AINIC output
from the foot and head side, Suppose the shift 17} is very short
and f(}e< L, by, Ly thus the sinking angle (1) around G and

G’ is the same. Assuming uniform mass for the bed with a
persor on it, the inertia moment Iy, of the bed around the CG is
given by the bed size and weight, then the damping and sprmg
for rotary motion of the bed are as follows:




N
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X
l

SRR, S

() Sole side view

Flg. 2 Model of bed

1 Mi* ’{1,—1)‘ M»w-i 1) ”"{L,n,)

aﬁ«d{mw)‘»{: s { 14,7
N TR UTRY, ) PR AR

2

The rotary motion around G or G from 2 steady state condition
is then given by:
i
100 10, 0D k0, My AP0+ O+ O
®

3

)= dx ()= 4804, {0)
Rm@*w(t) wq,{f) 5

- w@

eliy= R P

SB=-de )

Figure 3 shows the cquivalent block diagram representation,

The transfer functions are defined as follows:

Lo
" LR Iy
Giéad i Gyley g LA N x&b{);% {K *&Rl.[w:!§
R k] E
(45)

Then, output ¢; with respect 10 input forces Myl + daFy + duFi
is given:

& = Gi(s) Gals) Gy(sH )Ml + By + ) 1)

Similarly, from Eqs. (4) and (7), the output voltage from the
head stde is given by:

& =G Gl GG LM +duFu s R gy

These outputs correspond to the outputs of eu(d), eulf), es(),
and ¢g€f) in Figure 1.

C. Measurement of Heartbeat, Respiration and Body
Movenent

- Since we could select a large input resistance R such as 1 fo 10
ML, which is usual, the cut-off frequency ﬂ_z;..}( of Gy(3) is
sufficiently lower than the frequency range of the findamenial

and Wigher comporents of the heartbeat, Furthermore, we could
also select & resonance froquency

U Ky @h Al 1 B e4) ©

‘The displacement of the stainless sivel plate of the pic
devices at the foot and head side are given as follows:

xp{y={Le =10 = LB ()
sty ==L+ () ==Ly () @
The displacorment drives the piczoceramis devices with

reversible characteristics between static and electrostatic as
follows:

™ S 2:4 ML)

of the fer function Gy(sy d the components of the
heartbeat, so that output voltages ed?) and a(f) include the
enhanced heartbeat sipnals, For the Jow-frequency ringe

5 from Eqs. (3, {8), (7) and (8) in the time

i
o
W emf(z 7

domatn, we obtained the following approximations:

0= AR s

)= AR o SO+ e+ )

2 s+ dy 0 EO}

. (10
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Dynamics Strain

i, Ay

Electiics

1 q@) [ e
ek [ iR

Force « Voltage

. Figi:3, Block dlsgmm of piérosraniis stusor devies with tegistive 1oid

Similarly, output volages &() and () due to: shifting of the

body to the left or right side and heartbeat-and respiration, can
be obtained as follows;

p(f)“fwwﬁ {*"@‘*@N“fn Fuleys M' NAGH

()= AR {Mawry+ d Pty deFo (0}

L. W

[T YT an
Thus, Bq. (12) can be dmved*

EAGES j feater= aﬁ(’r}}h# Aﬁm@{gm + ztup,, (:)wgmzj}

Ay [l -eutobie = ARWWWM, Filtys dR o}
{12y

When body movements booar; because

Mlty o> d B, O+ d,Fy 4] and:

fsﬁ’gﬁ([} S C?HF;{{E) )*dgf;g(() By (12} can siniply be
rewsitien as!

n= 5 e
_ARWMg il
P oy 3y

P

Bty

where gach is hnemiy proportions] €6 the shift in the CG at the
foot to the hiead side and at the lefl to tie right side; from which
we can estimate: the movement of the person on the bed.

HE VERIFICATION EXPERIMENTS

A, Measuremesit Device and Systent

Figure 4 shows the measurement systess, The plezoceraniic
‘device; 20 mm in diameter, was bonded to & brass metal plate
with a dinmeter of 25 sim. This is the same device used for a
buzzer an& costs half & dollar, The device was then bonded to
stainfess steet plate witls 4 thickness of 1 mm and diameter of 50
#rm. A washer with & (hickness of 2 mim, inher radits 15 mmand
suter radius 28 mm was sebunder the: pinm and the botions was
covered by an dlaminum plate the same size astﬁ:: slaintess stool

o Bms nmta!
25 mm

Fig. 4. Medstrement systent

disk above. Forea fictor 4 of the device was 1x10° Clm and
capacitance was 0,01 pl, Four devices were set between the
floor and the four bottom cormers of the bed, as shown in Figues
4. The bed is & coil cushion bed weighing 60 kg and measuring
1.0x2:1 w. The data from th four devices was measured and
A/D-converted at s sampling tire of 1 ws and seale range of&]
W using & dats logper {NR=2000; Keyenge Co, Lad.)..

‘The tioise level without passive lowepass §i lmr‘mg was 10.mV,
which iy elmost & humming noise, With the passive Eow~pass
filter the noise level was reduced to S mV, )

First, to determine the dynamics of the bed system, we lightly
hammered the center of the bed and scquired the output ex{f).
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teututed by

Figuee 5 shows the time wnd froquensy resp
FFT for 1024 data items,

*he resonunce frequency of the system is 10.73 Hz, which
shotvs the overall dynamics of the bed sensor systent including
the resonance characteristics of the sensor device and the
natitral frequency of the bed vibrations.

B. Signal Processing

The data- &, (1), 2, () and £, (1), €, (£) acquired through
A/D conversion was. band-pass filtered - using 2. bandwidth
ranging from 3 1o 7 Tz, The output sigoal from the Band-pass
filler was full-wave rectificd and low-pass filtered at a moving
average of 150 dota items. 1o obiain the heartbeat coinponent.
Since the respiration frequency s sround 6.3 Hz, the respiration
signal was obtained by band-pass filier with-a bandwidth
ranging from 0,110 0.5 Mz

1V, EXPERIMENTAL RESULTS

A Hearibeat and Respiration
Figure 6 shows the hearxbsat signal, Figure 6{n) is the s;gml
d by a pulse ot refestnee, Figuie 6(b) is the
bmd»pass-ﬁlicmdmg,nal from the pm,mramzc device setatthy
foot, Joft corner 2o{1). The signal level is apound 10 mV, for
which the SN mtio Is 40-dB. The prriods of hoth waves sre fhe
same and are syncheonizeds The output “signal from the
pwzomam:cs includes the low-frequency components of
respiration. The other thres oviputs show similer waveforms as
exld)and thus we can measure the heartbeat from any of the four
dovites:

Fig. 6. Hearibeat signal
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Fig. % Respiration signal

Figure 7 siwws thc rﬁsgzrauou signal, Figure 7(n) is the

spiration blos p from the nasal cavity measured by
@ lowrequency microphone, Figure (b} i the
band-pass-filiered signal from the plezoceramic device set al. the
head, right corner. The signal level of the ep(f) was 8.5 mV, for
+which the SN ratio i 14 4B, The periods of both waves are the.
same and are synchronized,

‘The outputs from the othier three dovices shiow the same peried,
Roth cutputs from the head side are synchronized, but those at
the foot side are the negative value of the head side outputs. This
is Bocause the diaphragn of the person was above the center of
gravity of the bed cushion.

B. Turning Over on the Bed

Figure 8 shows a sitvation where & person is lying on his back,.
then turns pver fo the ngt&t side, to the Tefl side and then returns
10 Tylog on ks bucleagaia, The outputs from the four devices
swere not saturattd by this movament, The graph in Figure 8
shisws the change in Pa(f) in the upper pars snd that in P{D in
the fower patt, Sines the Head-feet mation was stight, Pallh
shianges only a title, whereas () changes following the body
movement. When the person starls turning over to the right,
Pty starts increasing from zeco to positive value; when the
pemn maintains the same position, Py(f) temains & constant
positive vatue: when the person turms back to the eenter, Pl
decreases 10 zero; and when he starts wurning over to the left,

Pty decrdases 1o-a negative v;ﬁue‘ when hie stiys i the same
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position, Pu(f) remains @ constant negative vatue; and finally,
when he tuens back to the center, Pu(f) also mcreases to zero,
The change in #(0) fs proportional to that of the center of
gravity of the bed or the moving direction of the person on the
bed.

I‘xgnm 9 shows a situation where a person changes froma lymg
position to a forward sitting position and then Hes down again,
The person sits up without using his hands, Again, the oufputs
fram the four devices were not saturated by these motions. In the
graph in Figuse 9, the change In Pof) and Pa(l) Is shown in the
uppe and Jower row, respectively, Since there was only a slight
motion from the feft to right side when sitting up, Pa(6) changed
anly g Httle. In contrast, when the person starls to sit up, Pa)
siarts increasing to & positive; whon he stays in the same position,
Pm(r) repaing & constant positive value; when he fies down
again, Ppfly deorgases to zero. The changs in Peld) is
pmpemonai to that of the conter of gravity of the bed or the
moving direction of the person on the bed.

Figure 10 shows the motion of sitting up and then lying down
again using the feft hand for support. Again, the outputs from
the four devices were not saturated, P shows similar changes
{o those in Figure 9, whereas Py{t) shows & negative vatue when
the feft hund pushes against the bed, which means that the center
of gravity of the bed shifs fo the lefl side. When the person
made the same motion vsing the right band, Pa(f} showed
similor changes to those in Figure [0, but Py(f) showsa positive
value when the right'hand pushes against the bed,

“Lying position

Lalh

» e

Jn¥vs)

; Py

Imegrfkadvalue

1% A3 30

Tk
Fig. 10, Sitting up und. yimy down motion using felt hand

& Scratching

Figure 11 shows what happens when the person scratches his
belly on the left side using the fingers of his right hand, Before
scratching, the person had his hand at the side of his body on the
bed. Thus, when he began scratching, his hand moved slightly to
the head side. The lower figares in the graph from top 1o bottom
shaw the change in angular velocity of the finger motion, Pp(f)
and Pg(f}, respectively.

When the person starfed the scratching motion, the average
value of Pylf) decreased. This is because his hand moved to the
left and the center of gravity of the bed shifted to the left. The

scratching frequency of Pp(f) and Py(f) is the same as that of the
angular velocity of the finger motion and they are synchronized.
The finger mation and Py and Pulf} under various scratching
motions were measured and compared, They show similar
waves, as shown in Figure 11.

»

V. DISCUSSION

From the aspect of the medical system design, in comparison
with our previous works [4), [5], the proposed bed sensor
system has the following features,

The system uses four piezoceramic devices sandwiched
hetween the floor and the bottom four corners of the bed. The
devices are distortion sensors that work without an electric
power supply: they gencrate voltage proportional to the
time-derivative of the distortion and they are highly sensitive,
Tho system A/D-converts the biosignals directly from the
devices without using an electrical preamplifice. We used the
syster (o imeasure the heartbeat st an SN ratio of 40 dB,
respiration at 14 dB, position changes without fon, and
serafching motions of & person on the bed, The output from
motions of getting into bed and getting out of bed, which is not
shown, was of course measured ag large sipnals, but without
saturation. The device hus a wide dynamic range. Furthermore,
because the device is battery-fiee and generates the output
voltage, it can be used not only for biosensing but also as an
event frigger signal for a biosignal microprocessor, which in
practice is very effective for developing equipment driven by a
snitb-capacity battety for a period as long as s year,
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From ths heartbeat aud body movements measurable by the
sensor devices, we were able o estimate the sleep stages {8].
The shift in the center of gravity of the bed with  person on it
was estimated by outputs Pp{f) and P(1). The shifl in the center
of gravity is proportional to the displacement from the
movemnent of the person on the bed, Information onthe different
movements can be used 1o assist patients who are frying to get
out of bed, as just one example. In the case of diseases,
especially skin disorders, -churacterized by itching, the bed
sensor method makes it possible to measure the frequency and
intensity of sceatching motions during the night, which is
otherwise very difficult fo ascertain,

From the clinical application aspect, because the sensors ste
set between the floor and the comers of the bed, it is more
non-invasive and i for subj than the
conventional bed sensing system in the literatores [7] - {121

VI CONCLUSIONS

This paper described 2 novel biosignal sensing method using
four piezoceramic devices sandwiched b the floor and
the four comers of the bed, which gunrantees noninvasive,
. consteaint-free, subliminal biomeasurement. The devices are
battery-free and genexm waitages corresponding o the
heastbeat, respirath and scratching motion
of a person on the bad . The wide dynamic range of the sensor
enables the detection of mechanical microvibrations from the
heartbeat as voltage of 10 mV 1o vibrations from geiting into
and out of bed as voltage of several volts without sataration and
with a high SN ratio. Dug to the high sensitivity of the device, a
preamplifier was not required to obtain the biosignals, These
features of the device are effective for developing biosensing
cquipment with Tow power consunption driven for ot least one

year by a small battery.

The devices clearly detect the heartbeat at an SN ratio o 48 4R,
and respiration at an SN ratio of 14 dB. Furthermore, from the
integrated value of the difference in voltage generated by the
head-side devics and that by the foob-side deviee, and from that
by the left side and right side of'the bed, a change in position of
the person on the bed was detectable, Detection of scratehi

motions of the person on the bcd was also possible with -

accuracy. As one of the bed bi g methods, the prop
method is valid in terms of cost performunce, T.e., the device is
e s one used for 2 buzzer vosting hatf'a dollar, realization
of low power equipment, e, the device is battery-free and
driven without a preamplifier, and accuracy and variety of
biosensing, i.e., detection ranges from micro biovibration
signals to giant signals without sataration.
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