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

Shoko Nukaya, Toshihiro Shino, Yosuke Kurihara*,

Kajiro Watanabe, Member, IEEE and Hiroshi Tanaka

Abstract— This paper describes a novel bed sensing method for
noninvasive, constraint-free, subliminal detection of biasignals,
The sensor system detects Ihe heartbeat, respiration, body
movement, position change and seratching motion of a person
Iying or sleeping on the bed. These biosignals provide not only
basic medical information but also sophisticated details about
sleep conditions. Thus, the bed sensing method can be used to
monitor the health condition of people slecping at home as well us
that of patients in the hospital. Furthiermore, the bed sensor system
can detect emerging c}mm:cg in the physical condition of 2 person,
W Izethcr at home or m the hospital. The basic device used for

g is pi amic bonded to stecl plate sandviched
hetween the floor and the four corners of the bed, Thus, no speeial
_bed is required. The device, which deteets (he biosigoals generated
as mechanical vibrations, has a wide dynamic range and high SN
ratio enabling the detection of microvibrations from the heartbeat
by the change in acting force, without saturation from body
movements, It aceurately detects the person’s heartbeat and
respivation as well as body movement and even the number of
scmtchmg nmtmm The device is suitable for various health
ing app tons including sleep and medical monitoring
for circulatory system disorders as well as diseases characterized
by itching,
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L INTRODUCTION

N THE aging socicty, it is important for senior citizens to

maintain and improve their health and o lead active lives

instead of lying in a 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 activily cycles
during the ddy but also on sleep cycles at night. Various studies
have been carried out in conjunction with activity and sleep
cycles [11, [2], [3]. We recently presented an ambient intelligent
approach to ubiquitous health monitoring at home for detection
of biosignals from a person on flooring, on a tatami mat, in the
bathtub, or in the layatory at home [¢] based on the pneumatic
method [5]. This method also detects bivsignals in the daytime.
Furthermore, we expanded this idea to outside the home through
the use of & mobile phone by designing a low-frequency
microphone for detecting biosignals [6]. A methed that
complements the detection of nighttime biosignals is the bed
sensor methed, typical examples of which can be found in
literature [7], [8], [93, [10]. [111, [12]. One of the bed sensor
methods detects body movement, heartbeat and respiration
through mechanical vibration using, for example, a highly
sensitive accelerometer, ot pressure vibration within a mattress
into which a highly sensitive 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
movement saturated the sensing device. Furthermore, even
though the sensor is sensitive, a preamplifier with high gain and
filters was required to cnhance the heartbeat signal,

This paper describes a bed sensor method with a wide dynamic
range and high SN ratio enabling the detection of
microvibrations from the heartbeat by the change in acting force
when a person is lying on the bed, without saturation from body
movement and without a preamplifier, thus without any voltage
source. The sensing device gencrates voltage corresponding to
the biosignals of the heartbeat, respiration, body movement,
changes in position and scratching motions of a person on the
bed.
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II. BED SENSOR SYSTEM

A System

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

The variables and constants for the plezoceramic devices and
the system shown in Figure [ ar¢ defined as {ollows:

[Piezoceramies)

A [C/m] or [N/V]: force factor of the piezoceramic device

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

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

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

C |F]: capacitance between the piezoceramic devices

* R [€2]: input resistance of the processor

t [s]: time

x(#) [m]: resultant displacement of stainless steel plate

A6 [N force generated by the devices

(1) [€]: electric charge generated by external sirain or bend
to the ceramics

g(t) [C]: resultant electric charge in the ceramics

X8y X, #5(0), en(r) [m]: displacement of device plate sct
at the head and right corner, head and left corner, foot
and right corner, and foot and lefl corner, respectively

)y en(0), en(f), entr) [V]: output voltage duc 1o xu{0), xu(s),
Xi(0), xn(f), respectively

Prdt) [Vs]: integeated value of the difference of en(f) - el

Pu(f) [Vs]: integrated value of the difference of e (f) — en(f)

[Bed]

G, G”: center of gravity (CG)

F{O)[N]: forces pushing the bed by heartbeat

F9(H[N]: forces pushing the bed by respiration motion

b4 [m/sl]: magnitude of acceleration due to gravity

M [ke]: weight of the bed with a person on il

L [m]: length of the bed

Le[m]; length from CG to foot side of the bed

Ly, [m]: length from CG to head side of the bed

1 [m]: width of the bed

¥, {m]: length from CG to left side of the bed

1, [m]: length from CG to right side bed of the bed

K1) [m]: displacement of CG of the bed from the head to foot
direction dug to change in position of person on the bed

w(t) [m]: displacement of CG of the bed from the left to right
dircetion due to changs in position of person on the bed

dy [m]: distance from the heart to CG

dy [m]: distance from the diaphragm for respiration to CG

O£}, Ba(D): sinking angle of the bed from the head to foot
direction and from the lefl o right direction, respectively

From the system shown in Figure 1, we measured the heartbeat
and respiration from output e, (f). enlf), en(t) or eq(s).
Turthermore, in order to detect changes in position and
seratching motions, we inteprated the difference between two

Pati=[{eals) ~eu(s) Jr
Pu(!)“_{{e\r(f) —en(D) T

Yig, 1. Bed sensor shethiod using piczoceramics

outputs ey(f), ep(t) from the left side and ey (1), ¢, (1) as
follows:

A= e @tr

B0 = [ () - eutodlir -

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 d; from the CG and the
diaphragm for respiration is at distance dr from the CG. The
heartbeat and respiration motions push the bed via forees Fylf)
and /(7) at these positions, respectively. Furthermore, the
person moves toward the foot side of the bed as well as toward
the right side of the bed and the CG shifls from G to G for
displacement {£) and w(z), and the foot side sinks at angle Oal0)
and the right side sinks at angle @, () , respectively, as shown in
Figure 2,

TFirst, we considered the bed motion and piezoceramic output
from the foot and head side. Suppose the shift /() is very short
and /(1) << L, L, I, thus the sinking angle &n(t) around G and

G is the same, Assuming uniform mass for the bed with a
person on it, the inertia moment Jy, 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:
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L— .
L Ly
diaphrapm

heart

9“’.»«

Gl

(b) Sole side view

Fig. 2. Madel of bed

L1 Lo+l s M
Iy = lv—’zr-»(ll,—l)l-h‘iw’s—l;m(lm 41Y g-j—]—(Li +/.’,.)

=df, -1F 2 (0 1 =t +1,7)
g =kt -0+l +1) J il < 1)

2)

The rotary motion around G or G* from a steady statc condition
is then given by:

LD, p, Lall) K, 0,0= gy Oy Fuo)+ )

In.
ar
(©)]

The displacement of the stainless steel plate of the piezoceramic
devices at the foot and head side are given as follows:

xr(ey=(Le -0 (O = L (1)
X)) = '(’:h "‘l)aﬂl [GERS N2 NG @)

The displaccment drives the piczoceramic devices with
reversible characleristics between static and electrostatic as
follows:

al)= /‘Xr (6)= A0, (0)
R '["(') b= ~‘h(') ®
zla(')
)= REIYL
& ( ) &t
S)=~se(1}
Figure 3 shows the cquivalent block diagram representation,

The transfer functions are defined as follows:

L
sCit 1
= e P (5L, -._._..__...__’L____;.W-._
Gil(s)= , Gl = Bllh) +D3+ iy LA
$F g e
o n r.\CRi
)

Theu, output ef »'vilh respect to input forces Mgl + duly + dpFr
is given:

& = Gy(5)- Gy{8) Gyl ) Lo Y(Mgl + dydiy + dy 1) @

Similarly, from Eqs. (4) and (7), the outpul vollage from the
head side is given by:

&, =~Gy(5) Gols) Gy(s | L )Ml + dyFiy +dF) ()

These oulputs corrcspond to the outputs of ey(1), en (), en(t),
and eq(9) in Figure 1.

¢ Measurement of Heartbeat, Respiration and Body
Movement

Since we could sefect a large input resistance R such as 1 (o 10

ML, which is usual, the cut-off frequency ! o Cofs) is
2aCR

sufTiciently lower than the frequency range of the fundamental

and higher components of the heartbeat, Furthermore, we could
also select a resonance frequency

VK (Ll AN R) 1 B E) ®
e\ Mg+ )

f:?ﬂ' s

of the transfer function Gh(s) around the components of the
heartbeat, so thal output voltages edr) and ey(t) include the
enhanced heartbeat signals. For the low-frequency range

where /' < glc«jé, from Egs. (2), (6), (7) and (8) in the time

domain, we obtained the following approximations:

e ()= AR—gt (M.‘»"'(’) AN AGH

k(l’ H 'yt

{Mgke) + oy () + de iy (63)

= Mk(,“,z), .
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Dynamics Strain
1 — Charge Electrics

External force + I qgi{l) 1 0] ._ 20!
Mgl(n) 2 Png o Kn '- "l 1+sCR sk e
Tl T fin
Fdp Fr(l) , Force + Voltage

1 A )

Fig, 3, Block diagram of piczoceramic sensor device with resistive lomf

Similarly, output voltages e,(¢) and e f) duc to shifling of the
bady to the left or right side and heartbeat and respiration, can
be obtained as follows:

W, -
e‘(l)zARWL(W’ﬂW’) L” @ () + dyFylt) + dy P03}

W
== S a {0+ 03+ dy ) -

Thus, Eq. (12) can be derived:

AOE J:{e,,(r)" eu(n)lT = /Hfm Mgl () + dy Fy(0) + do 5, (0

2ey= [/ o () - eyt = ,:nm{,ww)+ Ayl 4 dpd (0)
(12)
When body movements oceur, because
Mgl(t) >> d B, (1) + d, F (1) and
Mew(t) > dyFy(0) - dy I (£}, Eq. (12) can simply be

rewrillen as:

ARLMg

BO= o
s AR
RO Ty a3

where each is finearly proportional to the shift in the CG at the
foot to the head side and at the lefl to the right side, from which
we can estimate the movement of the person on the bed.

HL  VERIFICATION EXPERIMENTS

A Measurement Device and System

Figure 4 shows the measurement system. The piczoceramic
device, 20 mm in diameter, was bonded to a brass metal plate
with a diameter of 25 mm. This is the same device used for a
buzzer and costs half a dollar. The device was then bonded to
stainless steel plate with a thickness of 1 mm and diameter of 50
mm. A washer with a thickness of 2 mm, inner radius 15 mm and
outer radius 25 mm was set under the plate and the bottom was
covered by an aluminum plate the same size as the stainless steel

4]

Aluminsm plate for cover

[’Zi[e,z]%%:‘mmic g{ﬁ? metal} gy plate
25 mm 50 mm

AID Converter
Fig. 4. Measurement system

disk above. Force factor 4 of the device was 1107 C/m and
capacitance was 0.01 pF. Four devices were set between the
floor and the four bottor corners of the bed, as shown in Figure
4. The bed is a coil cushion bed weighing 60 kg and measuring
1.0x2.1 m. The data from the four devices was measured and
A/D-converted at a sampling time of T ms and scale range of 1
V using a data logger (NR-2000, Keyence Co, Ltd.).

The noise level without passive low-pass filtering was 10 mV,
which is almost 8 humniing noise. With the passive low-pass
filter the noise level was reduced to S mVv.,

First, to determine the dynamics of the bed system, we lightly
hammered the center of the bed and acquired the output eyd(f).
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Fig. 5. Impulse response and frequency response of the bed sensor system

Figure § shows the time and frequency response caloulated by
FFT for 1024 data items,

‘The resonance frequency of the system is 10.73 Hz, which
shows the overall dynamics of the bed sensor system including
the resonance characteristics of the sensor devie and the
natural frequency of the bed vibrations.

B. Signal Provessing

The data e, {£), ¢, {¢) and e, (1), e,(#) acquired through
A/D conversion was band-pass filtered using a bandwidth
ranging from 3 to 7 Hz. The output signal from the band-pass
filter was full-wave rectificd and low-pass fillered at a moving
average of 150 data items fo obtain the heartbeat component.
Since the respiration frequency is around 0.3 Iz, the respiration
signal was obtained by band-pass filter with a bandwidth
ranging from 0.1 to 0.5 14z

V. EXPERIMENTAL RESULTS

A. Heartbeat and Respiration

Figure 6 shows the heartbeat signal. Figure 6(a) is the signal
measured by 8 pulse oximeter for reference. Figure 6(b) is the
band-pass-filtcred signal from the piezoceramic device sctat the
foot, left corner eq(r). The sigual level is around 10 mV, for
which the SN ratio is 40 dB. The periods of both waves arc the
same and are synchronized. The output signal from the
piczoceramics includes the low-frequency components of
respiration. The other three outputs show similar waveforms as
eq({) and thus we can measure the heartbeat from any of the four
devices,

3
me [s]

{b) Output from ceramics

TFig. 6. Heartbent signal

e

Volage [V]
)

() Low frequency microphone

Veltage [mv]

Tig. 7, Respiration signal

Figure 7 shows the respiration signal. Figure 7(a) is the
respiration blowing pressure from the nasal cavity measured by
a low-frequency microphone. Tigure 7(b) is the
band-pass-filtered signal from the piczoceramic device setat (he
head, right corner, The signal level of the e, () was 0.5 mV, for
which the SN ratio is 14 dB. The periods of both waves are the
same and arc synchronized.

The outputs from the other three devices show the same period.
Both outputs from the head side are synchronized, but those at
the foot side arc the negative value of the head side outputs. This
is because the diaphragm of the person was above the center of
gravity of the bed cushion.

B. Turning Over on the Bed

Figure § shows a situation where a person is lying on his back,
then turns over to the right side, to the lelt side and then returns
to lying on his back again. The outputs from the four devices
were not saturated by this movement, The graph in Figure §
shows the change in 24,(¢) in the upper part and that in Po(f) in
the lower part. Since the head-feet motion was slight, (9
changes only a little, whereas P(r) changes following the body
movement. When the person starls turning over to the right,
Py(1) starts increasing from zero to positive value; when the
person maintains the same position, Py(f) remains a constant
positive value; when the person turns back to the center, Po(f)
decreases to zero; and when he starts turning over to the [eff,
o) decreases Lo a negative value; when he stays in the same
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Fig. 9. Sitting up and lying down motion withoul using hands

position, P,(f) remains a vonstant negative value; and finally,
when he ens back to the center, Pa(f) also increases to zero.
The change in Py(f) is proportional to that of the center of
gravity of the bed or the moving direction of the person on the
bed.

Figure 9 shows a situation where a person changes from a lying
position to a forward sitting position and then lies down again.
The person sits up without using his hands. Again, the outputs
from the four devices were not saturated by these motions. in the
graph in Figure 9, the change in Pn(?) and Pu(?) is shown in the
upper and lower raw, respectively. Since there was only a slight
motion from the left to right side when sitting up, Py(f) changed
only a little. In contrast, when the person starts to sit up, Ppf)
starts increasing to a positive; when he stays in the same position,
Pty remaing a constant positive value; when he lies down
again, Pg(f) decreases to zero. The change in Pp(s) is
proportional to that of the center of gravity of the bed or the
moving dircction of the person on the bed.

Figure 10 shows the motion of silting up and then lying down
again using the left hand for support. Again, the outputs from
the four devices were not saturated. £,(f) shows similar changes
to those in Figure 9, whereas Py{f) shows a negative value when
the left hand pushes against the bed, which means that the center
of gravity of the bed shifts 1o the left side. When the prrson
made the same motion using the right hand, Ppf) showed
similar changes to those in Figure 10, but Py(f) shows a positive
value when the righthand pushes against the bed.

L.ying postiaa

Pty

Put)

Integraad value
Tmvs]

10

Tiiefs]
Fig. 10. Silting up and lying down motion using left hand

C. 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 figures in the graph from top (o bottom
show the change in angular velocity of the finger motion, Pu(f)
and Py(?), respectively.

When the person started the scratching motion, the average
value of P(r) deercased, This is because his hand moved to the
lefl and the center of gravity of the bed shifted to the Ief. The
seratching frequency of Pp () and Py(f) is the same as that of the
angular velocity of the finger motion and they are synchronized.
The finger motion and Pg(1) and Py(#) under various scratehing
motions were mensured and compared. They show similar
waves, as shown in Figure 11.

V. DISCUSSION

tirom 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
between 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 dislortion and they are highly sensitive.
The system A/D-converls the biosignals directly from the
devices without using an clectrical preamplifier. We used the
system to measure the heartbeat at an SN ratio of 40 dB,
respiration at 14 dB, position changes without saturation, and
scratching motions of a 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 as large signals, but without
saturation. The device has a wide dynamic range. Furthermore,
because the device is battery-free and generates the .output
voltage, it can be used not only for biosensing but also as an
cvenl trigger signal for a biosignal microprocessor, which in
practice is very cffective for developing equipment driven by a
small-capacity battery for a period as long as a year.
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Fig. 11. Scratching the belly on the left side using the fingers of the right
hand, und angular velocity of finger motion and change in motion, Pofr) and
Pu(f).

From the heartbeat and body movements measurable by the
sensor devices, we were able to estimate the sleep stages [8].
The shift in the center of gravily of the bed with a person on it
was estimated by outputs Pa,(£) and Py(f). The shift in the center
of gravity is proportional to the displaccment from the
movement of the person on the bed, Information on the different
movements can be used 1o assist patients who are trying to get
out of bed, as just onc example. In the case of diseases,
especially skin disorders, -churacterized by itching, the bed
sensor method makes it possible to measure the frequency and
intensily of scraiching motions during the night, which is
otherwise very difficult to ascertain,

From the clinical application aspect, because the sensors are
set between the floor and the comers of the bed, it is more
non-invasive and unconsciousness for subjects than the
conventional bed sensing system in the literatures [7] - [12].

VI. CONCLUSIONS

This paper described a novel biosignal scnsing method using
four piezoceramic devices sandwiched between the floor and
the four corners of the bed, swhich guarantces noninvasive,
constraint-frec, subliminal biomeasurement. The devices arc
battery-frec and generate voltages corresponding to the
heartbeat, respiration, position change, and scratching motion
of & petson on the bed, The wide dynamic range of the sensor
enubles the detection of mechanical microvibrations from the
hearlbeat as voltage of 10 mV to vibrations from gelting into
and out of bed as voltage of several volts without saturation and
with a high SN ratio. Duc to the high sensitivity of the device, a
preamplifier was not required to obtain the biosignals. These
features of the device are cffective for developing biosensing
cquipment with low power consumption driven for at least one
year by a small battery.

The devices clearly detect the heartbeat al an SN ratio of 40 dB,
and respiration at an SN ralio of 14 dB. Furthermore, from the
integrated value of the difference in voltage gencrated by the
head-side device and that by the foot-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 scratching
motions of the person on the bed was also possible with
accuracy. As one of the bed biosensing methods, the proposed
method is valid in terms of cost performance, Le., the device is
the same one used for a buzzer costing half a dollar, realization
of low power equipment, i.e., the device is battery-free and
driven withont a preamplifier, and accuracy and variety of
biosensing, i.e., detection ranges from micro biovibration
signals to giant signals without saturation.
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