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(57) ABSTRACT

A wearable sensor apparatus comprises a motion sensor
configured to sense two or three dimensional movement and
orientation of the sensor and a vibration sensor configured to
sense acoustic vibrations. The apparatus includes means for
attaching the motion sensor and the vibration sensor to a
body. The sensor apparatus enables long term monitoring of
mechanomyographic muscle activity in combination with
body motion for a number of applications.




Patent Application Publication  Oct. 24,2019 Sheet 1 of 19 US 2019/0320944 A1

i
1
e
L{'} A
m s
w\\ - u@ ®
O o -
=
- D
o~ —
] ]
/} /
a /
( Fo
A o < N



Patent Application Publication  Oct. 24,2019 Sheet 2 of 19 US 2019/0320944 A1

FiG.2

21




US 2019/0320944 A1

Oct. 24,2019 Sheet 3 of 19

Patent Application Publication

ALIALOY 108N
¥ LNINIAN
A0 MY 13600

19 1 K |

NOISHd
FiIVO HOSNIS

ge

SITATYNY

e

IHEWEA0N .

-z¢

SISATYNY

ALALDY

BRSNS
ce

ey

"y

%,

-0



Patent Application Publication  Oct. 24,2019 Sheet 4 of 19 US 2019/0320944 A1

e = ¥

|

s

Soavanhy N
eI LT PEEEY

e

RedeaNg

]
3%
&
=
2]

g Lol

FIG. 4

B e
aw
R e
pemiadrvas s
Foanes

.
A
e,

RS LITTYy

e

g

,..
£
»d

e
e
5
A
3



Patent Application Publication  Oct. 24,2019 Sheet 5 of 19 US 2019/0320944 A1

51~
52a~" |
FIG. 5




Patent Application Publication  Oct. 24,2019 Sheet 6 of 19 US 2019/0320944 A1

FIG. 6




US 2019/0320944 A1

Oct. 24,2019 Sheet 7 of 19

Patent Application Publication

LD

v . T B - <,
L TR i) o ? 90 P R R T e e ¥ ety R L L 2 PSR
PRONAA LM Eaty B e L o e m o i n i o . s o o S\ 2. . 50 5 S 0 e 0 g e o A R e L ek
PN en e o o o & At & o, 25
g R Ry B ot ez P 4 RO g K gt Ram T4 Lo e U S g ot vt T
B B L L N TP A ARG EEANY P AN AR YO n AR ans srmau s nakany cravusy P
WQJ o, L 2% e e ey SR,
oy 5 o el
% ¢ o e 3 0 i i 5 i 0 i e s i i i i e 0 R S e ekl X i 10
Ty s & S
PP Y N i PP o < it AR




US 2019/0320944 A1

Oct. 24,2019 Sheet 8 of 19

Patent Application Publication

8 OA

o B

b [ e g o AT

O e g Y

Car A

&% i

, st nm & I £ }mu& T A | PR £,

g y TN }Qi.mm W«M@ R o P T ;A\%lxy\mmmww\w A e 4 7 eIy
* I




US 2019/0320944 A1

Oct. 24,2019 Sheet 9 of 19

Patent Application Publication

K

,s\ %
5 .
%
| . ! ] N
JIES1IE fiaH £ ¥ LA EH
i {1 ; PETME T Lo aAd TR AL
: LY | i i3 : RN 11 Vi TIL ( RV |
¥ 4 - : L B k1 e
U 71 TS, 7
mx 5 m 3 m m H




US 2019/0320944 A1

Oct. 24,2019 Sheet 10 of 19

Patent Application Publication

01 "Did

(@)

a7
i, . m
= i TP i g P %
24 g g AR 3 L prricss
[ 2
2 A
Yvw\ 2 2
% b % %
;. L : P4y
Ry G L 2 53
. bttt e GE e Y]
3,27 o SR T G2 TS e 7
¢ Gpobpor 5% Gs %
ARV S SN H
o A i
ISR Z o &

T
3
n\}\\
e
)

i
3
A%
KLV
X
\\\
y
\&\

¥
Jd
oy
)
Do
)
NN
1

s
2 5 G
% é»o.%»w s G -
o S PSP
“Gob
SAsAAAARAR AR AR AR AR AP AR
oAty AP AS IS A VSN TSNS 50328

Bt cott bttt ey g b b -l D g b Ot O Ot b it

“n,
G g AR RS IET P LRI 48T k -,
%, , -

SR T ca )

7, Z 2 e e
. 2, W

4%, e E e 2% e 351
., 2o, 2 e = ¥

G e G Bt

LN 44 e % fordn

%, 2 S AR z T

.M .“\\w\w«.\ 7 “ﬁ\w\,\«\

NPTV L oo o N W,

A st ) e G

. . ) s, R e
et g T 0 £ Bt B By S P G g A o B g g B G, G G % H\\wn\w\ Z
] Bl L

NEWWT T WY

", \W\\ws“ S
G b riordont




Patent Application Publication  Oct. 24,2019 Sheet 11 of 19  US 2019/0320944 A1

26

3

FIG. 11

=
: o
e LY <

A

£

L. -
aineubis onsnooy nding UoHBIGIA



US 2019/0320944 A1

Oct. 24,2019 Sheet 12 of 19

Patent Application Publication

<1704




US 2019/0320944 A1

Oct. 24,2019 Sheet 13 of 19

Patent Application Publication

e

Q}ﬁ\

Ea

\\.\

=0
N
Lek
e

bhe)
e
£
‘\\»\

¥iEL -

e
Ll
'Q\\\

\“\

S,

J

Y

LD B 1A
LRI P B
S SRR B

é

LRI TRV
Yl SR
Y \a\m S

A K |

£

BRI
Eyssmrs o uninedn
Euigyry @1

%

L R i SR
%m&mw LTI
S SIBIaS

‘\\‘S %\1‘1

¥

L 48 BT,

£

IR 53 T
\\W. \Y.w m»ww w\m&mmm\ M\ ;\N\
SRR 1 15Y

SR WIS
B O e R
jix R, B[

o

~BOEL

)

(R )

gyl pumsay

A KR By o #
o AR Y SRR

LZ0EL



US 2019/0320944 A1

Oct. 24,2019 Sheet 14 of 19

Patent Application Publication

B!

o,

o s

-,
W B PR

MSrvovomrasoseeeeronercererooesd




Patent Application Publication  Oct. 24,2019 Sheet 15 of 19  US 2019/0320944 A1

S )

:

1504

\“Wo“\““x

\\\“'\\\\\\\5%\.«.«.«.\.\.\\\.\\\'«\\\.-
TR

ol

o, /K %
v g it P2

g . &
o . 3
e’

=
el N soeenes® i“'»&  JR e ST
e ¥ :

—

N
B R Ao

RaC
R
> \'“3 AR T AL L A A

R
o

: ’é}Z

3
o IO e o P S \il‘l\m'\“»‘.t 5
. LR 3

RRARRRA

“ccsrrsscsion it

Z,
{}

s

o

,
Z":’
L5

..»» w2
BN
ratn il O A o i Sy g i I
e

b}

7
7

d)

% vmiks
v

FIG. 15

%
By &
3 [t
o o R

e

1 ﬁiﬁ%@%

i“. 10N o

ik 1

j

AR AR AR AR AR - N LN
ST - = o
o %

R

g
2 v 5
A X o

IIPTVCR RN URNEY
FRERO s

o
o \\\ -
\ N
™

P

£
247

Y

2
:

“n,

o

G

1504 1

o
g .
3 SN o Son s
S 3 o ' : o
g R " N fg\\\
A . X %, S g
s N it
B A > "\'-M“szm
RN oo,
$ e
Ry N
NRELNN - g o RS 5
T W N e du
.Wﬂ \X\
e
& L
e .
¥ ARSI IRTTEAS FRAAMAT ¢
&l £F IONER RN ORI



91 "Old

US 2019/0320944 A1

R
BL 3 b
“m A
RN
% %%
% £

A XN
SHAeSaps
N

R
» ke

wagL-4 . WWMMM N

2135

ety
SIINCe

ae b
. \x.‘m\\..\vx*.\\va\.\»«..\v\ivO\

pwnn B ws e

N

H :

2041 B {g

Oct. 24,2019 Sheet 16 of 19

ot b Y A Ky i
g : &
RS Y Y VRN RS AR A A Ak e L e v o g i3 Frw e P e

SRR 0N ey ke

[
3

o m
s

LA s, 0 A

o -

A

991
GOGL-
pOoL

Patent Application Publication



Patent Application Publication  Oct. 24,2019 Sheet 17 of 19  US 2019/0320944 A1

vy

1605 1704

704

¢

o

3

&

£

¥iG. 17




US 2019/0320944 A1

Oct. 24,2019 Sheet 18 of 19

Patent Application Publication

oi8l

8081

2081

7081

c08l

81 "OlA

JUBWIBAOW |Ble0) UM PBJRIDOSSE SUOIIBIQIA
‘Buipnioxe Jo Builenualle ay} Jo }jnsal B Uo paseq ‘bunoslaq

A

sjeubis uoneigIA pauielqo ayl wolj sjeubis
uonelqgin jeussiew ‘Buluiwisisp ay) uo paseq ‘Bulpnjoxs 1o Buienusny

h

AlAIOE |eUJIS)RW JO Spouad ‘losuss
uonow ayl wouyj sjeubis uolow ayl 1ses| 1B uo paseq ‘buiuiwiialag

q

Apog |eusajew ayj 0}
payoele SI0SUSS UoljBIgIA 810w 10 auo woly sjeubis uonelqia Bulurelqo

a

SUOISUBWIP 831y} 1o om} ui 10algns
2y} JO JUBWIBAOW PasSuas JO aAleoipul Bulaq sjeubis uonow syl ‘Apoq
|[eulalew ayj 0} payoene Josuas uonow e woly sjeubis uonow Buluielqo




US 2019/0320944 A1

Oct. 24,2019 Sheet 19 of 19

Patent Application Publication

61 DA

0061 — |

s|eubis uolnelIqIA pasuas
2y} pue sjeubis uonow sy} Buisn 10algns jewiue 10 uewNnyY a8y} o
Med auo ises| je Jo ‘ainisod e Jo ‘Juswanow Jo uiayed e BulAlsse|D

A

vo6L |

108lgns jewiue
10 uewny ay} uiym siuswsAow |e1ao) 0] Buipuodsalloo indino
211SNOJk JaYJ0 10 SUOIJRICIA S]0SNUWU |B13|9Y)S PAsSUSS JO aAIBdIpUl
Bulaq sjeubis uoneliqia ay) ‘10algns [wiue 10 uBewWNY ay} 0} payoe)ie
SIOSUSS UONBIQIA 810W 1O auo wol} sjeubis uoneiqia Bulueygo

4

suoIsuswip

98.y}] JO OM] Ul Jo3lgns |ewiue 10 uewNY 8y} JO JUBWSAOW Pasuas
10 aAneoIpul Buiaq sjeubis uonow ay} ‘103lgns |ewiiue 10 uewny
3} 0} payoene JOSuUas uonow e wol sjeubis uonow Buiuieyqo




US 2019/0320944 Al

BIOMECHANICAL ACTIVITY MONITORING

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This patent document is a continuation-in-part of
and claims the benefit of priority to U.S. patent application
Ser. No. 15/034,165, filed on May 3, 2016, which is a U.S.
National Phase under 35 U.S.C. § 371 of International Patent
Application No. PCT/GB2014/053276, filed on Nov. 4,
2014, which claims the benefit of priority of United King-
dom Patent Application No. 13194345, filed on Nov. 4,
2013. The entire contents of the before-mentioned patent
applications are incorporated by reference as part of the
disclosure of this application.

TECHNICAL FIELD

[0002] Apparatus, methods, and systems are described for
monitoring and/or analysing biomechanical activity in, for
example, the human or animal body.

BACKGROUND

[0003] Monitoring human biomechanical activity is an
important function in a diverse range of technical applica-
tions, including in both clinical and non-clinical environ-
ments. In the clinical environment, these functions may
include health monitoring, such as for diagnosis, therapeutic
intervention, rehabilitation, well-being and foetal monitor-
ing etc. In the non-clinical environment, these functions may
include providing human-machine interfaces, robot control,
haptic systems and systems for use in sports training etc.

SUMMARY

[0004] According to one aspect, a wearable sensor appa-
ratus comprising: a motion sensor configured to sense two or
three dimensional movement and orientation of the sensor;
a vibration sensor configured to sense acoustic vibrations;
and means for attaching the motion sensor and the vibration
sensor to a body.

[0005] The acoustic vibrations may be, or may be repre-
sented by, bioacoustic signals. The acoustic vibrations may
be bioacoustic vibrations. The motion sensor may comprise
an inertial measurement unit. The vibration sensor may be
configured to sense skeletal muscle vibrations. The inertial
measurement unit may comprise one or more of an accel-
erometer, a gyroscope, and a magnetometer. The inertial
measurement unit may be configured to sense rotation of the
sensor body around at least one axis in space. The inertial
measurement unit may be capable of sensing translational
motion in three perpendicular axes and/or rotation about
three perpendicular axes. The vibration sensor may com-
prise an acoustic pressure sensor. The vibration sensor may
comprise one or more of an accelerometer, a microphone,
and a piezoelectric transducer. The vibration sensor may
comprise a volumetric chamber closed at one end by a
flexible membrane, and a pressure transducer coupled to the
chamber distal from the flexible membrane. The apparatus
may comprise a barometer. The barometer may be config-
ured to sense an ambient pressure. The vibration sensor and
the barometer may be provided by a single sensor.

[0006] The apparatus may further comprise a data logging
device coupled to receive motion signals from the motion
sensor and acoustic signals, such as muscle vibration signals
or mechanomyographic (MMG) muscle signals, from the
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vibration sensor, and to store said signals as a function of
time. The apparatus may further comprise a classification
processor configured to receive motion signals from the
motion sensor and to receive the muscle signals (or
mechanomyographic muscle signals) from the vibration
sensor, and to classify a pattern of movement, or a posture
of, at least one part of a body on which the wearable sensor
apparatus is attached. The classification processor may be
configured to use both the motion signals and the muscle
vibration signals (or mechanomyographic muscle signals) to
determine simultaneous patterns of movement, or postures
of, multiple articulating parts of the body on which the
wearable sensor apparatus is attached. The muscle vibration
signals may be mechanomyographic muscle signals. The
classification processor may be configured to classify a
pattern of movement, or a posture of, at least one part of a
body on which the wearable sensor apparatus is attached
based on the mechanomyographic muscle signals.

[0007] The classification processor may be configured to
separate the signals from the vibration sensor into windowed
data. The classification processor may be configured to
perform cluster analysis on the windowed data to determine
a correlation between the signals from the vibration sensor
and a type of activity.

[0008] The cluster analysis may comprise determining
clusters of the windowed data and comparing one or more
properties of the clusters with one or more threshold values.
A property of a cluster may be an averaged value of a
property of the windowed data within the cluster. The one or
more properties comprise one or more of: gyroscopic mag-
nitude, peak gyroscopic magnitude, ambient pressure, a
cadence of a user (which may be a number of steps taken in
a unit of time) and orientation of the motion sensor.

[0009] The apparatus may comprise a classification pro-
cessor configured to receive motion signals from the motion
sensor, to receive an ambient pressure signal from the
barometer and to receive signals from the vibration sensor,
and to classify a pattern of movement, or a posture of, at
least one part of a body on which the wearable sensor
apparatus is attached based on the received signals.

[0010] The apparatus may further comprise a classifica-
tion processor configured to receive motion signals from the
motion sensor and to receive muscle vibration signals, such
as mechanomyographic muscle signals, from the vibration
sensor, and to classify a pattern of movement, or a posture
of, at least one part of a body on which the wearable sensor
apparatus is attached, based on said motion signals, and to
identify muscular activity used during said pattern of move-
ment or posture. The classification processor may be further
configured to determine whether or not the identified mus-
cular activity conforms to a predetermined pattern consistent
with the classified pattern of movement.

[0011] The apparatus may further comprise a classification
processor configured to receive motion signals from the
motion sensor and to receive acoustic signals from the
vibration sensor, and to determine when the acoustic signals
correspond to foetal movement.

[0012] The apparatus may further include an interface
module configured to provide output control signals for a
computer processor based on the output of the classification
processor. The apparatus may further include an interface
module configured to provide output control signals for a
motive apparatus based on the output of the classification
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processor. The apparatus may further include a said motive
apparatus. The motive apparatus may comptrise a prosthesis
or a robotic device.

[0013] According to a second aspect, a method is
described for classifving a pattern of movement, or a posture
of, at least one part of a human or animal subject comprising
the steps of: obtaining motion signals from a motion sensor
attached to the subject, the motion signals being indicative
of sensed movement of the subject in two or three dimen-
sions; simultaneously obtaining vibration signals from a
vibration sensor attached to the subject, the vibration signals
being indicative of sensed skeletal muscle vibrations or
other acoustic output from the subject; and using the motion
signals and the sensed vibration signals, such as skeletal
muscle vibration signals, to classify a pattern of movement,
or a posture, of at least one part of the subject.

[0014] Other acoustic output from the subject may com-
prise acoustic output due to foetal movements. The method
may further include using the motion signals and the sensed
vibration signals to classify a pattern of movement, or a
posture of, multiple articulating body parts of the subject.
The method may further include using the motion signals
and the sensed vibration signals to control movement of a
computer processor or a motive apparatus. The vibration
signals may be skeletal muscle vibration signals.

[0015] According to a third aspect, a method is described
for assisting a human subject in rehabilitation comprising:
obtaining motion signals from a motion sensor attached to
the subject, the motion signals being indicative of sensed
movement of the subject in two or three dimensions; simul-
taneously obtaining vibration signals from a vibration sensor
attached to the subject, the vibration signals being indicative
of sensed skeletal muscle vibrations or other acoustic output
from the subject, such as a heart rate of, or breathing from,
the subject; classifying a pattern of movement, or a posture,
of at least one part of the subject using at least the motion
signals; determining whether the pattern of movement, or
posture, of the at least one part of the subject conforms to a
predetermined pattern of the sensed skeletal muscle vibra-
tion signals; and providing an audible or visual feedback to
the user dependent on whether the pattern of movement, or
posture, of the at least one part of the subject is consistent
with the predetermined pattern of the sensed skeletal muscle
vibration signals.

[0016] According to a fourth aspect, the invention pro-
vides a method of monitoring a maternal body for foetal
movement comprising: obtaining motion signals from a
motion sensor attached to the maternal body, the motion
signals being indicative of sensed movement of the subject
in two or three dimensions; simultaneously obtaining acous-
tic vibration signals from one or more acoustic vibration
sensors attached to the maternal body; and using at least the
motion signals from the motion sensor to determine periods
of maternal activity to attenuate or exclude maternal acous-
tic vibration signals from the vibration signals to thereby
detect acoustic vibrations associated with foetal movement.

[0017] The acoustic vibration signals may be bioacoustic
signals. The method may further comprise using acoustic
vibration signals obtained from the acoustic vibration sensor
to determine an orientation of a foetus. The method may
further comprise using acoustic vibration signals obtained
from the acoustic vibration sensor to generate a heart rate or
a breathing rate from the maternal and/or foetal body.
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[0018] According to a fifth aspect, a method of monitoring
a maternal body for foetal movement includes obtaining
motion signals from a motion sensor attached to the mater-
nal body, the motion signals being indicative of sensed
movement of the subject in two or three dimensions, obtain-
ing vibration signals from one or more vibration sensors
attached to the maternal body, where the motion signals and
the vibration signals are obtained simultaneously, determin-
ing, based on at least the motion signals from the motion
sensor, periods of maternal activity, attenuating or exclud-
ing, based on the determining, maternal vibration signals
from the obtained vibration signals; and detecting, based on
a result of the attenuating or excluding, vibrations associated
with foetal movement.

[0019] In some embodiments of the fifth aspect, the
method further includes determining an orientation of a
foetus using acoustic vibration signals obtained from an
acoustic vibration sensor. In some embodiments of the fifth
aspect, the method further includes generating a heart rate or
a breathing rate from the maternal or foetal body using the
vibration signals obtained from the one or more vibration
Sensors.

[0020] In some embodiments of the fifth aspect, the
method further includes logging data related to the deter-
mined periods of maternal activity and data relating to
detected periods of foetal movement. In some embodiments,
the data related to periods of maternal activity include
activity intensity, speed of movement, duration of move-
ment, step count, walking motion, or movement type. In
some embodiments of the fifth aspect, the method further
includes correlating time of maternal activity with foetal
movement.

[0021] In some embodiments of the fifth aspect, the
method further includes logging data related to additional
biomarkers from one or more sensors. In some embodi-
ments, the additional biomarkers comprise maternal blood
pressure, maternal blood glucose level, biomass, or iron
count. In some embodiments of the fifth aspect, the method
further includes tracking foetal movement using a combi-
nation of vibration and force sensors. In some embodiments
of the fifth aspect, the vibration signals include acoustic
signals, and the one or more vibration sensors includes one
Or More acoustic sensors.

[0022] According to a sixth aspect, a method is described
for classifying a pattern of movement, or a posture of, at
least one part of a human or animal subject. The method
includes obtaining motion signals from a motion sensor
attached to the human or animal subject, the motion signals
being indicative of sensed movement of the human or
animal subject in two or three dimensions, obtaining vibra-
tion signals from one or more vibration sensors attached to
the human or animal subject, the vibration signals being
indicative of sensed skeletal muscle vibrations or other
acoustic output corresponding to foetal movements within
the human or animal subject, wherein the motion signals and
vibration signals are simultaneously obtained, and classify-
ing a pattern of movement, or a posture, of at least one part
of the human or animal subject using the motion signals and
the sensed vibration signals.

[0023] In some embodiments of the sixth aspect, the at
least one part of the human or animal subject comprises a
foetus within the human or animal subject. In some embodi-
ments of the sixth aspect, the classified pattern of movement
comprises a foetal heart rate signal or foetal breathing signal.
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[0024] In some embodiments of the sixth aspect, the
method further includes classifying a pattern of movement,
or a posture, of multiple articulating body parts of the human
or animal subject using the motion signals and the sensed
vibration signals. In some embodiments of the sixth aspect,
the method further includes controlling, based on the motion
signals and the sensed vibration signals, a signal provided to
a computer processor or a motive apparatus. In some
embodiments of the sixth aspect, the vibration signals are
skeletal muscle vibration signals.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG. 1 shows a schematic diagram of a wearable
activity sensor apparatus;

[0026] FIG. 2 shows a perspective view of a wearable
activity sensor implemented in a knee brace;

[0027] FIG. 3 shows a schematic diagram of a wearable
activity sensor apparatus including signal processing and
analysis processing modules;

[0028] FIG. 4 shows X, y and z accelerations of a subject
during a ten step walk and classification thereof;

[0029] FIG. 5 shows a subject wearing two activity sen-
sors deployed on upper arm and forearm with real time
feedback display;

[0030] FIG. 6 shows a graph of mechanomyography
(MMQG) data obtained during isometric contraction of the
forearm with fist clenches;

[0031] FIG. 7 shows sensor data collected during a sitting
to standing task from (a) electromyogram sensing; (b)
accelerometer MMG sensing; (¢) microphone MMG sens-
ing; and (d) magnetic angular rate and gravity (MARG)
sensing;

[0032] FIG. 8 shows both motion sensor data and
mechanomyographic sensor data responsive to a subject
walking;

[0033] FIG. 9 shows a graph of motion sensor classified
stationary and moving periods overlaid on MMG data to
further support activity classification;

[0034] FIG. 10 shows wearable activity sensors provided
on both upper and lower leg of a subject together with sensor
data received therefrom during standing and a knee-lift task;
[0035] FIG. 11 shows (a) acoustic sensor output, and (b) a
gel-based vibration sensor output corresponding to foetal
movement in a pregnant subject;

[0036] FIG. 12 shows a wearable activity monitor for
detecting foetal movements;

[0037] FIG. 13 shows a flow chart of a method for
classifying a subject’s movement, including foetal move-
ment within the subject;

[0038] FIG. 14 shows another flow chart of a method for
classifying a gait, posture or movement of a subject;
[0039] FIG. 15 shows acoustic sensor output and maternal
sensation data corresponding to foetal movement in preg-
nant subjects;

[0040] FIG. 16 shows (a) gyroscope and (b) corresponding
muscle response data for a subject during a walking task;
and

[0041] FIG. 17 illustrates (a) gyroscopic data, (b) accel-
erometer data with calculated magnitude, (c) unprocessed
(raw) MMG data, (d) filtered MMG data, and (e) filtered and
processed MMG for a subject during a walking task.
[0042] FIG. 18 shows an exemplary flowchart for moni-
toring a maternal body for foetal movement.
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[0043] FIG. 19 shows an exemplary flowchart for classi-
fying a pattern of movement, or a posture of, at least one part
of a human or animal subject.

DETAILED DESCRIPTION

[0044] When providing combined muscle activity and
motion recording, conventional systems have focused on
monitoring muscle activity using electromyography (EMG)
sensors, i.e. monitoring electrical activity produced by skel-
etal muscles. This technique can have significant disadvan-
tages and has limited use outside well-controlled environ-
ments such as laboratories and clinical care establishments.
Such electrical recording systems generally require single-
use sensors (e.g. for clinical safety and hygiene reasons) and
the use of adhesives and electrically conductive gel for
attachment of the sensors to the body to ensure adequate
electrical contact with the human subject. This imposes
limitations on the practicality and ease of use of muscle
activity sensing, on the environment of use, and on the
duration of use. Thus detailed data acquired with such
sensors may only be obtained for short periods of time, for
a limited range of the subject’s motion.

[0045] This patent document describes apparatus, meth-
ods, and systems to provide an alternative technique for
monitoring and/or analysing biomechanical activity which
can reduce or mitigate some or all of these disadvantages.
[0046] Mechanomyographic (MMG) muscle sensing
exploits a low frequency vibration emitted by skeletal
muscle the measurement of which does not require elec-
trodes, gel or direct skin contact, unlike electromyographic
sensing. This offers potential for much more efficient imple-
mentation in everyday use. Combining mechanomyographic
muscle sensing with two- or three-dimensional movement
sensing has been found to provide a considerable advance in
human activity monitoring by combining human dynamics
and muscle activity information. Bioacoustic sensors, such
as MMG sensors, can readily be provided at relatively low
cost, and can be packaged in a lightweight wearable package
which is easy to attach to the subject’s body without the use
of complicated procedures for ensuring good electrical con-
tact with the subject’s skin.

[0047] In a general aspect, the techniques described here
combine the use of inertial measurement units (IMUs) and
acoustic sensors, e.g. bioacoustic sensors, such as mechano-
myographic (MMG) sensors for muscle activity sensing or
foetal movement monitoring. An arrangement described
herein in relation to sensing a mechanomyographic muscle
signal may also be used to sense bioacoustic signals or
muscle vibration signals more generally.

[0048] FIG. 1 shows a schematic diagram of a wearable
activity sensor 1 comprising a support structure 2, a motion
sensor 3 and a muscle vibration sensor 4. The support
structure 2 may be any suitable structure for attachment to
the human or animal body at an appropriate location. In one
example, shown in FIG. 2, the support structure is a flexible,
stretchable knee brace 20 with two motion sensors 3 sewn
into pouches 21 with a muscle vibration sensor 4 having its
membrane presented against the subject’s skin on the inside
surface of the support structure 20. Use of a flexible support
structure 2 such as a knee brace 20 or a tubular bandage
allows generally unhindered movement of the subject and
suitability for extended periods of wear, e.g. over a whole
day or several days. Many other forms of wearable activity
sensor are possible, for example integrated into articles of
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clothing, and for attachment to any suitable part of the body
such as arms, legs, hands, trunk etc. The activity sensors can
be positioned on the body at any suitable location from
which limb or body motion can be sensed, and from which
vibrations from any target muscle groups can be detected. In
another example, shown in FIG. 10 and discussed in more
detail later, activity sensors may be provided on both sides
of the subject’s knee, i.e. on the upper leg and on the lower
leg. Such an arrangement provides motion signals specific to
both upper and lower parts of the leg and muscle vibration
signals from both upper and lower leg. Such an arrangement
is particularly useful in monitoring activity relating to walk-
ing, standing, sitting and lying down, gait and posture
analysis, etc, as will be discussed further below.

[0049] The motion sensor 3 preferably comprises one or
more Inertial Measurement Units (IMUs) which may consist
of tri-axis gyroscopes and accelerometers and Magnetic
Angular Rate and Gravity (MARG) sensor arrays that also
include tri-axis magnetometers. In a general aspect, how-
ever, any motion sensor capable of sensing two- or three-
dimensional translational movement of the sensor body in
space and rotation of the sensor body around at least one axis
in space can be used. Preferably, the motion sensor should
be capable of sensing translational motion in three perpen-
dicular axes (forward/backward, up/down, left/right) and
rotation about three perpendicular axes (pitch, yaw and roll).
However, it will be understood that certain types of motion
tracking may not require all six degrees of freedom. MARG
sensors are preferred due to their low cost, small size, light
weight and accuracy.

[0050] The mechanomyographic muscle vibration sensor
preferably comprises a pressure sensor. MMG muscle vibra-
tions are low frequency vibrations emitted by skeletal
muscle, believed to be the mechanical activity of muscle
generated by lateral oscillations of muscle fibres. The MMG
vibration sensor collects signals indicative of mechanical
attributes of contracting muscles, such as fatigue. Unlike
EMG sensors, MMG sensors do not require gel or direct skin
contact and can be reused and readily applied by an
unskilled user, for example, because the precision of place-
ment required for an MMG sensor may be less stringent than
for an EMG sensor. The collection time of measurements
using MMG sensors can be greater than that achieved using
EMG sensors. The MMG vibration sensor may comprise
one or more accelerometers, microphones, piezoelectric
transducers, hydrophones or laser distance sensors. A pre-
ferred example is a pressure sensor in the form of a micro-
phone sensor which provides very accurate results in detect-
ing muscle activity and benefits by being little affected by
motion noise. It is also easily integrated into a flexible
support structure 2 as discussed above.

[0051] The MMG vibration sensor preferably provides a
volumetric chamber with a membrane stretched over an
opening in a housing of the chamber. A difference in volume
of the volumetric chamber whenever the membrane is
deformed by muscle vibration is detected using a micro-
phone. When the membrane is placed over a subject’s
muscle, lateral contractions produce a physical change in the
muscle’s form, which in turn changes the membrane posi-
tion and/or profile and creates a pressure change within the
chamber. The microphone signals of particular interest lie
between 1 and 256 Hz and are therefore preferably sampled
at between 0.5 and 1 kHz. The signal may be boosted using
an operational amplifier-based preamplifier which increases

Oct. 24, 2019

the power of the signal by a factor of approximately 21
times, specifically in the range of 1 Hz to 1 kHz which is
sufficient for an MMG signal that has a dominant frequency
in the range 25+2.5 Hz.

[0052] With further reference to FIG. 1, the wearable
activity sensor 1 is coupled to a microprocessor 5 configured
to receive motion signals from the motion sensor 3 via
communication link 6a and to receive muscle vibration
signals from the vibration sensor 4 via communication link
6b. The communication links 6a, 64 can be wired links or
wireless links. The microprocessor 5 may be coupled to a
local memory 7 for logging data from the motion sensor 3
and the vibration sensor 4. Thus, in a general aspect, the
activity sensor may include a data logging device coupled to
receive motion signals from the motion sensor 3 and
mechanomyographic muscle signals from the vibration sen-
sor 4, and store these signals as a function of time. These
functions can be provided by the microprocessor and
memory 7.

[0053] MMG data and motion data (e.g. from a MARG
sensor) can preferably be collected simultaneously by
microprocessor 5. In this patent document, the term simul-
taneous or simultaneously can describe, for example, two
operations being performed at the same time or within a
certain time (e.g., 5 milliseconds) of each other. Sampling
rates may be the same or different for the two sensor types.
An exemplary sampling rate from a MARG sensor suitable
for gait analysis is 16 Hz. The microprocessor 5 may have
multiple channels to collect data from multiple motion
sensors/multiple vibration sensors at once or multiple pro-
cessors may be deployed, each dedicated to one or more
sensor or sensor groups. The microprocessor(s) may also
receive signals from other types of sensor if required, and/or
add markers in the data for other sensed events from other
sensor types. Other sensed events could include, for
example, physiological phenomena detected from ECG
data.

[0054] In one arrangement, the microprocessor 5 and/or
the memory 7 are mounted on the flexible support structure
2 as an integral part of the activity sensor 1, together with a
suitable power supply. In another arrangement, the commu-
nication links 6a, 65 could comprise a short range wireless
link such as Bluetooth or other near-field communication
channel, and the microprocessor 5 and memory 7 could be
located on a separate device. In one preferred example, the
separate device could be a mobile telephone, smart phone or
other personal computing device. Wired links using, for
example, USB interface, are also possible.

[0055] In an alternative arrangement, the muscle vibration
sensor 4 may be replaced with any other acoustic sensor, or
bioacoustic sensor. In such arrangements, references to
MMG signals may be replaced with corresponding refer-
ences to acoustic signals. For example, other bioacoustic
vibration analysis may be performed instead of muscle
activity analysis. A bioacoustic sensor can collect signals
indicative of foetal movements, as well as MMG signals. In
a bioacoustic sensor constructed in a similar manner to the
MMG sensor described above, vibration signals caused by
foetal movements lead to a pressure change in the chamber
when the membrane is placed on the abdomen of an expect-
ant mother.

[0056] The activity sensor 1 has a wide range of applica-
tions of which selected ones are discussed below.
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[0057] Rehabilitation

[0058] Using the activity sensor 1, a patient’s activities
can be continuously monitored to allow new intervention
treatments. Data can be logged from both motion tracking
and physiological sensing for extended periods of time.
Logging muscle activity provides vital cues in relation to the
health and progress of a patient in response to rehabilitation.
More precise data representative of a subject’s natural
movement and muscle activity over extended periods of
time (e.g. an entire day or even a week) has the potential to
provide a generational leap in patient monitoring and lead to
an entire range of new rehabilitative treatments for condi-
tions such as stroke and neuromuscular disorders.

[0059] Applications include pre- and post-knee surgery
rehabilitation monitoring, posture observation, fall detec-
tion, prosthetic control and manipulation, and general
human activity analysis. predominantly in geriatrics and
paediatrics. Combining muscle activity and motion data
opens new horizons in anthropometrics by increasing
knowledge of conditions with the addition of two different
forms of biomechanical information. Motion and muscle
activity give important information separately, but when
synergistically combined provide better information for
medical treatment and clinical intervention.

[0060] Gait/Movement/Posture Classification

[0061] Data collected over a prolonged period of time,
both inertial and muscular, contains a lot of information and
features that are specific to an individual subject. However,
without proper analysis, these characteristics can be hard to
distinguish from noise and irrelevant data. The activity
sensor may therefore include a classification processor in
order to analyse the collected data and extract the informa-
tion and features that are specific to the subject. The clas-
sification processor is configured to receive the motion
signals from the motion sensor 3 and may also receive the
mechanomyographic muscle signals from the vibration sen-
sor 4, and to classify a pattern of movement, or a posture, of
at least one part of the body. Typically, this would be the part
of the body to which the wearable sensor is attached, but in
some circumstances it may be possible to determine move-
ment, or a posture of, other parts of the body more remote
from the wearable sensor. The classification processor may
be configured to distinguish between standing, sitting,
reclining and walking activities and various different pos-
tures. Thus, the classification processor may be configured
to identify, from a library or database of known activity
and/or posture types, one or more activities and/or postures
corresponding to the received signals. The classification
processor may be configured with algorithms adapted to
detect signature signals indicative of predetermined activi-
ties and/or postures.

[0062] In one algorithm, applied to a knee brace sensor
apparatus of FIG. 2 mounted on the upper leg above the
knee, sensing the direction of gravity may be used. During
a standing posture, the x plane is pointing towards the
ground, which gives a reading around -1+0.1 g, and the
other planes (y and z) give a reading of 0+0.1 g. When
sitting, the y plane is now pointing towards the ground,
which will give a reading of around -1+0.1 g and the other
planes (x and z) read 0+0.1 g. Muscular activity data can
then be correlated with the particular standing posture.
[0063] The classification of walking can be detected by,
for example, combining accelerometer data from each plane
to determine magnitude using equation 1, where 1 is the
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current sample and n is the total number of samples; x, y and
7z represent the accelerations from each respective plane:

magnitude=%,_"(x4y,2+z)°> (1)

[0064] A threshold is determined per subject by a con-
trolled walking task of five steps in a straight line. The data
is retrieved and the threshold is determined offline by trial
and error until the computed value also determines the
subject to have walked five steps. Stationary states are
determined to be whenever the magnitude is beneath the
threshold, as per equation 2.

stationary=magnitude<threshold (2)

[0065] Any period above the threshold is deemed active.
Data is then split into windows of one second and the
average of each window is used to determine what state the
subject is in by checking the stationary periods against the
averaged windows. One second windows allow each step to
be recognised, as the subject’s leg is stationary between
strides, therefore the calculation doubles as a pedometer to
determine number of steps taken. If the data window is
deemed to be “active’ then the gait segment is classified as
walking. However, if the data window states the subject is
stationary, the calculation then determines which plane
gravity is in to determine standing or sitting. In the event the
subject is lying on his or her side or gravity is in a plane
unrecognisable to the algorithm, the subject’s state may be
put into an ‘other’ category which can otherwise be classi-
fied differently.

[0066] FIG. 4 shows analysis of a ten step walk correctly
determining active periods using the threshold technique
described above. Solid line 41 represents x-axis accelera-
tion, dot-dash line 42 represents y-axis acceleration, and
dashed line 43 represents z-axis acceleration. The combined
acceleration data corresponding to magnitude is represented
by line 44. The predefined threshold has been set at 0.3 g,
and a walking motion may be classified when the combined
data exceeds 0.3 g. This classification is indicated by solid
line 45 with the standing posture indicated at +1 (portions
45a) and walking motion indicated at 0 (portions 45b). The
method was determined to be approximately 90% accurate
during walking calibration tests over 15 tests.

[0067] Although the arrangement described above only
requires the motion sensor data to classify a generic pattern
of movement, or posture, of at least one part of the body (e.g.
walking, standing, sitting), the muscle vibration sensing data
may be used in conjunction therewith to further refine the
classification process.

[0068] For example, the muscle vibration sensing data
may be used to detect and classify other movements of the
body separate or distinct from the major patterns of move-
ment classified using the motion sensor data as further
discussed below.

[0069] Thus, in a general aspect, the classification proces-
sor may be configured to use both the motion signals and
mechanomyographic muscle signals to determine simulta-
neous patterns of movement, or postures of, multiple articu-
lating parts of the body on which the wearable sensor
apparatus is attached.

[0070] In another arrangement, the wearable activity sen-
sor apparatus may be configured as a belt. The belt-based
sensors may be configured to monitor balance, posture and
key muscle activity; facilitate adoption of new movement
patterns; and engage patients with direct feedback on their
progress in ameliorating low back pain. The apparatus may
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be configured to monitor and facilitate user activation of key
postural muscles associated with back dysfunction, princi-
pally lower abdominal and gluteal muscles, and activity
monitors that will track balance and posture. By continu-
ously measuring posture and providing real time biofeed-
back, the wearable sensor apparatus will provide the ability
to facilitate active postural correction.

[0071] FIG. 3 shows a schematic diagram of an activity
monitoring system configured to provide analysis and feed-
back in relation to muscle usage correlated with subject
motion.

[0072] A wearable activity sensor 30 comprises a support
structure 31 in the form of a belt, which supports a motion
sensor 3 and a muscle vibration sensor 4 such as previously
described in connection with FIG. 1. The sensors 33, 34 are
coupled to a processor including a movement analysis
module 32 and a muscle activity analysis module 33. The
movement analysis module 32 may be configured to perform
such functions as identification of body and/or limb move-
ments, and identification of postures, as previously
described. The muscle activity analysis module 33 may be
configured to identify individual muscle activities and iden-
tify muscles or muscle groups involved in sensed vibration
events. The motion and muscle activity data from modules
32, 33 are combined in a sensor data fusion module 34 so
that individual movement and/or posture ‘events’ can be
aligned in time. A correlation process 35 may be configured
to correlate the various movement and/or posture events
with muscle activity events.

[0073] The correlated data from correlation process 35
may then be used to provide one or more possible feedback
processes 36.

[0074] In one example, the feedback process 36 could be
provision of a visual display of motion and related muscle
activity, e.g. charted over time, for review by a clinician or
the subject. The feedback process could be provision of
motion and related muscle activity monitored over periods
of time, e.g. successive days, to indicate whether muscle
activity for predetermined postures and/or activity classifi-
cations changes over time. Such feedback process could be
used to indicate an improvement, or deterioration, in activity
or posture attributes over time.

[0075] In another example, the feedback process 36 could
provide real time analysis directly to the subject wearing the
sensor, by visual or audible feedback. For example, the
processor may comprise a classification processor which
classifies a pattern of movement, or a posture, of at least one
part of the body of the subject, based on the motion signals,
and identifies the muscular activity associated with that
pattern of movement or posture, and determines whether the
sensed muscular activity conforms to a predetermined pat-
tern that is consistent with the classified pattern of move-
ment. This predetermined pattern may represent an ideal or
optimum muscular activity for a given sensed motion or
posture. In the event that the sensed muscular activity does
not conform to an ideal or optimum pattern of muscular
activity for the sensed motion or posture, the feedback
process 36 may be configured to provide a real time alert to
the subject wearing the activity sensor. The real time alert
may be any indication useful to assist the subject, such as a
warning of poor posture or poor movement execution, an
instruction to improve posture, an instruction to alter posi-
tion, an instruction to engage in a specified pattern of
movement or similar.
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[0076] FIG. 14 illustrates a flow chart of another algorithm
1400 for classifying a gait, posture or movement of a
subject. The algorithm 1400 combines motion and muscle
activity in an unsupervised classification algorithm. The
algorithm 1400 enables eight commonly performed activi-
ties to be identified: walking, running, ascending stairs,
descending stairs, ascending in an elevator, descending in an
elevator, standing, and lying down. A ninth “activity” con-
taining noise and other unclassified activities data is also
categorized.

[0077] The algorithm may be performed by a classification
processor that is configured to receive: motion signals from
a motion sensor, ambient pressure signals from a barometer;
and bioacoustic signals from a vibration sensor.

[0078] The classification processor is configured to clas-
sify, based on the received signals, a pattern of movement,
or a posture of, at least one part of a body on which the
sensors are attached.

[0079] The algorithm 1400 processes data in two stages
1402, 1404. In a gross group clustering stage 1402, a data or
time window is split into one of three groups, each of which
relates to a different class of activities; stationary activities
1424 (such as standing, lying down, and elevator), dynamic
activities 1426 (such as walking, running, and noise), and
dynamic-altitude activities 1428 (such as travelling on
stairs). In a subsequent activity classification stage 1404,
windows from each cluster group are further classified into
one of nine more specific activities.

[0080] At the start of the gross group clustering stage
1402, data from each sensor type (bioacoustic and acceler-
ometer) is windowed 1430. The window size may be
selected as a number of data samples or a period of time. For
example, a window size of 200 samples (four seconds of
data at 50 Hz) may be used for inertial data. Such a window
may be resized in order to obtain the same window size for
the other sensors sampled at a different rate. For example, a
four sample window may be used for a barometer operating
at 1 Hz and a 4000 sample window may be used fora MMG
operating at 1 kHz. It has been found that windows with a
50% overlap produce suitably good results at 50 Hz for the
inertial data.

[0081] Inertial data can, optionally, be smoothed using a
moving average in order to reduce the effect of transient
noise on the output of the algorithm. An example moving
average is:

1
Y=o Yoty + Y-y + oo+ Yumy)s

where v, is the smoothed value for the n™ data point, N is
the number of neighbouring data points on either side of y,,
and 2N+1 is the span, such as 15 data points. Windowing
1430 can also be performed after smoothing has taken place.

[0082] Features of the windowed data are determined after
the optional smoothing step. In this example, four features
(mean, standard deviation, power, and covariance) are deter-
mined for each of the three axes of the accelerometer (x, v,
and z) resulting in twelve parameters per window. The
features can be calculated using the equations below.
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[0083] In the above equations, n is the current data point,
N is the total number of data points in the window (200 in
this example), y is the data set of one axis, p is the mean, o
is the standard deviation, and a and b each correspond to one
of the three accelerometer axes (X, y, or z). COV represents
a covalent matrix:

HE XY %2
COV=|y,x x,y y,2
LX LY %2
[0084] Values in the diagonal of the covariance matrix

where the covariance of an axis is applied against itself
result in the variance of that axis, and may therefore be
ignored. Likewise, values below the diagonal are mirror
values of that above the diagonal and are also ignored.

[0085] A K-means clustering algorithm using a squared
Euclidean distance method may be used to cluster windowed
data into one of three clusters based on the parameter matrix
created from the four features above. The objective function
of the K-means algorithm is:

N K
7= 3 e -l

n=1 k=1

where again v, n and k are the dataset, current data point and
current cluster respectively. N is the total number of data
points in the dataset. K is the number of cluster groups (three
in this example, which relate to dynamic activities 1426,
dynamic-altitude activities 1428 and stationary activities
1424). ¢, is a centroid of the current cluster, and r,, is a
binary indicator variable (where r,,. is equal to one if a data
point belongs to cluster k, otherwise zero).

[0086] In order to predict data points belonging to one of
the three cluster groups the values of r,;, and ¢, have to be
found in order to minimise J. Initial values of c, may be
randomly determined. A two stage process of calculating r,,
and ¢, can then be repeated until results converge. A process
for achieving convergence is summarised below.

[0087] 1) Centroids of the clusters are initialised with
random values.
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[0088] 2) Fach data point is attributed to the closest
cluster using:

{ 1 if k = argmin|ly, - ¢ I’
I, =

0 otherwise

[0089] 3) The position of each cluster is re-evaluated so
that it corresponds with the mean of all data points
belonging to that cluster using:

Zn Tk Yn

Zin Tk

o =

[0090]

verge.
[0091] As different initial cluster centroids can produce
slightly differing results, the steps above may be repeated a
number of times, such a five times, using different sets of
initial cluster centroid positions in order to provide more
accurate results.
[0092] The steps above are performed for each window.
With each window now placed within one of three cluster
groups it is still unknown which particular class of activity
(dynamic activities 1426, dynamic-altitude activities 1428
and stationary activities 1424) the subject was performing in
that window. That is, it is unknown which of the three groups
relates to the stationary, dynamic, or dynamic-altitude activi-
ties. An a priori approach is used to segregate each window
into a known activity by assuming certain characteristics of
each activity and which cluster groups relate to it.
[0093] A gyroscopic magnitude and barometer gradient
are determined for each window. An average of these
parameters is calculated for each cluster group, which is then
used to label which of the three groups of clusters belongs
to the stationary, dynamic, or dynamic-altitude groups.
[0094] The stationary group 1424 is defined by determin-
ing 1432 that an average gyroscopic magnitude for one of
the groups is below a first threshold rate, such as 50°/s.
[0095] The dynamic group 1426 is defined by determining
1432 that the average gyroscopic magnitude for one of the
groups is above the first threshold rate and by determining
1434 that an average barometer gradient for that group is
below a pressure threshold gradient, such as 0.1 metres.
[0096] The dynamic-altitude group 1428 is defined by
determining 1432 that the average gyroscopic magnitude for
one of the groups is above the first threshold rate and by
determining 1434 that the average barometer gradient for
that group is above the pressure threshold gradient.
[0097] For the dynamic group 1426, it is determined 1436
whether a peak gyroscopic magnitude for a cluster in that
group is above a second threshold rate, such as 100°/s. If the
gyroscopic magnitude for that cluster is not above the
second threshold rate then the activity of the cluster is
categorised as “noise” 1460. If the gyroscopic magnitude for
that cluster is above the second threshold rate then it is
determined 1438 whether the cadence of the subject is
greater than a cadence threshold, such as 150 steps per
minute. If the cadence of the subject is not greater than a
cadence threshold then the activity of the cluster is catego-
rised as “walking” 1462. If the cadence of the subject is
greater than a cadence threshold then the activity of the
cluster is categorised as “running” 1464.

4) Steps 2 and 3 are repeated until results con-
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[0098] For the dynamic-altitude group 1428, it is deter-
mined 1440 whether a barometric change has occurred for a
cluster in that group. If a barometric change has occurred
then the activity of the cluster is categorised as “stairs™ 1466.
An increase in pressure is indicative of a decrease in altitude
(going down in the lift/stairs), whereas a decrease in pres-
sure is indicative of an increase in altitude. If a barometric
change has not occurred then it is determined 1436 whether
the peak gyroscopic magnitude for that cluster is above the
second threshold rate and the cluster is treated as described
above for the dynamic group 1426.

[0099] For the stationary group 1424, it is determined
1442 whether MMG activity has occurred for a cluster in
that group. If MMG activity has occurred then it is deter-
mined 1440 whether a barometric change has occurred for
that cluster, and that cluster is subsequently treated as
described above for the dynamic-altitude group 1428. If
MMG activity has not occurred then it is also determined
1444 whether a barometric change has occurred for that
cluster. However, in this case: if a barometric change has
occurred then the activity of the cluster is categorised as
“elevator” 1468; or if a barometric change has not occurred
then it is determined 1446 in what plane of gravity the
device lies. In this example, if the device lies in a Y or Z
plane then the activity of'the cluster is categorised as “lying”
1470, and if the device lies in an X plane then the activity
of the cluster is categorised as “standing” 1472.

[0100] The table below shows a breakdown of average
detection accuracy over two trials of the algorithm 1400.
The trial contained six subjects performing various activi-
ties. Accuracy was determined by validating each deter-
mined window activity against the actual activity of the
subject during that window. A percentage was calculated
from number of correct windows divided by total number of
windows in each trial. The overall accuracy, by taking the
mean of accuracy across all subjects and trials, is found to
be 97%.

Subject Activities Missing Group Accuracy (%)

1 S, W, SD,LU None 97.60
2 S,W,SU,LD None 96.30
3 S, W, SU,SD  None 97.46
4 S, W, LU Dynamic-Altitude 98.06
5 S, W, R Dynamic-Altitude 95.16
6 S, L Dynamic, Dynamic-Altitude 100.00

§ = standing,

L = lying,

W = waiting,

R = mnning,

SD = stain down.

SU = stains up,

LD = lift down,

LU = lift up.

[0101] The algorithm 1400 can be applied without the

requirement to perform control experiments or pre-collec-
tion data labelling and can be used in an unsupervised
environment. In contrast, methods which use supervised
classification require additional trials of each known activ-
ity. In applications where gait or muscle activity changes are
expected over time, such as physiotherapy or gait retraining,
the trials experiments for supervised classification need to be
re-determined before each usage session, making such meth-
ods inconvenient for practical use. The use of an unsuper-
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vised classification therefore can provide improved accuracy
in classifying undirected human activity.

[0102] Foetal Movement and Health Monitoring

[0103] Another application for the wearable sensor appa-
ratus is in the field of foetal monitoring.

[0104] Foetal movement is generally quantified using
ultrasound or MRI scanning, both of which are expensive
and must be undertaken in a clinical setting. Furthermore,
there is no way to reliably monitor foetal movements outside
the time window when a patient is scanned in a clinical
environment. Maternally-sensed decreased foetal move-
ments are a common reason for consultation with obstetric
services, but maternal perception of foetal movement is
highly subjective and patient-dependent. Incorrectly per-
ceived decreased foetal movements can lead to high anxiety
in an already anxious patient group.

[0105] A wearable activity sensor such as described above
may also be adapted to extended or long term foetal moni-
toring. The motion sensor and the vibration sensor may be
incorporated into sensors incorporated into, for example, a
lumbar support belt or a maternity support band. A particular
problem with foetal monitoring can be separating signals
corresponding to maternal movement with those corre-
sponding to foetal movement.

[0106] In one example, the sensor may include a classi-
fication processor configured to receive motion signals from
the motion sensor 3 and to receive acoustic signals or
mechanomyographic muscle signals from the vibration sen-
sor 4, and to determine when the signals correspond to foetal
movement.

[0107] In one preferred arrangement, a signal processing
algorithm identifies movement and/or muscle signals that
can be attributed to maternal activity and separates these
from the input signals to determine signals attributable to
activity of the foetus. The frequency and intensity of foetal
movements in a given time period may be monitored to
ensure well-being of the foetus. Preferably, the foetal move-
ment signals may comprise acoustic signals received by an
acoustic vibration sensor. The data may be logged and
periodically downloaded, or continuously assessed and an
alarm triggered if there is a period of inactivity or reduced
activity exceeding a threshold.

[0108] In one arrangement, the motion signals from the
motion sensor may be used to detect maternal activity as a
function of time, including movement and posture such as
standing, sitting, walking, breathing and heartbeat. The
periods of maternal activity can then be used to isolate time
periods when acoustic vibration signals corresponding to
foetal movement may be tracked without occlusion from
maternal activity. After removal of the maternal motion data,
the remaining acoustic sensor data can be used to detect
foetal movement in utero. The foetal acoustic sensor data
may comprise acoustic signatures that can be matched to
predetermined templates indicative of foetal activity.
[0109] Other signal processing algorithms may be consid-
ered to separate interfering signals related to maternal activ-
ity from the signals captured by the acoustic sensor, thereby
isolating the foetal acoustic signals indicative of foetal
movement.

[0110] Other sensor types may be added to the apparatus
for enhanced monitoring.

[0111] FIG. 11 illustrates acoustic signal output for a
system monitoring acoustic output from a subject experi-
encing foetal movements. The apparatus used comprised
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two inexpensive bioacoustic sensors and an inertial mea-
surement unit (IMU), together with an additional sensor for
validation, incorporated into a back support belt. The addi-
tional sensor was an expensive electro-active polymer gel
sensor capable of detecting low frequency vibrations such as
abdominal vibrations associated with foetal movements. The
subject was at rest at the time of the experiments to minimise
maternal movement artefacts. The data from the sensors was
smoothed and signal energy plotted. Processed data from the
gel sensor is shown as ‘Vibration Output’ in FIG. 115.
Highlighted windows 110, 111, 112 show a number of
simple and compound foetal movements taken from the gel
sensor output (classified as two simple movements 110, 112
and one compound movement 111) within a 30 second
window. This output was used as a baseline to compare with
a bioacoustic sensor to test its capacity to capture the same
movements. The output of that sensor, processed in the same
way, is shown in the ‘Acoustic Signature’ of FIG. 11a. The
results show that the same simple and compound move-
ments were captured by the inexpensive bioacoustics sensor.
Simple and compound foetal movements corresponding to
maternal assessment can thus be captured with the bioa-
coustics sensor, and the sensor output can be processed to
recognize these movements. The IMU can be used to
determine maternal activity enabling isolation of foetal
activity as discussed above, and below with reference to
FIGS. 16 and 17.

[0112] Foetal movement can be localised in the uterus by
means of several bioacoustic sensors positioned across the
expecting mother’s abdomen. Higher signal magnitudes
seen on individual bioacoustics sensors can provide a sense
of foetal position in the womb.

[0113] FIG. 12 illustrates a maternity support structure
1200, which is an example of a support for a wearable
activity sensor apparatus such as that described with refer-
ence to FIG. 1 and may provide the bioacoustic data
illustrated in FIG. 11, above, or FIG. 15, below. The support
structure 1200 comprises an inertial sensing unit 3 and six
bioacoustic sensors 4. The bioacoustic sensors 4 are pre-
sented in two rows 4a, 4b and are presented against the skin
of a subject 1202 on the inner surface of the support
structure 1200. The bioacoustic sensors 4 are configured to
sense acoustic vibrations and the inertial sensing unit 3 is
configured to sense two or three dimensional movement and
an orientation of the sensor 4.

[0114] Each of the bioacoustic sensors 4 preferably pro-
vides a volumetric chamber with a membrane stretched over
an opening in a housing of the chamber. A difference in
volume of the volumetric chamber whenever the membrane
is deformed by bioacoustic vibration is detected using a
microphone. When the bioacoustic sensors 4 are placed on
the abdomen of an expectant mother, vibration signals
caused by foetal movements lead to a pressure change in the
respective chambers of the bioacoustic sensors 4. In some
examples, the location and strength of the foetal movements
may be used to determine foetal orientation in the womb.
For example, the apparatus 1200 may be used to identify
foetuses in a foetal breech position.

[0115] FIG. 13 illustrates a flow chart of a method 1300
for classifying a subject’s movement (including the move-
ment of a foetus) by collecting and combining information
from a three dimensional accelerometer and bioacoustic
Sensors.
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[0116] Three dimensional movement and orientation sig-
nals are provided 1302 by an accelerometer. A magnitude of
an acceleration detected by the accelerometer is determined
1304. The magnitude may be determined 1304 using, for
example, equation (1) discussed previously. The accelerom-
eter data is then windowed 1306 and thresholding is used to
detect motion of the windowed data 1308 using, for
example, equation (2) discussed previously. A window of
data may be a discrete number of samples of data, or the
samples taken within an interval of time.

[0117] One or more bioacoustic sensors provide 1310
acoustic vibration data in parallel with the acquisition of
data by the accelerometer. The acoustic vibration data is
passed through a filter 1312, such as a first order Butterworth
filter. The filtered vibration data is windowed 1314 and
features of the windowed data are determined 1316. Four
features (mean, standard deviation, power, and covariance)
are determined 1316 for each of the three axes of the
accelerometer (X, y, and z) resulting in twelve parameters per
window. The extraction of features from windowed data is
described in detail in relation to FIG. 14 and similar tech-
niques can be used in the determination 1316 in the present
algorithm 1300.

[0118] A cluster algorithm 1318 is used to classify each
window. For example, a K-means clustering algorithm using
a squared Fuclidean distance method may be used to cluster
windowed data into one group of clusters based on a
parameter matrix created from the four features above. The
value of a cluster is indicative of the type of activity that is
being performed by the subject during the window associ-
ated with that cluster. The use of a cluster algorithm has been
found to provide an adaptable and robust method of classi-
fying data and so may be advantageous compared to other
methods of classifying observed data using pre-existing
profiles. Cluster analysis is also discussed in further detail
with reference to the example of the method of FIG. 14.
[0119] At a combining step 1320, the windows of accel-
erometer data in which motion has been detected are used to
determine which windows of bicacoustic data relate to
bioacoustic activity within the subject and which windows
relate to noise signals. At this stage, useful information has
been separated 1322 from other data by the combination of
motion sensor data and acoustic vibration data. The use of
inertial data in cancelling vibration artefact is described
further below with reference to FIGS. 16 and 17.

[0120] FIGS. 15a to 154 illustrate acoustic, or bioacoustic,
signal output for a system monitoring acoustic output from
two pregnant subjects experiencing foetal movements. The
apparatus used to collect this data comprised three inexpen-
sive bioacoustic sensors, an inertial measurement unit
(IMU), and a button for the pregnant subject to press when
she felt a foetal movement. The apparatus was incorporated
into a back support belt.

[0121] The data from the bioacoustic sensors may be
processed using a method similar to that described with
reference to FIG. 13. For example, the data from the
bioacoustic sensors may be 1) smoothed, ii) filtered using a
1°" order Butterworth filter, and iii) split into even sized
windows across a data set. Motion may be determined by
thresholding accelerations within the inertial data. Motion
artefacts may be removed from the bioacoustic data to
reduce false positives. An example of the signal processing
steps of vibration artefact removal is discussed in detail
below with respect to FIGS. 16 and 17. Features from each
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bioacoustic sensor window are determined, including mean,
standard deviation, and power of the signal. These features
are then processed through a clustering algorithm in order to
classify the activity associated with each window. Examples
of classification states include: noise, foetal activity, and
stationary data.

[0122] Data relating to the monitored maternal and/or
foetal movements, which can include the classification
thereof, such as described in relation to FIG. 13, may be
logged, e.g. as a function of time. In an example, the
wearable activity sensor apparatus of FIG. 12 may include
a data logging device and/or may communicate with an
external or remote data logging device. The data logging
device may capture and store data related to the determined
periods of maternal activity and data relating to detected
periods of foetal movement. The data related to periods of
maternal activity may include one or more of activity
intensity, speed of movement, duration of movement, step
count, walking motion, and/or movement type. Movement
type may include classifications such as sitting, standing,
moving over flat ground, moving up stairs, etc.,

[0123] The logged data may be used to correlate time of
maternal activity and/or intensity of maternal activity with
foetal movements. Time of maternal activity and/or intensity
of maternal activity may be correlated with, for example,
foetal birth outcome, e.g., over a large number of monitored
subjects to detect any relationship therebetween.

[0124] Other biomarker data from further one or more
biomarker sensors may be logged, where the one or more
biomarker sensors can be located on the maternal body.
Examples include maternal blood pressure, maternal blood
glucose level, biomass, and/or iron count. Data from other
biomarkers may be collected automatically by appropriate
sensors and passed to the data logging device. These bio-
marker data may also be correlated with the other logged
data from the motion signals and acoustic vibration signals,
and/or with foetal birth outcome. The logged data and
relationships established may be used to provide interven-
tion in the event of potential foetal distress; intervention may
include (but not be limited to) referral to scanning, suggested
rest, diet adjustment, or lifestyle adjustment.

[0125] FIGS. 154 and 155 illustrate a correlation between
bioacoustic sensor output 1502 and maternally sensed foetal
movements 1504 recorded by the pregnant subjects using
the push buttons. The bioacoustic sensor output 1502 cor-
relates with movements perceived by the mother, and can
also detect foetal movements not detected by mother (as
seen in FIG. 15a), and foetal hiccups (FIG. 15¢, verified by
mother). The system was able to isolate maternal move-
ments, segment data from real-world activity, and extract
foetal movement signatures. The results show that foetal
movements corresponding to maternal assessment can thus
be captured with the bioacoustic sensor, and the sensor
output can be processed to recognize these movements.
[0126] The acoustic sensor output may also be used to
derive a heart rate signal or breathing signal representative
of the heart rate or breathing of either or both the maternal
or foetal subject.

[0127] FIGS. 16a and 165 illustrate, as function of time,
gyroscope (GYR X, Y, Z) and corresponding muscle (EMG,
MMG) response data 1604-1608 for a subject during a
walking task.

[0128] Bioacoustic data, such as MMG data, collected
using a microphone can be susceptible to motion and skin

Oct. 24, 2019

artefacts and oscillation noise caused during heel strike and
toe off. The oscillation noise due to impact vibration can be
filtered from the MMG data using IMU data as a guide to
where impacts occurred. In this way, the IMU can be used
to determine maternal activity enabling isolation of foetal
activity, for example.

[0129] Flat foot periods 1602 during the subject’s gait are
shaded. The observed MMG responses shown in FIG. 16 are
at their highest here during these periods 1602, as is an EMG
response profile shown for comparison. There is little MMG
signal during the flat foot portion of the stance.

[0130] In one example, accelerometer data is normalised
between one and zero and resampled at a frequency, such as
1 kHz, to match a sampling rate for the MMG. The MMG
data is then filtered using a band-pass Butterworth filter
between 10 Hz and 150 Hz. The filtered signal is then
divided by the accelerometer magnitude. Therefore, the
observed vibration signal can be significantly reduced at
times when impact events occur in order to compensate for
the vibrations caused by these impact events. This method of
noise reduction is useful because very little muscle contrac-
tion is expected at the impact points during a subject’s gait
and so the reduction in sensitivity at these points may be
acceptable for some sensing applications. When measured
accelerations are small, the MMG activity tends to change
only marginally. Instead, the majority of muscular activity
from the gastrocnemius is produced during plantar flexion of
the ankle, thus a signal response is expected during the flat
foot stance period of the gait cycle before toe off.

[0131] FIGS. 17a to 17¢ illustrate as a function of time:
gyroscopic data (GYR X, Y, 7) 1604-1606 in FI1G. 174;
accelerometer data (ACC X, Y, 7) 1710, 1711, 1712 with
calculated magnitude (ACC Magnitude) as a dashed line in
FIG. 17b; unprocessed (raw) MMG data in FIG. 17¢; filtered
MMG data in FIG. 174; and filtered and processed MMG in
FIG. 17e.

[0132] Flat foot periods 1702 during the subject’s gait are
shaded. A comparison between the gyroscope data of FIG.
17a and the processed MMG of FIG. 17e show that the flat
foot stages of gait, highlighted with a blue background,
coincide with muscular contraction periods.

[0133] Heel strike periods 1704 are also labelled in FIGS.
17a to 17e. These heel strikes provide vibration artefacts.
The unprocessed (raw) MMG and filtered MMG profiles in
FIGS. 17¢ and FIGS. 174 include artefacts due to the heel
strikes. The processed MMG data has been filtered,
smoothed, and motion and corrected for vibration artefacts
by dividing the filtered MMG of FIG. 17d by the acceler-
ometer magnitude of FI1G. 175.

[0134] Real Time Biomechanical Activity Tracking
[0135] Stick figure tracking has been performed using two
MARG sensors on each segment of a limb, and results
displayed in real-time. The data may be transmitted via
Bluetooth to a computer where it displays the subject’s
movement in a 3D stick figure. A sampling rate of 16 Hz for
each MARG sensor was used.

[0136] Simultaneous monitoring of acoustic or MMG sen-
sor data enables more detailed information of the subject’s
motion, including isometric muscular action and isokinetic
muscular action. Both isometric and isokinetic movements
can be tracked and displayed in real time. The use of
acoustic (e.g. microphone sensed) data provides accurate
dynamic data as well as static, as it is unhindered by motion
noise produced by isokinetic movements. The use of micro-
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phone sensed MMG data is preferred as it tends to be
relatively uncontaminated by body motion that might be
detected by using accelerometer-based MMG data sensing,
which may be difficult to filter out without compromising
low frequency MMG signals and possibly high frequency
harmonics. However, in other arrangements, both micro-
phone-based and accelerometer-based MMG sensing could
be deployed.

[0137] Real time motion tracking has many uses, such as
providing output control signals to motive apparatus such as
robotic systems, where control of the movement of the
motive apparatus or robotic system is provided by, for
example, emulation of movements (e.g. arm, head or trunk
movements and/or gestures) of the controlling person.
Motion sensors alone may not be adequate or optimal to
capture the entire range of movements commonly used (e.g.
arm, wrist, and finger action) to control devices such as
joysticks or computer mice or other interfaces for robotic
control. The fusion of inertial sensors capturing gross (e.g.
arm) movements and robust acoustic sensors tracing physi-
ological activity associated with finer (finger) movements,
provides a novel approach to controlling external peripheral
devices such as computers, remote robotic mechanisms, or
prosthetic/assistive devices. The activity sensing apparatus
described above is configurable to include an interface
module to provide output control signals for such a motive
apparatus based on movements detected by the classification
processor. The output control signals may be provided to, for
example, a prosthesis or robotic device.

[0138] In an example where sensors are disposed on a
subject’s upper arm and forearm, the motion sensor data
may be used to track a subject’s arm movements to a high
degree of speed and accuracy, with 16 Hz sampling rate for
each MARG motion sensor being sufficient enough to
follow quick gestures of two segments of a limb. FIG. 5
shows a subject 50 displaying movement of both segments
of an arm 51 using two such wearable sensors 52a, 52b.
MMG sensor data as shown in FIG. 6 enables correct
detection of minute muscle activity in a subject’s flexor
carpi radialis muscle while performing an isometric con-
traction of fist clenches. Individual finger movement was
also detectable, showing the potential for prosthesis control
of separate digits. Combination of such data therefore
enables a classification processor to use both the motion
signals and mechanomyographic muscle signals to deter-
mine simultaneous patterns of movement of multiple articu-
lating parts of the body.

[0139] Inanother more general example, the motion track-
ing may be used to provide control signals for input to any
computer processor or computer process. The control sig-
nals may be derived from the combination of motion sensor
data and acoustic sensor data. In one example, such a motion
tracking apparatus may determine a first control signal (or
set of control signals) corresponding to sensed motion or
posture derivable from the motion sensor, and a second
control signal (or set of control signals) corresponding to
bioacoustic data (e.g. MMG data). The first control signals
(or set of control signals) could be comparable to translation
motion such as the x-y control of a computer mouse or
trackball detected by movement of a user’s arm and or wrist.
The second control signals (or set of control signals) could
be comparable to button clicking motion(s) by flexing one or
more fingers, detected by MMG data from the user’s fingers.
In another example, the motion and posture tracking may be
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deployed in a wearable gesture control device such as those
used for computer game control or virtual reality interface.
Other examples are readily devisable.

[0140] The results shown in FIG. 7 show muscle detection
for EMG (FIG. 7a) compared with MMG data sensed by
microphone (FIG. 7¢); MMG data sensed by accelerometer
(FIG. 7b) and inertial motion sensor data sensed by MARG
(FIG. 7d). The MMG data sensed by microphone (FIG. 7¢)
shows better muscle activity data, i.e. less contaminated by
motion. The similarity between the inertial motion data
sensor (FIG. 7d) and the MMG accelerometer data also
emphasises the benefits of the microphone-based MMG data
for reducing motion artefact, particularly for non-isometric
muscle activity. For collecting data on isometric contrac-
tions, motion is less of an issue.

[0141] Synergy of motion sensor data and muscle vibra-
tion sensor data can be seen in FIGS. 8 and 9. FIG. 8 shows
a five step walk with MMG results in the top graph and
motion beneath it. It is clear that increases in amplitude and
frequency in the motion data, produced by steps taken when
walking, also correspond with MMG data where an increase
in activity can also be seen. This indicates a very close
relationship of motion and muscle activity. This five step
walk shows an onset of muscle activity on every step. FIG.
9 shows a ~10 second segment of data taken from a two hour
set of data where a subject is walking. The bottom graph
shows inertial data with stationary periods displayed (1 g
when stationary, 0 g when active). Likewise, the top graph
shows the MMG data but with the same stationary period
overlaid (this time 0.2 g is stationary and O g is active,
however the pattern is the same). When walking analysis is
correctly calibrated the stationary periods can be placed over
the MMG data to give a representation of when steps were
taken in the muscle domain, further supporting walking
classification. It can be seen that activity, shown by more
sporadic spikes for both motion and muscle activity, are
apparent when the stationary period deems the subject to be
active, further confirming a successful classification.
[0142] Adapting the stick figure model to also show
muscle activity gives a new insight into motion and muscle
activity acting together. FIG. 10 shows a picture of subject
performing one of two tasks: standing upright (FIG. 10a),
and knee lifting of a 45 angle (FIG. 105). FIGS. 10c and 104
respectively show the computational stick figure represen-
tation of each task. FIGS. 10e to 105 show the data responses
of MMG (FIGS. 10e, 10/2) and accelerations of the upper leg
(FIGS. 10f, 10i) and lower leg (FIGS. 10g, 10)), for each of
the two tasks. The first task, standing upright, was to show
the very limited muscle activity (FIG. 10e) and motion
(FIGS. 10/, 10g) when no action is being performed. F1G. 10
shows this in the top three images, left to right, of the subject
standing still and upright, the computation model also show-
ing a straight non-motion activity, and then the data
responses with little movement. The bottom three images,
showing the knee lift task (FIG. 105), also display a picture
of a subject lifting the knee, the corresponding model (FIG.
10d), and the data activity (FIGS. 10/% to 10j). It is clear to
see when the subject lifts the knee from the motion data, but
with the MMG data also showing the muscle activity onsets
from lifting and dropping the knee.

[0143] Embodiments of the sensor apparatus described
herein can be lightweight, inexpensive, low power, wireless,
easy to use, and give results comparable to standard labo-
ratory techniques. In addition, the sensor apparatus may be



US 2019/0320944 Al

able to monitor motion and muscle activity over long
periods of time. Results show that some implementations of
this technology have a high accuracy when compared with
EMG readings. The sensor apparatus may be used in, for
example, motion/muscle activity pervasive measurements in
the context of rehabilitation monitoring, prosthetic control,
and general human activity.

[0144] FIG. 18 shows an exemplary flowchart for of
monitoring a maternal body for foetal movement. At the
obtaining operation 1802, motion signals are obtained from
a motion sensor attached to the maternal body, the motion
signals being indicative of sensed movement of the subject
in two or three dimensions. At the obtaining operation 1804,
vibration signals are obtained from one or more vibration
sensors attached to the maternal body, where the motion
signals and the vibration signals are obtained simultane-
ously. At the determining operation 1806, periods of mater-
nal activity are determined based on at least the motion
signals from the motion sensor. At the attenuating operation
1808, maternal vibration signals are attenuating or excluded
from the obtained vibration signals based on performing the
determining operation 1806. At the detecting operation
1810, vibrations associated with foetal movement are
detected based on a result of performing the attenuating
operation 1808.

[0145] In some embodiments, the method of FIG. 18
further includes determining an orientation of a foetus using
acoustic vibration signals obtained from an acoustic vibra-
tion sensor. In some embodiments, the method of FIG. 18
further includes generating a heart rate or a breathing rate
from the maternal or foetal body using the vibration signals
obtained from the one or more vibration sensors.

[0146] In some embodiments, the method of FIG. 18
further includes logging data related to the determined
periods of maternal activity and data relating to detected
periods of foetal movement. In some embodiments, the data
related to periods of maternal activity include maternal
activity intensity, speed of movement, duration of move-
ment, step count, walking motion, or movement type. In
some embodiments, the method of FIG. 18 further includes
correlating time of maternal activity with foetal movement.
[0147] In some embodiments, the method of FIG. 18
further includes logging data related to additional biomark-
ers from one or more sensors. In some embodiments, the
additional biomarkers comprise maternal blood pressure,
maternal blood glucose level, biomass, or iron count. In
some embodiments of the method of FIG. 18, the vibration
signals include acoustic signals, and the one or more vibra-
tion sensors includes one or more acoustic sensors. In some
embodiments, the method of FIG. 18 further includes track-
ing foetal movement using a combination of vibration and
force sensors.

[0148] FIG. 19 shows an exemplary flowchart for classi-
fying a pattern of movement, or a posture of, at least one part
of a human or animal subject. At the obtaining operation
1902, motion signals are obtained from a motion sensor
attached to the human or animal subject, the motion signals
being indicative of sensed movement of the human or
animal subject in two or three dimensions. At the obtaining
operation 1904, vibration signals are obtained from one or
more vibration sensors attached to the human or animal
subject, the vibration signals being indicative of sensed
skeletal muscle vibrations or other acoustic output corre-
sponding to foetal movements within the human or animal
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subject. The obtaining operations 1902 and 1904 can be
performed simultaneously so that the motion signals and
vibration signals are simultaneously obtained. At the clas-
sifying operation 1906, a pattern of movement, or a posture,
of at least one part of the human or animal subject is
classified using the motion signals and the sensed vibration
signals.

[0149] In some embodiments of the method of FIG. 19,
the at least one part of the human or animal subject com-
prises a foetus within the human or animal subject. In some
embodiments of the method of FIG. 19, the classified pattern
of movement comprises a foetal heart rate signal or foetal
breathing signal.

[0150] In some embodiments, the method of FIG. 19
further includes classifying a pattern of movement, or a
posture, of multiple articulating body parts of the human or
animal subject using the motion signals and the sensed
vibration signals. [n some embodiments, the method of FIG.
19 further includes controlling, based on the motion signals
and the sensed vibration signals, a signal provided to a
computer processor or a motive apparatus. In some embodi-
ments of the method of FIG. 19, the vibration signals are
skeletal muscle vibration signals.

[0151] Some of the embodiments described herein are
described in the general context of methods or processes,
which may be implemented in one embodiment by a com-
puter program product, embodied in a computer-readable
medium, including computer-executable instructions, such
as program code, executed by computers in networked
environments. A computer-readable medium may include
removable and non-removable storage devices including,
but not limited to, Read Only Memory (ROM), Random
Access Memory (RAM), compact discs (CDs), digital ver-
satile discs (DVD), etc. Therefore, the computer-readable
media can include a non-transitory storage media. Generally,
program modules may include routines, programs, objects,
components, data structures, etc. that perform particular
tasks or implement particular abstract data types. Computer-
or processor-executable instructions, associated data struc-
tures, and program modules represent examples of program
code for executing steps of the methods disclosed herein.
The particular sequence of such executable instructions or
associated data structures represents examples of corre-
sponding acts for implementing the functions described in
such steps or processes.

[0152] Some of the disclosed embodiments can be imple-
mented as devices or modules using hardware circuits,
software, or combinations thereof. For example, a hardware
circuit implementation can include discrete analog and/or
digital components that are, for example, integrated as part
of a printed circuit board. Alternatively, or additionally, the
disclosed components or modules can be implemented as an
Application Specific Integrated Circuit (ASIC) and/or as a
Field Programmable Gate Array (FPGA) device. Some
implementations may additionally or alternatively include a
digital signal processor (DSP) that is a specialized micro-
processor with an architecture optimized for the operational
needs of digital signal processing associated with the dis-
closed functionalities of this application. Similarly, the vari-
ous components or sub-components within each module
may be implemented in software, hardware or firmware. The
connectivity between the modules and/or components
within the modules may be provided using any one of the
connectivity methods and media that is known in the art,
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including, but not limited to, communications over the
Internet, wired, or wireless networks using the appropriate
protocols.
[0153] While this document contains many specifics, these
should not be construed as limitations on the scope of an
invention that is claimed or of what may be claimed, but
rather as descriptions of features specific to particular
embodiments. Certain features that are described in this
document in the context of separate embodiments can also
be implemented in combination in a single embodiment.
Conversely, various features that are described in the context
of a single embodiment can also be implemented in multiple
embodiments separately or in any suitable sub-combination.
Moreover, although features may be described above as
acting in certain combinations and even initially claimed as
such, one or more features from a claimed combination can
in some cases be excised from the combination, and the
claimed combination may be directed to a sub-combination
or a variation of a sub-combination. Similarly, while opera-
tions are depicted in the drawings in a particular order, this
should not be understood as requiring that such operations
be performed in the particular order shown or in sequential
order, or that all illustrated operations be performed, to
achieve desirable results.
[0154] Other embodiments are intentionally within the
scope of the accompanying claims. The example headings
for the various sections below are used to facilitate the
understanding of the disclosed subject matter and do not
limit the scope of the claimed subject matter in any way.
Accordingly, one or more features of one example section
can be combined with one or more features of another
example section.
What is claimed is:
1. A method of monitoring a maternal body for foetal
movement, comprising:
obtaining motion signals from a motion sensor attached to
the maternal body, the motion signals being indicative
of sensed movement of the subject in two or three
dimensions;
obtaining vibration signals from one or more vibration
sensors attached to the maternal body, wherein the
motion signals and the vibration signals are obtained
simultaneously; and
determining, based on at least the motion signals from the
motion sensor, periods of maternal activity;
attenuating or excluding, based on the determining,
maternal vibration signals from the obtained vibration
signals; and
detecting, based on a result of the attenuating or exclud-
ing, vibrations associated with foetal movement.
2. The method of claim 1, further comprising:
determining an orientation of a foetus using acoustic
vibration signals obtained from an acoustic vibration
sensor.
3. The method of claim 1, further comprising:
generating a heart rate or a breathing rate from the
maternal or foetal body using the vibration signals
obtained from the one or more vibration sensors.
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4. The method of claim 1, further comprising:

logging data related to the determined periods of maternal
activity and data relating to detected periods of foetal
movement.

5. The method of claim 4, wherein the data related to
periods of maternal activity include activity intensity, speed
of movement, duration of movement, step count, walking
motion, or movement type.

6. The method of claim 4, further comprising:

correlating time of maternal activity with foetal move-

ment.

7. The method of claim 4, further comprising:

logging data related to additional biomarkers from one or

more sensors.

8. The method of claim 7, wherein the additional bio-
markers comprise maternal blood pressure, maternal blood
glucose level, biomass, or iron count.

9. The method of claim 1,

wherein the vibration signals include acoustic signals, and

wherein the one or more vibration sensors includes one or

more acoustic sensors.

10. The method of claim 1, further comprising,

tracking foetal movement using a combination of vibra-

tion and force sensors.

11. A method of classifying a pattern of movement, or a
posture of, at least one part of a human or animal subject, the
method comprising:

obtaining motion signals from a motion sensor attached to

the human or animal subject, the motion signals being
indicative of sensed movement of the human or animal
subject in two or three dimensions;

obtaining vibration signals from one or more vibration

sensors attached to the human or animal subject, the
vibration signals being indicative of sensed skeletal
muscle vibrations or other acoustic output correspond-
ing to foetal movements within the human or animal
subject, wherein the motion signals and vibration sig-
nals are simultaneously obtained; and

classifying a pattern of movement, or a posture, of at least

one part of the human or animal subject using the
motion signals and the sensed vibration signals.

12. The method of claim 11, wherein the at least one part
of the human or animal subject comprises a foetus within the
human or animal subject.

13. The method of claim 12, wherein the classified pattern
of movement comprises a foetal heart rate signal or foetal
breathing signal.

14. The method of claim 11, further including:

classifying a pattern of movement, or a posture, of mul-

tiple articulating body parts of the human or animal
subject using the motion signals and the sensed vibra-
tion signals.

15. The method of claim 11, further including:

controlling, based on the motion signals and the sensed

vibration signals, a signal provided to a computer
processor or a motive apparatus.

16. The method of claim 15, wherein the vibration signals
are skeletal muscle vibration signals.
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