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Bedy fall protection system

The inventicon relates to a body fall protection sys-
tem comprising a device to prevent or to delay ccmpletion of
a fall and/or an inflatable body wearable device to counter
the impact of a fall, and at least one senscr provided on a
user’s body to collect information about actual body motion,
which is used fo activate the device to prevent or to delay
completion of the fall and/or the inflatable body wearable
device to counter the impact of the fall.

The article entitled “Body Fall Detection with Kal-
man Filter and S5VM”, by Paulo Salgado and Paulo Alfonso, pub-
lished in CONTROLO’ 2014 - Proceedings ¢f the 11lth Portuguese
Conference on Automatic Control, Lecture Notes in Electrical
Engineering 321, by A.P. Moreira et. Al.; Springer Interna-
tional Publishing Switzerland 2015 presents an approach for
human bedy fall detection that can be supported with a modern
smart phone equipped with acceleratcr sensors. The article
reports that falling is one of the most significant causes of
injury, mainly for elderly citizens, and is one of the rea-
sons why many individuals are forced to leave the comfort and
privacy of theilr homes and live in an assisted-care environ-
ment. The acceleration measured by the sensor is utilized to
cellect information about the body motion and is used to de-
velop a robust algerithm to accurately detect a fall. The da-
ta 1s incorporated by a real-time pose body model which is
identified with an extended Kalman filter algcrithm. Moreo-
ver, a support vector machine performs a binary classifica-
tion of the observed data, allowing the detection of fall in-
cidents. The reported pose body model is purely kinematic, as
it does not take into account mass properties (like inertia)
and equations of motion of the human upper body. It also does
not include a model ¢f the motions of the human lower body
(such as the legs), as it does likewise nct include control
reactions of the human trying to maintain its balance and
pace.

US2014/0260714 disclcses a pertable gyroscopic as-

sisted system mounted on a user’s body to influence the ori-
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entation of said users having difficulty with balancing dur-
ing their gait. The system comprises a plurality of sensors
to detect a pre-fall condition of the user to control the gy-
roscopes in order to produce a control moment on the user to
prevent or slow down a fall.

W02012/104833 discloses an active hip protector sys-
tem to prevent hip fracture. The hip protector system com-
prises a belt like pcuch, worn over the user’s waist, con-
taining airbags which are inflated toc ensure that the user’s
thighs will not hit the greound upen impact once the system
detects a fall. The system inccorporates measurement sensors
and acceleration and spatial orientation sensors to enable
reliable detection of an impending collision with the ground.

It is an cbject of the invention to further develop
the prior art into a system that provides improved detection
of a fall, and is capable tc provide better results in pre-
venting the fall or at least reducing the impact.

It is another cbject of the invention tc provide in-
creased accuracy 1n detecting and protecting against a fall
without depending on huge amounts of data in a database in
order to classify the observed senscr data for the detection
of a fall incident.

It is still znother object of the invention to im-
prove the reliability of the detection of a fall incident.

Thegse and other cokjects of the invention which will
become apparent from the following disclosure are provided by
a body fall protection system having the features of one or
more of the appended claims.

In a first aspect of the invention the system com-
prises a real-time dynamic body model which reflects the hu-
man metion based on equations of motion of human bodily
parts, which model is monitored with an cbserver to provide a
state estimation of the body based on the real-time dynamic
body model and on information collected with the sensor, and
comprising a decision corgan for detecting a fall based on the
state estimation provided by the observer, wherein the deci-
sion organ for detecting the fall controls the device to pre-

vent or to delay completion of the fall respectively controls
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the inflatable body wearable device to counter the impact of
the fall.

A notable difference that the invention preferably
provides over the prior art is that the model defines a rela-
tion between forces or torques acting on the bodily parts and
movements of such bodily parts, which leads to higher accura-
cy and reliability in the prediction cof an imminent fall and
conseguently in improved and reliable prevention that the ad-
verse consequences of a fall will materialize.

A feature of the system of the invention is that the
said device that is used to prevent or to delay completion of
the fall and/or to mitigate the consequences of the fall hin-
ders the user to the least possible extent for which it is
preferable that it concerns an active device, wherein the de-
cision organ for detecting the fall contrels said device to
prevent or to delay completion of the fall respectively con-
trols said device toc mitigate the consequences of the falli.

The ease of using the body fall protection system of
the invention is promoted by arranging that the at least one
sensor and the remainder of the system are integrated with
the device to prevent or to delay completicn of the fall re-
spectively are integrated with the device to mitigate the
consequences of the fall.

In one suitable embodiment the device to prevent or
delay completion cof the fall is a robotic assistive device.
This can be an excskeleton but preferably this robotic assis-
tive device comprises a backpack containing control moment
gyroscopes. An example of that teaches US2014/0260714 Al and
is described in detail in NL 2014927.

In 2 second aspect of tThe invention the system com-
prises as an alternative or in addition to the device to pre-
vent or to delay cempletion of the fall, an inflatable body
wearable device to counter the impact of the fall. Such an
inflatable body wearakle device is advantagecusly worn around
the waist of the user to prevent the most common injury of a
broken hip. For that purpose it is beneficial that the deci-
sion organ for detecting the fall controls fthe inflatable

body wearable device tc initiate its inflation when a fall is
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detected.

Although the invention can be applied with many
different models of human movement it is preferred that the
real-time dynamic body model comprises a model of one or two
rigid or flexible legs, particularly spring legs with linear
spring properties. In its simplest embodiment this is an in-
verted pendulum model, wherein the human upper body is mod-
elled as a point mass located at the hip jeint. Such an in-
verted pendulum model with spring legs is for example dis-
closed in “Compliant leg behaviour explains basic dynamics of
walking and running”. Hartmut Geyer,l,* Andre Seyfarth,l and
Reinhard Blickhan?2, Proc Biol Sci. 2006 Nov 22; 273(1603):
2861-2867, available at
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1l664632/.

It is further preferred that the model predicts foot

placement for which purpose the real-time dynamic body model
preferably calculates the relative location of an equivalent
ground support point with respect to an upper body’s centre
of mass.

The location of the equivalent ground support point
is preferably calculated from the force F and the moment M
obtained from dynamic equilibrium equations, by solving for
the vector r in the creoss product M p=r x F in combination
with the assumpticn that the length of r is equal to the leg
length 1, whereby r is an unknown vector from the centre of
mass of the body to the eguivalent ground support point, and
M p is the projection of the moment vector M into a plane
that is orthogonal toc the direction of F.

The location of the ground support force, also
called the centre of pressure, 1s a valuable and widely used
intuitive measure to quantify human balance. When the hori-
zontal distance between the centre of mass and the equivalent
ground support point is large, this implies that the user is
not in static equilibrium and at risk of falling. Note that
this measure dces not necessarily quantify the location of a
foot on the ground. Instead, 1t can be a combination of sup-
port forces from the legs, the arms, and other body parts,

for example when sitting in a char. Therefcre, the measure is
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only called an eguivalent ground support distance. Regardless
of the nature and location of the forces, for static equilib-
rium the line of action of the resultant force of all these
contacts would be vertical and intersect the centre of mass
of the concerning person.

Suitably the equivalent ground support pcint is cal-
culated by combining equations for dynamic equilibrium F=m*a
and M=dH\dt, with H= I*omega, whereby
F: sum of forces acting on the body
m: mass cf the body
a: acceleration of the body’s centre ¢f mass
M: sum of moments acting on the body, assumed to be caused by
the sum ¢f forces F acting at the equivalent ground sup-port
point
H: angular momentum of the body
I: inertia tensor of the body
omega: angular velocity vector c¢f the body
dH/dt: derivative of angular momentum H with respect to time.

Given the intuitive interpretation of the egquivalent
ground support distance, this measure can be used for fall
detection in a simple way, preferably in such a way that the
fall detection system detects a fall when the horizontal dis-
tance between the body’s centre of mass and the equivalent
ground support exceeds a preselected numerical value for mul-
tiple time instances. Preferably, this is combined with an-
other threshold on the vertical wvelccity, in order to aveid
false alarms.

The reliability and accuracy of the model for fall
detection can be further improved by arranging that the human
upper body is mcdelled as a rigid body with nonzero rotation-
al inertia, with preferably its centre of mass located above
the hip jeint. Preferably further the real-time dynamic body
model predicts hip torques based on the so-called virtual
pivot point model. Such a mechanical model of the human body,
which includes spring-loaded legs and a rigid upper body and
hip torque prediction, i1s for example disclosed the article
“Upright human gait did not provide & major mechanical chal-

lenge for cur ancestors”, by H. M. Maus et. Al., 2010 Macmil-
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lan publishers Limited, available online at

www.nature.com/naturecommunications.

Preferably the at least one sensor is an inertial
measurement unit which can be provided to a user’s body near
the waist. More preferably the at least one sensor comprises
three inertial measurement units that are placed around a us-
er’'s body near the waist, suitably arranged symmetrically
with two in front and one in the back.

Accuracy is secured by the arrangement that the ok-
server derives from the real-time dynamic bcdy model a state
estimation of the body centre of mass pocsition and velocity,
and the upper body angular orientation and velocity.

The observer as used in the invention can be com-
bined with conventional kinematic infeormation. In particular,
a vertical velccity equivalent of the body can be obtained by
integrating the vertical acceleration of the centre of mass,
as obtained from an inertial measurement unit placed close to
the centre of mass. In order to aveid drift, it is preferable
that this integration is only performed when the acceleration
in the vertical direction exceeds a given dead band around a
static resting position, preferably symmetrical in both di-
rections and preferable apprecximately based on a gravitation-
al acceleration constant.

One of the nice features of the invention is that
the system can differentiate between a fall to the left and a
fall to the right based on body angular velocity and body in-
clination, in order to inflate only a single side of the body
wearabkle device,.

A major benefit of using a dynamic model that medels
the human behaviour as proposed in a system for detecting a
fall according to this invention is that extensive databases
tc derive from the sensor data that a fall may be imminent,
are no longer regquired and that also other information de-
rived of the dynamic model can be reliably used for detecting
a fall. The reliability and accuracy of the model for £fall
detection can be further improved via adaptive control which
makes possible that the model parameters can adapt to a par-

ticular human subject.
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Making use of the mentioned types of real-time dy-
namic body models it is also poessible to reduce on the number
of sensors to be applied te menitor actual motion behaviour
of the user. In fact it becomes possible that the at least
one sensor is a single inertial measurement unit or two or at
mest three inertial measurement units provided to the user’s
boedy near its waist. One important advantage of the invention
is that sensors zpplied to the legs of the user are unneces-
sary. This highly improves on acceptance of the system for
every-day use, particularly also since the single sensor and
the further instrumentation embodying the system can be inte-
grated with the device to prevent or to delay completion of
the fall and/or the device to reduce the impact of the fall,

notably the inflatable wearakle device.

One aspect of the invention that contributes to the
feature that extensive databases are avoided, is that the ob-
server derives frcm the real-time dynamic body model a state
estimation of relevant motion parameters of the body such as
the body centre of mass position and velocity, and the upper
body angular orientation and velocity.

Accurate use can be made of the estimated states of
the user by implementing the observer as a Kalman filter,
which filter is known per se to the skilled person. Prefera-
bly an unscented Kalman filter or an extended Kalman filter
is used.

The invention will hereinafter be further elucidated
with reference to the drawing of an exemplary embodiment of
an apparatus according to the invention that is not limiting
as to the appended claims.

In the drawing:

- figure 1 shows a first embodiment of an activated
body fall protection system according te the invention;

- figures 2 and 3 show the body fall protection sys-
tem of figure 1 when worn by a dummy representing a user;

- figure 4 shows a second embodiment of a body fall
protection system according to the invention:

- figure 5 shows a basic scheme of a real-time dy-

namic body model and an observer of the system shown in fig-
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ure 1; and

- figure 6 shows a more detailed representation of
the real-time dynamic bedy model of figure 5.

Whenever in the figures the same reference numerals
are applied, these numerals refer to the same parts.

Figure 1 shows a first embodiment of the body fall
protection system 1 of the invention, embodied with a belt 8
which can be worn by a user as shown in figure 2 and figure
3. The belt 8 carries inflatables 3, 4 which are activated
for illustrative purposes and that serve to mitigate the con-
sequences of the fall. Figure 2 shows the front of a dummy 9
wearing the body fall protection system 1, and figure 3 shows
the back of the dummy 9 wearing this fall protection system
1.

Preferably at the back of the belt 8 a main unit 7
is mounted in which at least one senscr (not shown but de-
picted with reference 18 in figure 5 to be discussed herein-
after) is mounted, which may thus be provided on the body of
a user to collect information about the user’s actual body
motion. It is in some applications preferalkle that there are
three inertial measurement units placed around a user’s body
near the waist, suitably arranged symmetrically with two in
front and one in the back. As will be discussed hereinafter
with reference to figures 5 and 6, the main unit 7 also com-
prises a real-time dynamic body model menitored with an ob-
server to provide a state estimation ¢f the body of the user,
and comprises a decision organ for detecting a fall based on
the state estimation provided by the observer.

bAs already mentioned and shown in figure 1, the sys-
tem 1 comprises an inflatable body wearable device 3, 4 to
counter the impact ¢f an unintentional fall of the user. Fig-
ure 2 and figure 3 clearly show that the inflatable bkody
wearable device 3, 4 can be worn around the waist cf a user.
Preferably the at least ocne sensor in the main unit 7 is an
inertial measurement unit. As will be clear from figures 1 -
3, the at least one senscr and the remainder of the system 1
are integrated with the inflatable body wearable device 3, 4

which makes wearing the system easy and contributes to the
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acceptance of the system by the intended user.

The main unit 7 preferably includes a CPU connected
to the at least one sensor in this unit 7, wherein said CPU
is further provided with a memory and arranged to operate ac-
cording to software implementing the real-time dynamic body
model and the observer as well as the decision organ for de-
tecting a fall, as will be explained hereinafter with refer-
ence to figures 4 and 5. Furthermore one thing and another is
arranged to control the inflatable body wearable device 3, 4
to initiate its inflation when a fall is detected. Figure 3
shows for that purpose pneumatic lines 10 leading from the
main unit 7 to the inflatable body wearable device 3, 4 to
inflate the tubes within this device.

In figure 4 a second embodiment cf the body fall
protection system 1 of the invention is shown, embodied again
with a belt 8 which can be wcrn by a user 9. In this embodi-
ment the belt 8 carries a device 19 to prevent or to delay
completion of the fall, which is preferably a robotic assis-
tive device 20. The robotic assistive device 20 comprises a
backpack 21 containing contrcl moment gyroscopes 22.

Comparable to what is shown in figure 1, at the back
of the belt 8 2 main unit can be provided in which at least
one senscr is mounted, which may thus be provided on the bedy
of the user 9 to collect informaticon about the user’s actual
body motion. As will be discussed with reference to figures 5
and 6 hereafter, the main unit further comprises a real-time
dynamic body model which reflects the human gait based on
equations of motion of human bodily parts, preferably includ-
ing their respective masses and moments of inertia, and moni-
tored with an observer to provide a state estimation of the
bedy of the user 9, and comprises a decision organ for de-
tecting a fall based on the state estimation provided by the
observer. When it is thus detected that a fall is imminent,
the decision organ activates the device 19 causing that the
control moment gyroscopes 22 prevent or delay completion of
the fall.

For sake of completeness it is remarked that the de-

vice 3, 4 to mitigate the conseguences of a fall as shown in
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figure 1, and the device 19 to prevent or delay a fall as
shown in figure 4 can alsoc be applied simultaneously.

Reference is now made to figures 5 and 6 to explain
the real-time dynamic body model and the observer as well as
the decision organ for detecting a fall as used in the system
1 of the invention.

In figure 5 a block scheme is provided showing the
real-time dynamic body model 11 as used in the invention and
monitored with an observer 12 to prcovide a state estimation
13 of the body of the user. The gbserver 12 also uses infor-
mation from the at least one senscr 18 to improve the accura-
cy of the state estimation 13. A decision organ 14 receives
the state estimation 13 and uses this to inflate at the ap-
propriate time the body wearable device 3, 4 of figure 1 when
detecting a fall based on the state estimation 13 provided by
the observer 12. Alternatively or in addition the decision
organ 14 can also activate the device 19 shown in figure 4
when this device is used, which serves to prevent or delay
the fall. The manner in which this device operates is ex-
plained in US2014/0260714 Al and is described in NL 2014927.

In figure & an exemplary more detailed scheme is
provided regarding the real-time dynamic body model 11, which
basically may comprise a dynamic model 15 of the human gait
applying an extrapoclated centre of mass which predicts foot
placement, as well as a virtual pivot point model 16 for pre-
dicting hip torgue. A detailed explanation of these two mod-
els is provided by the articles “The extrapolated centre of
mass concept suggests a simple control of balance in walk-
ing”, by At L. Hof, available online at
www.sSclencedirect.com, Human Movement Science 27 (2008), 112
-115, and the article “Upright human gait did not provide a
major mechanical challenge for our ancestors”, by H. M. Maus
et. Al., 2010 Macmillan publishers Limited, available cnline
at www.nature.com/naturecommunications. The content of both
articles is deemed incorporated herein by reference.

Preferential features of the real-time dynamic kody
model 11 as applied in the invention are that the real-time

dynamic body model 11 is an inverse-dynamic model that calcu-
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lates the relative location of an equivalent ground support
point with respect to an upper body’s centre of mass. In this
connecticn the mentioned equivalent ground support point is
calculated by combining equations for dynamic eguilibrium
F=m*a and M=dH/dt, with H= I*omega, whereby

F: sum of forces acting on the body

m: mass of the body

a: acceleration of the body’s centre of mass

M: sum of moments acting on the body, assumed to be caused by
the sum of forces F acting at the equivalent ground sup-port
pcint

H: angular momentum of the body

I: inertia tensor c¢f the body

omega: angular velocity vector of the body

dH/dt: derivative of angular momentum H with respect to time.

The observer 12 shown in figure 5 derives from the
real-time dynamic body model 11 a state estimation of the
body centre of mass position and velocity, and the upper body
angular orientation and velocity, which are collectively re-
ferred to in figure 6 with & single reference 17. The centre
of mass position is preferably provided with respect tc an
equivalent ground support point.

Determining the state estimation preferably includes
a feature wherein the observer 12 calculates a vertical ve-
locity equivalent of the body by integrating an acceleration
of the centre c¢f mass in vertical direction only when the ac-
celeration in the vertical direction exceeds a preselected
dead band around a static resting position, preferably sym-
metrical in beth directions and preferable approximately
based on a gravitational acceleration constant.

& further preferable feature is that the system dif-
ferentiates between a2 fall to the left and a fall to the
right based on body angular velocity and body inclination, in
order to inflate only a single side of the body wearable de-
vice 3, 4.

For sake of completeness it is mentioned that the
observer 12 is preferably an unscented Kalman filter, alt-

hough other types of observers are usable as well and can ke
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selected depending on the circumstances of the case. One no-
table example is the application of an extended Kalman fil-
ter. Another notable example is the embodiment mentioned
above whearein the observer computes the forces and moments
using inverse dynamics of a mechanical model of the upper
body, and derives from these the eguivalent greound support
distance. In that case, filtering is not strictly necessary.
Although the invention has been discussed in the
foregoing with reference to an exemplary embodiment of the
body fall protection system of the invention, the invention
is not restricted tc this particular embodiment which can be
varied in many ways without departing from the invention. The
discussed exemplary embodiment shall therefore not be used to
construe the appended claims strictly in accordance there-
with. On the contrary the embodiment is merely intended to
explain the wording of the appended claims without intent to
limit the claims tTo this exemplary embodiment. The scope of
protection of the inventicon shall therefore be construed in
accordance with the appended claims only, wherein a possible
ambiguity in the wording of the c¢laims shall ke resolved us-—

ing this exemplary embodiment.



10

15

20

25

30

35

WO 2017/146571 13 PCT/NL2017/050107

CLAIMS

1. Bedy fall protection system (1) comprising in
combination a device {(19) to prevent or to delay completion
of the fall and/or an inflatable body wearable device (3, 4)
to counter the impact of the fall, and at least one sensor
(18) provided on a user’s body to collect information about
actual body motion, characterized in that the system (1) com-
prises a real-time dynamic body model (11) which reflects the
human motion based on equaticns of motion of human bodily
parts, which model (11) is meonitored with an observer (12) to
provide a state estimation (13) of the body based cn the re-
al-time dynamic body model (11} and on information collected

with the sensor (18), and comprising a decision organ (14)
for detecting a fall based on the state estimation (13} pro-
vided by the observer (12), wherein the decisicn organ (14)
for detecting the fall controls the device (19) to prevent or
to delay completicon of the fall respectively controls the in-
flatable body wearable device (3, 4) to counter the impact of
the fall.

2. Bedy fall protection system according to claim 1,
characterized in that the model (11) defines a relation be-
tween forces or torgues acting on the bodily parts and move-
ments of such bodily parts.

3. Bedy fall protection system according to claim 1
or 2, characterized in that the at least one senscr (18) and
the remainder ¢of the system are integrated with the device
(19) to prevent or to delay completion of the fall respec-
tively are integrated with the inflatable body wearable de-
vice (3, 4) to mitigate the conseguences of the fall.

4. Bedy fall protection system according to any one
of claims 1 - 3, characterized in that the device (128) to
prevent or delay completion of the fall is a roboctic assis-
tive device (20).

5. Body fall protection system according to claim 4,
characterized in that the robotic assistive device (20} com-
prises a backpack (21) containing control moment gyroscopes
(22) .
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6. Body fall protection system according to any one
of claims 1 - 5, characterized in that the inflatable body
wearable device (3, 4) is wearable around a user’s waist.

7. Body fall protection system accerding to any one
of claims 1 - 6, characterized in that the decision organ
(14) for detecting the fall controls the inflatable beody
wearable device {3, 4) tec initiate its inflation when a fall
is detected.

8. Body fall protection system according to any one
of claims 1 - 7, characterized in that the real-time dynamic
body model (11} comprises a model of one or two rigid or
flexible legs, particularly spring legs with linear spring
properties.

9. Body fall protection system according to any one
of claims 1 - 8, characterized in that the real-time dynamic
body model (11} calculates the relative location of an equiv-
alent ground support point with respect to an upper body’'s
centre of mass.

10. Body fall protection system according to claim
9, characterized in that the eguivalent ground support point
is calculated by combining ecuations for dynamic egquilibrium
F=m*a and M=dH/dt, with H= I*omega, whereby
F: sum of forces acting on the body
m: mass of the body
a: acceleration of the body’s centre of mass
M: sum of moments acting on the body, assumed to be caused by
the sum of forces F acting at the equivalent ground support
point
H: angular momentum of the body
I: inertia tensor of the body
omega: angular velcocity vector of the body
dH/dt: derivative of angular momentum H with respect toc time.

11. Body fzll protection system according to any one
of claims 1 - 10, characterized in that the real-time dynamic
body model (11) comprises a model cof the human upper body
which is modelled as a rigid body with nonzeroc rotational in-
ertia.

12. Body £fall protection system according to any one
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of claims 1 - 11, characterized in that the real-time dynamic
body model (11) comprises a model cf the human upper body
which is modelled with its centre cof mass located above the
hip joint.

13. Body fall protection system according to any
one claims 1 — 12, characterized in that the at least one
sensor (18) is an inertial measurement unit which can be pro-
vided to a user’s body near the waist.

14. Body fall protection system according to any one
claims 1 — 13, characterized in that the at least one sensor
(18) comprises three inertial measurement units that are
placed around a user’s body near the waist, preferably ar-
ranged symmetrically with two in front and one in the back.

15. Beody fall protection system according to any one
of claims 1 -~ 14, characterized in that the observer (12) de-
rives from the real-time dynamic body model (11) a state es-
timation (13} of the body centre of mass position and velocci-
ty, and the upper body angular crientation and velocity.

16. Body fall preotection system according to any of
the preceding claims 1-15, characterized in that the ocbserver
(12) calculates a vertical velocity equivalent of the body by
integrating an acceleration of the centre of mass in vertical
direction only when the acceleraticn in the wvertical direc-
tion exceeds a preselected dead band around a static resting
position, preferably symmetrical in both directions and pref-
erably approximately based on a gravitational acceleration
constant.

17. Body fall protecticn system according to any of
the preceding claims 1-16, characterized in that the system
differentiates between a fall to the left and a fall to the
right, preferably based on body angular velocity and body in-
clination, in order tc inflate only a single side of the body
wearable device (3, 4).

18. Body fall protection system according to any one
of claims 1 - 17, characterized in that the observer (12) is
a Kalman filter, preferably an unscented Kalman filter or an

extended Kalman filter.
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