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Andrea Cereatti, Assistant Professor, University of Sassari, Italy

Title: Accurately measuring human movement using magneto-inertial sensors: techniques and
challenges

Abstract: Walking efficiently is fundamental to maintaining an independent style of life. In this
context, instrumented gait analysis is a powerful tool to assess motor capacity and performance as
well as to diagnose and plan for intervention. The intent of this talk is to present an overview of
conceptual, analytical and experimental elements to quantitatively describe human movement, with
specific focus on gait using magneto-inertial sensors. It includes a review and a taxonomy scheme of

the techniques for the estimation of the spatio-temporal gait parameters and joint kinematics.
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Human gait

MHuman walking is a risky business. Without
split-second timing man would fall flat on his
face; in fact with each step he takes, he
teeters on the edge of catastropheo

John R. Napier (British paleoanthropologist, 1917 1 1987)

Iil UINNISS MM IEEE ISISS 2015



Falls injury episodes
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Falls injury episodes

In 2012, the direct medical costs of older adult falls,
were $30 billion.
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Fake and real fallsé
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Fake and real fallsé

B uniss MR IEEE ISISS 2015



Performance assessment

Performance describes what a person actually does
In his/her daily environment.

World Health
Organization
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Requirements

Flashcards Daily Routines 2 www.kids-pages.com

Prolonged recordings

go shopping read the paper clean the house
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Requirements

now walk normally...

Unobtrusive
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Requirements

Simple to use

\

& uniss §

IEEE ISISS 2015



Requirements

Self-contained
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The Holy Grail gue
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éefor new systems of me

J. Biomechanics, 1973, Vol. 6, pp. 729-736. Pergamon Press. Printed in Great Britain

ACCELEROMETRY—A TECHNIQUE FOR THE
MEASUREMENT OF HUMAN BODY MOVEMENTS*

J. R. W. MORRIS

Nuffield Department of Orthopaedic Surgery, University of Oxford, and Department of
Engineering Science, University of Oxford

Abstract—A summary of the indications for new systems of measurement is given, with par-
ticular reference to the advantages and potential hazards in the use of accelerometers. A study
of the movement of the shank, or lower leg, using accelerometers is reported. The paper con-
cludes that improved transducers will allow this method to be extended to the study of the
movement of other parts of the body. An Appendix shows how the signals from six accelero-
meters may be used to define completely the movement of a body in space.
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éf or sgseems of measurements é

J. Bomechanics, 1973 ‘

éi ndications for new syst elms

ét hat 1 mproved transducers wj
extended to the study of the movement of other parts of the
bodyé
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The prophecy
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Technol ogi cal advanc

Fig. 3. The accelerometer mounting platform, showing five accelerometers and other as-
sociated electrical components.

ACCELEROMETRY—A TECHNIQUE FOR THE
MEASUREMENT OF HUMAN BODY MOVEMENTS*

J. R. W. MORRIS

1973

B uniss

IEEE ISISS 2015



Technol ogi cal advanc
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Fig. 3. The accelerometer mounting platform, showing five accelerometers and other as-
sociated electrical components.

ACCELEROMETRY—A TECHNIQUE FOR THE —_— S : :
MEASUREMENT OF HUMAN BODY MOVEMENTS* cou rte Sy www.mems.san d ia. g oV

J. R. W. MORRIS

1973 present
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Accurately measuring human movement

when the final aim of the observation follows a
scientific or an evidenced-based professional
approach,

validity and reliability, and cost effectiveness
become crucial issues.
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Abstraction of kinematic behaviours
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Material point kKinematics approach

For each instant of time |

Position, velocity, acceleration
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Rigid body kinematics approach
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Rigid body kinematics approach

**

VA

70
60
50
40
304
20
10

20,

10.

-10

-20

-30]

Angular displacements

Flex/Ext

Ab/Ad

:

In/Ex Rot.

N

o

walking cycle [%]

100

Linear displacements

M uniss RS

IEEE ISISS 2015



Rigid body kinematics: Technical frame orientation

FIRST CHALLENGE

To determine
the orientation of a technical frame
fixed to the body segment

IEEE ISISS 2015



Rigid body kinematics: Anatomical calibration

SECOND CHALLENGE

To identify
the anatomical frame of the bone with
respect to technical frame

______
~

4

U4
U4
V4
, - - -
kK t|a Time Invariant
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Magneto-inertial measurement system

Yg

orientation vector

id, =%, ‘g, ‘)

X9

Accelerometer Gyroscope Magnetometer

MARG (Magnetic field Angular Rate and Gravity)
MIMU (Magnetic and inertial measurement unit)
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Global coordinate system definition
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Global coordinate system definition
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Global coordinate system definition
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For sea turtl es, t her eods
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Current Biology, Brothers et al. (2015): "Evidence for Geomagnetic Imprinting and
Magnetic Navigation in the Natal Homing of Sea Turtles"
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Orientation estimate in dynamic condition
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Orientation estimate in dynamic condition

i : : :
Single integration % .
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Sabatini, Sensors, 2011
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Orientation estimate: inaccuracy errors

axis about which the
rotation occurs

Sensor noise
characteristics

type of movement
analyzed

presence of ferromagnetic

[ sensor fusion
disturbances

algorithms implemented}

Different results reported in the literature: attitude average errors from 1° to 5.5° and

heading average errors from 1° to 21°
Bergamini et al., Sensors, 2014

B uniss MR IEEE ISISS 2015



Orientation estimate: inaccuracy errors

Py v
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Avoiding ferromagnetic
disturbances




Rigid body kinematics

Estimate of a technical frame orientation

Yt : FIRST CHALLENGE
| \i\ To determine
; the orientation of a technical frame
For eacl I Pt
Anatomical calibration
o > SECOND CHALLENGE
X
9 To identify
& uni the anatomical frame of the bone with
o - IEEE SIS respect to technical frame
J
i IT&_l Time invariant
Yg
g
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Anatomical calibration

Functional Imposition of joint Direct anatomical landmark
approach constraints identification
'l

O6Donovan et al ., 2Cb@¢eretal, 2009 Picerno, Cereatti, Cappozzo, 2008
Favre et al., 2008, 2009, 2010 Seel et al., 2014

Cutti et al, 2010

van den Noort et al., 2013

Cereatti et al., unpublished
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Anatomical calibration

Functional
approach

«

O6Donovan et a l
Favre et al., 2008, 2009, 2010
Cutti et al, 2010

van den Noort et al., 2013

., 2007

& uniss §

IEEE ISISS 2015



Functional approach: hip joint center

Being a perfect spherical hingeé

Cereatti et al., JBJS (2010)
McGinnis and Perkins, JoB, (2013)
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Functional approach: femur medio-lateral axis

the knee joint has a dominant and well-defined degree of freedom

from Colle et al., ISTA 2014
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Functional approach: femur anatomical frame

-

o /
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Functional approach: femur anatomical frame

Differences in the execution of joint motions
may Influence the repeatabillity in the
identification of the anatomical axes
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Anatomical calibration

Imposition of joint
constraints

3DoF .

2Cbd@per et al., 2009
Seel et al., 2014
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Imposition of joint constraints

Knee sagittal view
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Imposition of joint constraints

gdA

gdB
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Imposition of joint constraints

It can only be applied to joints with DoFs O |2
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Anatomical calibration

Direct anatomical landmark
identification

Picerno, Cereatti, Cappozzo, 2008
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Direct anatomical landmark identification

8 uniss B IEEE ISISS 2015



Direct anatomical landmark identification




Direct anatomical landmark identification

4 ;

B uniss MR p———



Direct anatomical landmark identification

Za
€

t

N &
A\

1

Picerno, Cereatti, Cappozzo, G&P (2008)
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Direct anatomical landmark identification

It requires an additional calibration device
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Abstraction of kinematic behaviours

Rigid body kinematics approach
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Abstraction of kinematic behaviours

Rigid body kinematics approach

*1 Flex/Ext

Knee joint In/Ex Rot.
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Linear displacements

Material point kinematics approach

For each instant of time |

0

walking cycle [%]

i uniss

IEEE IS

Position, velocity, acceleration
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Material point kinematics

Material point kinematics approach

For each instant of time /

Position, velocity, acceleration

& uniss I
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Position estimation

as,i = a'p,i -0
ap,i ) | aS,i
ﬂ | Gravity removal |
Vig =V T as,i CDt V.
|

1°integration

S, =S +Vv, Mt

2° Integration
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Position estimation

Single fF\
integration ¥ )
Gravity >
———
Gravity Double S
. . —>
removal Integration
—
North 4
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Orientation estimation
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Position estimation
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Position estimation

Unit still on the table C s=0

ASignal drift / Constant gyro bias
Arobias e g, = ppudit=Dwo
B uniss B2
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Position estimation

Unit still on the table C s=0

ASignal drift / Constant gyro bias
Agyro bias - _ L .
gy— Tilt Gerror = Fm/@t =Dw@®

Velocity Verror — f&@]error)cmt =P D@t = E g Owd’
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Position estimation

Positional errors growing

with t3 1!
ASignal drift / Constant gyro bias
Agyro bias Tit g = fm/ it = Dy
Velocity Verar = 19 Deror ) Bt = g DU = % g Dw
Position Semor = [Verror @It = ﬁ% g Dw@’ 8C'mt = % g D
M uniss Mg ¢ -
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Position estimation

At the current state of the art,
the problem of the position estimates
can be solved only for specific
conditions!

IEEE ISISS 2015



Position estimation: human bipedal locomotion

\L 5 7\ AQL i)\ { AAQZ&L} ¢ /&j/(_ .
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Position estimation: human bipedal locomotion
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Displacement estimation

--------------------------------------------------------
. .
.

. AN

| &

A 4

Aaccelerations
Aangular velocities
Amagnetic field vector
Aorientations

[ Gaiteventsdetection J

. *
" .*
-------------------------------------------------------

Two units attached over the ankles
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Temporal events identification: physiological gait

W

Aminian et al., JoB, (2002)
Zijlstra and Hof, G&P, (2003)
Mannini et al., G&P (2012)
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Temporal events identification: pathological gait
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Physiological VS Pathological
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Looking at the siI gt
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Looking at the siI gt
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Temporal events identification

\
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The «invariants» of human gait

a) the two lower limbs alternate their swing phase while the
opposite foot is in contact with the ground

contact contact contact contact

FC IC




The «invariants» of human gait

b) at some point in stance there is at least one foot point fixed with
respect to the ground (i.e. no sliding)

FC IC

Peruzzi, Della Croce, Cereatti, JoB (2011)
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The «invariants» of human gait

C) swing begins with a roto-translation of the shank and ends with
foot impact with the ground
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Gait phase segmentation

10 [

sampleq1 div = 5Gample3




Gait phase segmentation

TsT

samplegq1 div = 50 samples)
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Gait phase segmentation

Finalcontact researchwindow (TFQ Initial contactresearchwindow (Tic)
TFC Tic TFC Tic
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Initlal and final contacts detection

TFC Tic

Samples (1 division = 20 samples)

Aminian et al. G&P (2004)
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Acceleration signals
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