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6-DOF SUBJECT-MONITORING DEVICE
AND METHOD

?bre optic (US. Pat. No. 6,175,108); and pendulum (US.
Pat. No. 6,422,076). In addition to accelerometers, gyro
scopes of various descriptions can be used to measure

angular velocities (see US. Pat. No. 6,192,756 to Kikuchi et

RELATED APPLICATIONS

al.).
Reference is made to Provisional Application No. 60/343,
396, ?led on Dec. 21, 2001, With respect to Which priority
is claimed pursuant to 35 U.S.C. § 119(e).
FEDERALLY SPONSORED RESEARCH

Accelerometers measure linear or translational accelera

tion With respect to an axis, referred to as “the axis of
measurement” of the accelerometer. The standard acceler
10

There are also devices in Which multiple accelerometers are
aggregated in a common package, Which device may then
have tWo (biaxial) or three (triaxial) axes of measurement.
As used herein, the term “accelerometer module” refers to

The US. Government has a paid-up license in this inven

tion and the right in limited circumstances to require the
patent oWner to license to others on reasonable terms as

provided by the terms of the following grants:
Department of Education grant ED-00-PO3741;
Department of Education grant ED-01-CO-0123;

15 an accelerometer device having one or more axes of mea

surement.

The technology for acquiring 6-DOF data With respect to
rigid bodies is employed in a variety of ?elds, such as
automotive engineering and aerospace control systems. In

National Institute on Aging grant 1R43AG18667-01A1.
BACKGROUND OF THE INVENTION

ometer measures acceleration along one axis of measure
ment. Such an accelerometer is referred to as “uniaxial.”

20

the accelerometry of inert, rigid bodies, the accelerometer
modules can be permanently af?xed to the object by adhe
sives, Welding, screWs, etc., and hence the axes of measure
ment are predetermined and ?xed. This signi?cantly sim

1. Field of the Invention
This invention relates to devices and methods for moni

pli?es the computations and techniques for obtaining 6-DOF

toring and measuring the movements and the physiological

status of living subjects, particularly ambulatory subjects.

25

2. The Prior Art

Subject-monitoring systems comprise devices and meth
ods that collect data about various aspects of a living subject.
Such systems routinely process and communicate thse data
to provide useful and usable information about the subject.
TWo aspects of subject-monitoring systems are of particular
interest With respect to the present invention: accelerometry

30

uniaxial accelerometer modules are attached to the same

rigid plate oriented such that they sense motion in arbitrary
directions in the x-y plane, Which plane is orthogonal to the

and monitoring physiological status.

A. Accelerometry
Accelerometry is the practice of measuring the accelera

35

tion of a body With respect to a reference-frame, Which
reference-frame may comprise one, tWo, or three-dimen

sions depending on the application. Accelerometry plays a
vital role in a number of ?elds, including navigation, trans

data. An example is US. Pat. No. 6,128,955, granted to
Mimura, Which teaches hoW to obtain 6-DOF data With
respect to a rigid body such as a vehicle. Mimura’s approach
is, essentially, to solder three uniaxial accelerometer mod
ules to a rigid plate, oriented so that they sense motion
occurring along the vertical, or Z, axis. Three additional

Z-axis. The acceleration data thus collected are then pro
cessed to provide 6-DOF data about the movements of the
vehicle.

The present invention exploits and improves upon exist
ing accelerometry technology as a means of enhancing

subject-monitoring by obtaining and utiliZing 6-DOF data.

portation, seismology, air-bag technology and aerospace

Prior to the present invention, the advantages of 6-DOF
accelerometry have not been extended to subject-monitor

engineering; consequently, the ?eld of accelerometry has
bene?tted from signi?cant and impressive advances in
devices and methods used for measuring acceleration.
The most Widely accepted system of describing the move

ing; nevertheless, physiology and medicine have bene?tted
from the availability of uniaxial (1-DOF), biaxial (2-DOF),
and triaxial (3-DOF), accelerometer modules. In addition,

40

45

ment of a subject in three-dimensional space is to describe

the motion With respect to three mutually orthogonal

use of tWo 2-axis solid state accelerometer modules attached
to a subject to monitor and measure 4-DOF acceleration in

axes—x,y, and Z, referred to as Cartesian axes. For each of

the three axes, it is possible for the subject to undergo tWo
types of movement: 1) along the axis (translational move
ment), or 2) about or around the axis (rotational movement).
Given tWo types of movement occurring With respect to
three axes, it Will be appreciated that in order to fully
describe the movement of a subject in three-dimensional
space, one must simultaneously consider the motion in all

the x-y plane. From the raW data so obtained it is possible,
50

55

“six degrees of freedom” (6-DOF), in the parlance of the art.
If one also Wishes precisely to analyZe the movement of the
subject’s limbs and extremities in addition to the movement
of the subject as a Whole, then the movement of each limb
or extremity of interest must be independently subjected to

Pedometers, a sub-set of this art-?eld, generally employ
one or more uniaxial accelerometer modules or motion

detectors attached to one or more of a subject’s body
60

6-DOF analysis. Obviously, such efforts depend heavily on

segments. By employing such pedometers, information
regarding steps taken, cadence, distance travelled, and
energy expenditure may be obtained. The invention of
Takenaka, disclosed in US. Pat. No. 6,254,513, is a repre

eters.

sentative example of hoW elementary accelerometer-based

Numerous types of accelerometers are available, such as

pieZo-electric (US. Pat. No. 6,397,677); magnetic (US. Pat.
No. 6,427,534); mercury-based (US. Pat. No. 3,998,106);

according to the computational methods disclosed by
Nikolic, to derive approximate rates of oxygen consumption,
and, hence, the amount of Work done by the subject. Such
applications of accelerometer modules to monitor the activ
ity of a subject are fairly common, and additional examples
may be found in US. Pat. Nos. 6,306,088; 5,573,013; and

6,307,481.

devices that are capable of sensing acceleration: accelerom

those characteriZed as solid state (US. Pat. No. 6,402,968);

4-DOF measurements have been described. For example,
US. Pat. No. 6,436,052 issued to Nikolic et al., discloses the

65

pedometers can be employed in the art of measuring human
movement. Because existing pedometer devices do not
utiliZe 6-DOF technology, they do not provide information

US 6,997,882 B1
3

4

regarding rotational movements and other three-dimensional
aspects of gait that must be determined in order fully to

eration, velocity, position, and orientation. In addition, it
provides a device and methodology for combining 6-DOF
data With physiological data indicative of the subject’s
physiological status. When such activity and physiological

analyze a subject’s gait.
B. Physiological Monitoring

data are combined and synchroniZed, a large amount of very
useful information about the subject can be obtained. For
example, information about Whether some aspect of the

Predictions of high rates of increase in the numbers of
elderly persons requiring care in the coming decades have
become quite common. For instance, PetenlenZ et al (US.

Pat. No. 6,433,690) have cited statistics predicting the total
number of falls that elderly persons Will experience over the
coming decades. Such statistics indicate that the amount of
care the elderly Will require over the next forty years is
increasing at an alarming rate. Although the areas to Which
the present invention can be applied extend Well beyond the
care of the elderly, the ?eld of patient and elderly care is an
especially fertile source of relevant art because the present
invention relates to devices and means for obtaining infor
mation related to the motion, position, and orientation of a
subject in three-dimensional space, in combination With

subject’s physiology has caused a change in the subject’s
10

position, such as a hypotensive event causing a fall. Or,
conversely, information about Whether and to What extent

the subject’s movements have altered his physiology, such
as the effect of exercise on heart rate. These are just tWo of

the many Ways movement and physiological information
can be synchroniZed in order to monitor the physical and

physiological activity of subjects.
2. Uses of the Invention
The utility of the present invention Will be obvious to one

Who considers the breadth of its potential applications,

information indicative of the subject’s physiological
status—information that is often sought by those caring for
aged persons.

Which include, by Way of example: 1) monitoring the timing,
frequency, intensity, and duration of activity in subjects,

Although the ?eld is far too large to inventory here, a
representative example of devices and methods that are used
to monitor the physiological status of patients is US. Pat.

or emergency personnel via continuous transmission or

No. 6,102,856, issued to Groff et al, Who disclose a moni

such as for sports studies or obesity epidemiological studies;

2) monitoring activity and vital signs in soldiers, ?re?ghters,
25

or cumulative caloric expenditure; 4) monitoring heart rate
as a function of activity; 5) providing 6-DOF gait-analysis
With corrective feedback for disabled subjects or athletes; 6)

toring-system that collects, analyZes and transmits informa
tion related to the vital signs of a patient. Another such

representative device is disclosed by US. Pat. No. 6,215,403
to Chan et al. Which discloses a complex of sensors for

monitoring a variety of physiological parameters simulta

monitoring physiological and physical activity in sleep
30

neously. Typically, such devices utiliZe readily-available
sensors that detect and measure physiological parameters

and functions such as body temperature, heart rate, cardiac

electrical activity, and respiratory function.
The relevant prior art teaches hoW to use such sensors to

35

collect physiological data, process the data, and transmit
them to a monitoring device, or activate some sort of alarm

When the parameters being measured indicate an abnormal
and/or detrimental condition, such as a precipitous fall in
heart rate. When such physiological monitoring systems are
combined With accelerometers, one may simultaneously
monitor a subject’s physiological status and his/her move

ments, orientation, and position in three-dimensional space.
Cherry et al. (US. Pat. No. 5,701,894) discloses one such

invention combining elementary accelerometry and physi

40

45

As discussed above, existing subject-monitoring devices
50

information is combined With data regarding physiological
status, a useful impression, even if someWhat imprecise,
emerges as to the subject’s overall condition. This technol

motion analysis With physiological data such as electromyo
graphy. While the use of less than 6-DOF accelerometry in
many of the foregoing applications is Well knoWn, the list is

There are substantial technological hurdles to the appli
cation of 6-DOF techniques to subject-monitoring that the
prior art has not overcome. For instance, in order to generate
6-DOF data describing the movements of a body, at least six
motion sensors for acquiring the raW motion data must be
attached to the body-segment. When Working With an inani

to the body-segment, consequently they invariably move
With respect to one another—movement that is very hard or

ogy Would bene?t signi?cantly by 6-DOF measurement

impossible to control. This means that considerable addi

capabilities.

tional computational effort is required in processing the raW
60

1. OvervieW of the Invention

data from the accelerometer modules in order to compensate
for imprecise a priori alignment and for movement of
accelerometer modules With respect to the anatomical ref
erence-frame. And in situations in Which 6-DOF data are to

be collected from multiple body-segments simultaneously,

The present invention represents a novel, useful, and

non-obvious approach to subject-monitoring systems

in a Way analogous to the Way aircraft black-box data are

used; 10) monitoring the level of patient care by care-givers;
and 11) carrying out industrial ergonomic studies combining

aligned With respect to one another and secured to the body
so that they maintain a ?xed position With respect to the
coordinate axes of the rigid body. But in a living subject, the
accelerometer modules cannot be Welded, soldered, or glued

Whether the subject is horiZontal or vertical, or Whether
he/she is changing from vertical to horiZontal. When such

because it provides a device and methodology for collecting
and analyZing 6-DOF data relevant to the subject’s accel

syndrome; 7) providing 6-DOF data for medical diagnosis
and assessment related to orthopedic problems: 8) monitor
ing geriatric patients in order to respond to falls; 9) recon
structing and analyZing falls after the fact, using 6-DOF data

mate, rigid body, the accelerometer modules can be carefully

less, such devices can roughly determine, for example,

BRIEF SUMMARY OF THE INVENTION

studies, including sleep apnea and sudden infant death

representative of the types of applications that Will bene?t
signi?cantly from the 6-DOF measurement capabilities of
the present invention.
3. Shortcomings of Prior Art Overcome by the Invention

ological monitoring.
and methods do not have a 6-DOF capability; hence, they
can provide, at best, only an incomplete analysis of a
subject’s movement in three-dimensional space. Neverthe

remote Wireless interrogation; 3) monitoring instantaneous

65

the total streams of data that must be processed is 6n, Where
n is the number of segments monitored. If the goal of the

subject-monitoring exercise is to display information

US 6,997,882 B1
5

6

re?ecting the subject’s movements in real time, then all of

K. To provide a method of calibrating accelerometer mod
ules attached to a subject in order to compensate for the

the 6-DOF data must be collected and converted to useful
information in a very short time span. If that information is

movements of the modules With respect to an anatomical

to be integrated With information regarding the physiologi
cal status of the subject, then the task of processing large

and/or inertial reference-frame.

daunting. These problems, not heretofore resolved by the

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

prior art, are overcome by the present invention.
Another major shortcoming of the prior art that is over
come by the present invention is that the prior art does not
teach hoW to apply accelerometry to the direct measurement

1. The DraWings.
The objects, features and advantages of the invention Will
become apparent from the folloWing DETAILED

amounts of information very quickly becomes even more

of respiratory function. Prior art approaches to directly
determining respiratory movements are essentially limited

DESCRIPTION OF THE INVENTION taken in connection

With the accompanying draWings, in Which:

to the use of sensors that measure chest eXpansion, such as
an EPM Systems Model No. 1310 or a ProTech Model No. 15

1461, Which both employ piZeoelectric transducers in a
stretchable belt placed around the subject’s thoraX. Until the
present invention, it has not been possible to derive rate and

FIG. 2 represents a transverse section of a subj ect’s pelvis
With anatomical reference-frame and inertial reference
frame.

depth of respiration from Whole-body accelerometry data
collected, for eXample, from accelerometer modules

FIG. 3 represents a basic local unit and attachment means
20

attached to the subject’s chest or Waist.

FIG. 4 represents a local unit and attachment means for

25

A To provide a device capable of acquiring 6-DOF data in
a living subject;
B. To provide a method for processing 6-DOF data collected
30

35

respiratory movements;
D. To provide a device and method for storing 6-DOF data
and/or information about the subject’s movements
derived from those data;
E. To provide a device and method for transmitting 6-DOF

band.
FIG. 6 is a block diagram shoWing the relationship of the
components in a local unit and remote unit.
FIG. 7 represents a transverse section of a subj ect’s pelvis

shoWing the positions of accelerometer modules When used
to acquire respiratory function data.
FIG. 8 is a block diagram illustrating the adaptive noise

descriptive of gait & ambulation, falls or near-falls,
energy expenditure;
C. To provide a device and method for processing acceler
ometry data to derive information about the subject’s

FIG. 5b represents component mounting strip being
enclosed in band.

FIG. 5c represents component mounting strip enclosed in

from subjects so as to derive comprehensive information

about the subject’s movements, position, and orientation
in three-dimensional space, including information

for acquiring 6-DOF data.

acquiring 6-DOF data and physiological data.
FIG. 5a represents a component mounting strip.

4. Objects of the Invention
The present invention overcomes the foregoing shortcom

ings of the prior art by attaining the folloWing objects:

FIG. 1 represents a human subject With Cartesian refer

ence-frame superimposed.

cancelling concept used in acquiring respiratory function
data.
FIG. 9 represents the actual and predicted energy eXpen
diture (based on data collected in 15 subjects) as determined

by the method of the invention.
40

data collected from subjects (and/or information derived
2. TABLE OF FIGURE REFERENCE NUMBERS

from those data) to remote processing, storage, or moni

toring devices;
F. To provide a method for using 6-DOF data collected from
subjects to re-construct a living subject’s movements,
including, as required, integrating the movement infor
mation With the subject’s physiological data over the

Ref # Description
45

some At, for after-the-fact analysis and/or diagnostic

procedures;
G. To provide a device and method of synchroniZing 6-DOF

50

data With physiological data collected from subjects and

for displaying the synchroniZed information;
H. To provide a 6-DOF device, including, as required,
sensors for collecting physiological data, that is small
enough to be Worn comfortably for long periods of time

55

by either ambulatory or bed-ridden subjects;
. To provide a device and method for continuously mea

suring and storing 6-DOF data and reconstructing trans
lational and rotational accelerations With respect to the X,

60

y, and Z aXes of an inertial and/or anatomical reference

frame, along With translational and angular velocity and

position/orientation information;
54 . To provide a device and method for collecting 6-DOF data

in subjects, Which by itself or in combination With physi
ological data, particularly heart rate, is used to derive
information about the subject’s energy expenditure;

65

100
104
108
202

Cartesian reference-frame
X, y (transverse) plane
y, Z (frontal) plane
Anterior aspect

Ref # Description
102
106
200
204

Subject
X, Z (sagittal) plane
Transverse body section
Posterior aspect

206 1st accelerometer module
210 3rd accelerometer module

208 2nd accelerometer module
212 Anatomical reference-frame

214 Inertial reference-frame
302 Belt
306 Battery

300 Belt-style local unit
304 Microprocessor unit
402 HR electrode #1

404 HR electrode #2

406 HR electrode #3

408 LCD

500 1 piece component strip

502 FleXible PCB
506 1st accelerometer module

504 Battery
508 Microprocessor

510
514
518
522
602
606
610
614
618
622
700
704
708
712

512
516
520
600
604
608
612
616
620
624
702
706
710
714

2nd accelerometer module
3rd accelerometer module

Snap
Velcro fasteners
Remote unit
Physiological sensor array
Local processor

Local display
Remote memory
Remote transceiver
Pelvis cross-section

Anterior aspect
2nd accelerometer module
4th accelerometer module

Temperature sensor
Component strip on cover
Cover
Local unit
Accelerometer array
Data bus
Local memory
Local transceiver
Remote processor

Remote display
Posterior aspect
1st accelerometer module
3rd accelerometer module
1st posterior vector

US 6,997,882 B1
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2. The Preferred Embodiment of the Invention

-continued

A Structure: Device for Collecting and Processing 6-DOF

Data [FIGS. 1—3]

2. TABLE OF FIGURE REFERENCE NUMBERS

Ref # Description
71 6
720
724
728
732
736

2nd posterior vector
4th posterior vector
2nd anterior vector
4th anterior vector

2nd resulting vector
4th resulting vector

Ref # Description
718
722
726
730
734
800

3rd posterior vector
1st anterior vector
3rd anterior vector

1st resulting vector
3rd resulting vector

10

Adaptive noise-cancelling

de?ned by the x and Z axes. By the convention, the z-axis

device
802 Input for sum of 1st & 2nd

resulting vector
806 Output of estimated
respiratory movement

804 Input for sum of 3rd & 4th

resulting vector
808

Referring ?rst to FIG. 1, a standard convention for
superimposing three planes of a Cartesian reference-frame
100 upon a human subject 102 may be appreciated. A
horizontal plane (transverse plane) 104 is de?ned by an x
and y axes. One vertical plane (frontal) 108 is de?ned by the
y-axis and a z-axis. A second vertical plane (sagittal) 106 is

Summing junction
15

810 Filter

extends in a superior-inferior direction (i.e., vertically down
wards, for an upright subject); the y-axis is orthogonal to the
z-axis and extends in the medio-lateral direction (from the
subject’s left to right); and the x-axis is orthogonal to both
the Z and y axes and extends in the posterior-anterior

direction (from the subject’s back to front). However, this
DETAILED DESCRIPTION OF THE
INVENTION

20

1. De?nitions

types of movement with respect to each of the three axes:

Whenever the terms listed below are used in the speci?

cation, claims, and abstract of this application, or any
amendments made thereto, they shall be understood to have
the meanings here set forth:

A. subject—a living individual of any species, including
(but not exclusively) Homo sapiens.

25

30

B. body-segment—any one of the following parts of a

subject’s body: head, neck, thorax, abdomen, pelvis,

translational movement of the body to-and-fro along an axis,
or any combination of axes, and rotational movement of the
body around an axis, or any combination of axes. With

respect to whole-body movements, any combination of the
two types of motion with respect to the chosen reference
frame can be monitored by attaching a device capable of
collecting 6-DOF data to the pelvic area of the subject.
Attachment to any part of the torso would be acceptable
from a technical point of view, assuming that the necessary

computational compensations are applied; however, having

upper arm, forearm, thigh, calf, ankle, hand, or foot, or

their equivalents in non-human species.

convention is entirely arbitrary, and any orientation of a
Cartesian reference-frame with respect to the subject may be
employed in order to monitor the movements of the subject
in three-dimensional space.
It will also be appreciated from FIG. 1 that there are two

35

C. accelerometer—any means for collecting raw data rel
evant to the translational and/or rotational acceleration of

the accelerometer modules near the center of mass has

signi?cant advantages, as discussed below. In addition,
pelvic attachment is more comfortable for subjects.

a body: including, by way of example solid-state accel

If one wishes to monitor the activity of one or more

erometers, piezoelectric accelerometers, magnetic accel
erometers, ?bre optic accelerometers, pendulum acceler

body-segments in addition to the pelvis, or as an alternative
40

ometers, and gyroscopes.
D. movement—a change in position or orientation of a
subject, or any body-segment of a subject. The term

encompasses acceleration, velocity, rotation, and transla
tion or any other term denoting or indicating a change in
position or orientation.
E. 6-DOF data—aggregated data that 1) are derived from
raw data obtained from a plurality of accelerometer

modules, and that 2) are representative of the movements

45

bral junction. The ?gure is provided to indicate the arrange
50

ment of three biaxial accelerometer modules according to
the best known mode of practicing the invention. Other
necessary or optional components of the device, discussed
below, are omitted from FIG. 2 for clarity of description. In
the transverse cross-section, the anterior aspect 202 and
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posterior aspect 204 are distinguished. Superimposed upon
the cross-section is a reference-frame 212. (The z-axis is not
evident because it is projecting into the plane of the page as
indicated by the “x” symbol.) Such a reference-frame is

of example, a) integrating and/or differentiating the data
with respect to time to derive velocities, positions, and
orientations, and b) converting the data to a form or
format that is comprehensible to humans when displayed.

referred to herein as an “anatomical reference frame”
60

example, text, digits, numbers, graphical displays, light
pulses and LED displays, audible signals, words and cues.

because it maintains its orientation with respect to the

body-segment, the pelvis in this example. By comparison,

F. comprehensible to humans—refers to data or information
con?gured or formatted so as to be directly intelligible to

humans, if properly displayed. Information or data that
are comprehensible to humans include, by way of

applied to each body-segment, or body-segments may be
analyzed with respect to a single, ?xed reference-frame.
The foregoing will be more readily understood by refer
ring to FIG. 2, which represents a cross-section 200 of a
human torso at approximately the level of the L5/S1 verte

of a subject or body-segment in three-dimensional space,
which is to say, the rotational and translational move
ments of the subject or body-segment along or around
each axis of a Cartesian reference-frame. The term

includes binary representations of such data, and infor
mation obtained by processing such data, such as, by way

to the pelvis, then a device capable of collecting raw 6-DOF
data can be attached to the body-segments of interest. Where
the simultaneous movements of multiple body-segments are
to be analyzed, a separate Cartesian reference-frame may be

reference-frame 214 retains its orientation with respect to
the earth, hence it is referred to herein as an “inertial
65

reference-frame.” It is the problem of determining the rela
tive motions of various body-segments of the subject in the
anatomical reference-frame relative to the inertial reference
frame that is resolved by our invention.

US 6,997,882 B1
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An array of accelerometer modules that produce accel
eration signals is attached to the subject. On the posterior
surface of the subject, at or near the midline, is attached one
biaxial accelerometer module 206. A second biaxial accel
erometer module 208 is attached to the subject’s left side,

tional to the sensed acceleration. A duty cycle equal to 0.5
represents Zero acceleration; a duty cycle greater than 0.5
implies a positive acceleration, and a value less than 0.5
implies a negative acceleration. To digitiZe the six DCM
outputs, the six microprocessor timers are used, obviating

approximately adjacent the left iliac crest. A third biaxial
accelerometer module 210 is attached to the subject’s right

the need to use microprocessor A/D converters for this
purpose. If additional accelerometer modules are used (e.g.,

side, approximately adjacent the right iliac crest. With this

for deriving respiration), a microprocessor having a suf?

array and arrangement of three accelerometer modules on

the subject’s Waist, it is possible, by the techniques

10

described beloW, to acquire six discrete and substantially
simultaneous acceleration signals, Which are processed to

mounted on small printed circuit boards, together With
signal conditioning components, as described beloW. They

yield 6-DOF data describing the movements of the subject’s

pelvis.
The accelerometer arrangement shoWn of FIG. 2 is but

15

one of many con?gurations in Which an array of acceler
ometer modules can be attached to a subject in order to
acquire raW data from Which 6-DOF data are derived. For
20

results. More precision may be obtained by redundancy of
measurement, for instance, by having an array of eight or ten
biaxial accelerometer modules, but because six is the maxi
mum number of degrees of freedom that exist, a complete
complement of 6-DOF data can be acquired by three biaxial
accelerometer modules in the con?guration shoWn.
Depending on the speci?c accelerometer devices

6-DOF movement analysis. For example, Analog Devices’
25

30

cessor unit on the anterior aspect of the subject, as shoWn in

can be displayed. The computational steps in processing the
raW data are described beloW.
35

able that the Waistband can be made as a single, closed piece
that can be put over the subject’s head or feet and slid into

place.

FIG. 3, is particularly convenient if it includes an on-board
display means, as described beloW. The microprocessor unit
is in communication With the accelerometer modules by
means of a data bus.

An example of an appropriate microprocessor is model #
H8S/2329F produced by Hitachi Semiconductors. This pro
40

cessor has 36 internal interrupts, 7 external interrupts, and an

interrupt controller, Which collectively provide a mechanism

or receiving data. These components are discussed beloW.
Waistband 302 is a ?exible band for attaching the com

art. Alternatively, the Waistband may be suf?ciently expand

includes a processing unit, timers, display, and on-board
memory for storing processor instructions, results of com

putational steps, variables, and data. Placing the micropro

transmitted, and converted into an informational format that

ponents to the subject. The means of fastening the ends of
the belt together may be a buckle, VelcroTM hook and loop
fasteners, clips, snaps, or other means commonly used in the

The microprocessor unit 304 is shoWn attached to the belt
microprocessor unit relative to the accelerometer modules or
to the subject is not critical. The term “microprocessor unit”

microprocessor unit (not shoWn in FIG. 2) and stored,

incorporates the minimum components required for 6-DOF
data collection according to the preferred embodiment. The
purpose of FIG. 3 is to illustrate the basic system required
to obtain 6-DOF data from a subject; consequently, the
device represented by FIG. 3 does not, for instance, include
any display components or any components for transmitting

gyroscopes model ADXRS150 and ADRXS300 can be used
for this purpose.

adjacent accelerometer 208; hoWever, the position of the

or digital representations of the acceleration in the respective

In FIG. 3 is shoWn a basic Waistband con?guration that

three uniaxial accelerometer modules can be combined With

three rate gyroscopes to gather the data required to produce

employed, the output accelerometer signals may be analog
axes of measurements. These signals are processed by a

are small enough to be Worn by a subject Without discomfort
or interference With the subject’s activities.
As an alternative (or addition) to accelerometer modules

of the type just described, it is possible, and under some
circumstances expedient, to employ gyroscopes to obtain
raW data regarding rotational movements. For example,

instance, six uniaxial accelerometer modules deployed at

optimal positions on the subject Would produce equivalent

cient number of counters may be used or the DCM outputs
can be loWpass ?ltered and fed to the extra microprocessor
A/D converter inputs for digitiZation. These modules are

45

for precise softWare control. Internal peripherals such as
timers and serial communications interrupt normal program
How When requesting to be serviced. The interrupt controller
prioritiZes these interrupts, Which determines When a periph
eral Will be serviced. The processor’s internal timer sets an

interrupt at precise intervals (e.g. 0.01 seconds for a 100 HZ
sample rate). With each interrupt, an interrupt service rou
tine functions to sample the six accelerometer channels,
described beloW. The H8S/2329F processor is equipped With

A ?rst biaxial accelerometer module 206 is mounted on

six 16-bit timer/counters and eight 10-bit single-ended A/D

the belt such that When the belt is attached to the subject, the

converters, Which are also used in processing the outputs
from various physiological sensors. In addition, the proces

accelerometer Will be positioned posteriorly, approximately

sor provides a direct memory access (DMA) controller, a bus
over the vertebral column. Biaxial accelerometer module
208 and biaxial accelerometer 210 are positioned on the belt 55 controller, a 2-channel digital-to-analog (D/A) converter,

such that When the belt is attached to the subject they Will be
positioned on the left and right anterior iliac crests, respec

tively.
An example of a type of accelerometer module that has

been used successfully is Analog Devices’

model

and tWo high-speed serial communication controllers (one of
Which is used to communicate With a PC to upload raW data).
The processor has several poWer-saving features, such as
“sleep mode”, Which can be used even betWeen sampling
60 instants to conserve poWer.

ADXL210, Which is a biaxial micro-machined module on a

The H8S/2329F also includes 384 KB of nonvolatile

monolithic integrated circuit (IC) having a full-scale range
of 110g. This module is capable of detecting both dynamic
and static (i.e. gravity) accelerations. The tWo axes of

Flash-RAM (program memory) and 32 KB RAM (scratch
pad memory). This amount of operating memory is suf?cient

duty-cycle modulated (DCM) output that is linearly propor

memory reduces the system chip count, leading to a smaller

to store embedded programs and provide space for the
measurement are oriented perpendicular to each other Within 65 necessary run-time variables required to carry out the pro
the circuit. Each sensing axis has associated With it a
cessing chores. Using a microcontroller With on-chip

US 6,997,882 B1
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package and lower power requirements. An 8 KB off-chip

PCB With its components is one example of What is referred

Flash-RAM is used to archive data in the present embodi

to hereinafter as a “local unit” 500.

ment.

The entire local unit is sealed With a moisture resistant
material, such as a conformal coating, so that it thus com

ApoWer source 306 is also attached to the belt. ApoWer
bus delivers poWer to all of the components. The compo

prises a single, Water-proof component that can be easily
Wiped clean or disinfected.
In FIG. 5b is shoWn the data recording unit laid upon a
band 520 made of suitable material, such as cotton cloth, or

nents can operate on a 3.3 Vdc poWer supply, and a 3.7 Vdc

battery rated at 920 milliamp-hours is used (Ultralife
UBP563450) in the present embodiment. Such batteries are
available as rectangular and cylindrical cells, and are Well
knoWn in the art. As discussed above, the microprocessor

a non-Woven material. The band has attached to it a plurality

of snaps 518 positioned so that When the band is folded at

approximately its longitudinal midline, the snaps engage,
thereby securing the data recording unit inside the folded

monitors the poWer source and Will shut doWn the system or
alert the user if poWer falls beloW acceptable levels.

band, as shoWn in FIG. 5c. The ends of the folded band have

C. Structure: Attachment Means, and Components for Col

lecting, Processing, Storing, Transmitting, and Displaying

15

VelcroTM fastening strips so that the band, With the data
recording unit inside, can be easily attached to the subject.

the Physiological Data—(FIGS. 4 & 5)

Buckles, fasteners, clips, hooks, and snaps represent other

FIG. 4. shoWs a belt-device for collecting 6-DOF data and
physiological data simultaneously. The basic belt is as
described in FIG. 3. The three biaxial accelerometer mod
ules 206, 208, and 210 are attached to the belt for collecting
the accelerometry data that are converted to 6-DOF data by

means of securing the ends of the band.

microprocessor unit 304. Battery 306 supplies poWer to all
components by means of a poWer bus (not shoWn). In the
example of FIG. 4, heart rate (HR) data are the physiological
data being collected simultaneously With 6-DOF data. The

contact the skin, the band 520 may have WindoWs at the
appropriate locations so that the sensors are not occluded by

It Will be noted that in the example given here the
temperature sensor faces the subject’s skin. Other physi
ological sensors, such as micturition sensors, may not
require direct skin contact. In situations Where sensors must

the band. Such sensors may also be located on the inner
25 most layer of the band so as to contact the skin.

HR electrodes 404 and 406 collect the data and HR electrode

In addition to components of the system that are attached

402 acts as a reference. The data from the HR electrodes are

to the subject during monitoring, there are also components
of the system that remain remote from the subject. Such

carried to the microprocessor unit 304. In addition, a liquid
crystalline display (“LCD”) 408 is provided as a local

remote components include a remote processor, remote

display unit. This display is useful for displaying informa

memory, and remote display. Because the output from the

tion about the device, such as loW battery levels, or data
processed by the microprocessor, such as heart rate and/or
energy expenditure. Alternatively or additionally, LEDs can

transmitted or transferred to the remote processor as

be used to indicate various system states and conditions. It
Will be noted that the HR electrodes shoWn in FIG. 4 face
inWards so that the electrodes maintain contact With the

microprocessor is in standard digital format, it can be easily
described beloW. The remote processor can be anything from
a PALM device to a supercomputer, so long as it is capable
35

subject’s skin, Whereas other components of the system are
located outside of the inner-most layer of the belt.
Other physiological sensors and/or transducers can be
used in addition to or as alternatives to HR electrodes.

of being programmed to process the data. A desktop or
laptop PC is adequate for most applications. The next
section discloses the functional relationship betWeen local
and remote units.

40

D. Operation: Information and Data FloW—[FIG. 6]

Examples include sensors that collect: body temperature

Referring to FIG. 6, the ?oW of data and information
betWeen the various components of the preferred embodi

data, blood O2 partial pressure data, blood CO2 partial
pressure data, respiration rate data, respiration depth data,

ment may be appreciated. FIG. 6 is not meant to signify any
speci?c grouping of sensors or modules, nor any speci?c

micturition data, and skin conductance data. Micturition data

45 sequence of steps. Such variables are determined on an ad

include various measures of ambient humidity or the pres
ence of moisture. These data can be used to alert care-givers
of bed-Wetting events or to record duration of Wet bed

hoc basis depending on the application.

Various types of data processing, display, and storage
functions and devices are allocated betWeen one or more

clothing in order to evaluate the level of patient care.

local units 600, Which comprise those components physi

FIGS. 5a—5c shoW a preferred embodiment of the con
struction and attachment means for the local unit of the
present invention. In FIG. 5a is shoWn a component mount

cally attached to the subject(s), and one or more remote units

ing strip, Which is a ?exible printed circuit board (PCB) 502
upon Which various components are connected and/or

mounted. For example, the components may be discrete,
rigid PCBs that attach to the ?exible PCB band via solder

pads. Alternatively, the components may be mounted
directly on the ?exible PCB.
Embedded Within the PCB are buses for data and poWer

(not shoWn). The components in this example include three
biaxial accelerometer modules 506, 510, and 514 for col
lecting the raW accelerometry data that Will be converted to
6-DOF data, a battery 504, a microprocessor unit 508, and

55

602, Which comprise those components of the system not
attached to the subject. Although FIG. 6, for reasons of
clarity, shoWs only one local unit and one remote unit,
systems comprising a plurality of local and/or remote units
are anticipated as being Within the scope of the invention.
For instance, in a hospital or battleground setting, one
remote unit may receive data from and transmit data to many
subjects, each of Which Wears a local unit. Alternatively, a
local unit may communicate to a plurality of remote units.

Such netWork systems are Well knoWn and easily imple
mented by those of ordinary skill in the art.
Data and information regarding movements and physi

ological status move betWeen the local and remote units
a temperature sensor 512 that can monitor the subject. It is
through a data transfer device Which, in the preferred
noted that the temperature sensor is given here as but one 65 embodiment, comprises a local transceiver 616 in commu
nication With a remote transceiver 622. The term data
example of the type of physiological sensor that can be
transfer device is here used in its broadest sense. It incor
fruitfully combined With the 6-DOF device. The ?exible

US 6,997,882 B1
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porates both Wire-based, Wireless, and combined Wire/Wire
less means of transmitting, uploading, and/or downloading

cal information obtained during the monitoring period in a
format comprehensible to humans.
In the present embodiment, much of the computational
Work is performed by the remote processor. This includes,
by Way of example, 1) conversion of the 6-DOF data to
information descriptive of subject and body-segment move

data. For instance, data stored in the 6 MB off-chip Flash
RAM of the local unit and physically transferred to a remote

unit device capable of doWnloading those data represents an
obvious means of transferring the 6-DOF data, in Which case
transceivers 616 and 622 comprise, or are supplemented by,
memory read/Write devices. In the preferred embodiment

Wireless transmission is used, employing Bluetooth Wireless
protocols and technology, Well knoWn to those skilled in the
art. To implement the Wireless communications, Ericsson’s

ments, positions, and orientations; 2) conversion of physi
ological data into information descriptive of the subject’s
10

RCM 104001 Bluetooth Multichip Modules are used as the

reconstructing complex sequences of movements, such as
falls or athletic motions, 6) calculating estimates of energy

transceivers.

expenditure; 7) performing gait analyses.

During the monitoring period, accelerometer signals are
produced by an array of accelerometer modules 604. In the
present embodiment array 604 is composed of three biaxial

15

Accelerometer signals from the accelerometer modules
represent the accelerations of the body-segment relative to

methods and devices of the invention. We have used the
20

610. Optionally, one or more physiological sensors 606 may

25

implemented by those having ordinary skill in the art.
Remote memory 618 includes various devices for achiev
30

digitiZed form, including 6-DOF data representing the

operational memory for storing program instructions, vari
ables, intermediate values, and results of computations done
35

are held in local memory and/or can be transmitted to the

to motion and position information derived from the 6-DOF

local unit by the remote unit.
Local memory 612 comprises various storage units

required to hold data, program instructions, variables, and
45

by the local unit, the remote unit can display time-referenced
causal relationships, such as hypotensive events preceding
falls. Once the methods and devices of the present invention

produced by processing the accelerometry data can be quite
voluminous, methods for exploiting memory are Well knoWn
50

Local display 614 is intended to provide the user With
limited information about the status of the local unit, or
limited data output, for instance an LCD display of heart

for acquiring 6-DOF data in living subjects are imple
mented, many Ways to exploit such data Will be obvious to
those of ordinary skill in the art.

E. Operation: Deriving Information Regarding the Move

rate, or an audible signal that a threshold heart rate has been

reached. The display takes the form of LEDs, LCDs, or

data. Alternatively, or additionally, by accessing the 6-DOF
data acquired by the local unit, the remote unit is capable of
producing and displaying animated reconstructions of the
subject’s movements using a “virtual pelvis” animation.

When synchroniZed With physiological data, also acquired

readily available ?ash cards. Although the 6-DOF data
to those skilled in the art.

by the remote processor.
The output of information in a format comprehensible to

humans, as provided by remote display 624, has the capa
bility of being signi?cantly more sophisticated than that
provided by local display 614. For instance, in a nursing
home application, the information displayed includes patient
identi?cation, location, and physiological status in addition

reference-frame. Local processor also performs computa
tional operations as dictated by the speci?c application at
hand. The computational operations are described in detail
beloW. Processor instructions for carrying out computations

results, as disclosed above. The memory may be ?xed Within
the local unit, or it may be physically removable, such as

ing data, such as CDs, DVDs, ?oppy disks, magnetic tapes,
and ?ash memory cards. Remote memory also includes

micturition data, and skin conductance data, as discussed
above.
Local processor 610 converts the acceleration signals to

movements of the body-segment With respect to the inertial

Basic and MATLAB to produce softWare utiliZed by the
remote processor; hoWever, any readily available language
and compiler may be used. Design features such as having
the remote unit interrogate the local unit for data lying
Within speci?ed ranges, or having the remote unit alter the
program ?oW of the local unit Will be obvious and easily

may be acquired by the physiological sensors 606 include:
heart rate data, body temperature data, transcutaneous blood

O2 partial pressure data, transcutaneous blood CO2 partial
pressure data, respiration rate data, respiration depth data,

Hitachi Embedded Workshop (Ver. 1.1 a) to produce the
instructions embedded in the local processor, and Visual

send raW physiological data to the local processor. By
providing a means to combine physiological data With

6-DOF data, the invention embodies very poWerful subject
monitoring capabilities. The types of physiological data that

Given the disclosures here made, one skilled in computer

programming can, Without undue experimentation, produce
acceptable softWare for implementing the steps of the inven
tion and for exploiting the 6-DOF data acquired by the

modules producing the required six accelerometer signals.
each of the X, y, and Z-axis of the anatomical reference
frame. These signals are transmitted to the local processor

physiological status; 3) synchroniZation of the physiological
and accelerometry data and information; 4) producing
graphical representations of the subject’s movements; 5)

55

ments, Positions, and Orientations of a Body-Segment and a

audible signal generator, depending upon the objectives of

Subject from 6-DOF Data—[FIGS. 2 & 3]

the user. Information derived Wholly or partly from the

This section discloses the manner in Which the preferred
embodiment of the invention derives 6-DOF data from the

6-DOF data (e.g., energy expenditure) may be displayed
locally or transmitted to the remote unit for further process

ing, storage, and/or display.

accelerometer signals in order to obtain information regard
60

Remote unit 602 comprises those components not physi
cally attached to the subject. Remote processor 620 receives
data from the local unit by means of the local and remote
transceivers, as described above. The received data may be
further processed before being sent to storage at remote
memory 618, or before being sent to remote display 624 for

displaying the movement information and/or the physiologi

65

ing angular and translational accelerations, angular and
rotational velocities, translational positions, and angular
orientations of a body-segment during a monitoring period.
In this example, a pelvis 200, as depicted in FIG. 2, is used
as the body-segment being monitored. The pelvis is of
particular interest because its proximity to the subject’s
center of mass alloWs one use the 6-DOF data regarding the

pelvis to derive information about the movement of the

US 6,997,882 B1
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subject as a Whole. If multiple segments are monitored

(i.e., ?xed to the earth), Whereas unprimed vectors are

simultaneously, then the computations discussed beloW are
carried out simultaneously and independently for each seg
ment. However, the computations provided here are analo
gous for any body-segment to Which the invention is

measured relative to a non-inertial, anatomical reference
frame. The tWo frames of reference Will henceforth be
denoted as F‘ and F, respectively.
Differentiating Eq. 1 With respect to time furnishes an

applied, and, given the equations and computational steps

equation for the acceleration of points on the pelvis:

described beloW, one of ordinary skill in the art of computer

programming Will be readily able to implement the inven
tion With respect to any body-segment, or any combination

Eq. 2 is fundamentally important for kinematic recon
struction. It indicates that it is possible, in principle, to solve

of body-segments. Because of the complexity of the calcu
lations, an embodiment in Which computational duties are
divided betWeen a local processor and a remote processor,

for the translational acceleration, R‘, and angular accelera
tion, 00‘, (a total of six unknowns) if suf?ciently many

such as shoWn in FIG. 6 and discussed above, is preferred.
It is assumed, for basic mathematical modeling purposes,

independent acceleration data channels are available. Inte
gration of R‘ and 00‘ respectively provide the translational

that all accelerometer modules are mounted ?rmly on the 15 and angular velocities as functions of time. Integration a

pelvis and thus de?ne a rigid body. That is, the positions of,

second time yields the translational positions and angular

and therefore distances betWeen, sensor modules are
assumed to remain constant, and the different modules are
assumed to maintain ?xed orientations relative to one

orientations.

To be able to employ Eq. 2 in practice, hoWever, it is
necessary to relate the acquired accelerometer measure

another. In the 6-DOF analysis of multiple segments, each
segment is assumed to be a rigid body, and the subject is

ments to the absolute acceleration, r‘wm. Consider, for

vieWed as an aggregation of n rigid bodies, Where n is the

example, the output, aA, Which is a tWo-component vector in
the case of a biaxial accelerometer and is related to the

number of segments being monitored. Deviations from the
rigid body assumption introduce error into the results, but

absolute point acceleration of the module via an equation of
the form:

that error is minimiZed or eliminated by the computational
methods disclosed herein.

25

gA :SAT(TTTrura[+gT-(’):SA(TTTram['l'gTTlT):SAT(TTmm[+gTT£T)

In the equations presented herein, the folloWing conven

(3)

in Which g is the acceleration due to gravity, k‘ is the unit

tions are used: 1) the three biaxial accelerometer modules
designated as 206, 208, and 210 in FIG. 2 are arbitrarily
referred to as upper-case “C,” “A,” and “B”, respectively, in

vector in F‘ pointing doWnWard (in the direction of gravity),

the superscripts and subscripts of the terms of the equations;

inertial (earth-?xed) coordinate frame, F‘, to the (non-iner
tial) anatomical frame, F. That is, if FM, is the vector of

and T is the time-varying transformation matrix from the

2) a dot over a variable implies differentiation With respect

acceleration components measured relative to the coordinate
axes of F‘, the vector rmFT rm, indicates the same

to time (e.g.,
35

physical acceleration, but With components measured rela
tive to the instantaneous coordinate axes of F. SA is a 2x3
matrix that indicates the orientation of the sensitive axes of

accelerometer module A relative to the pelvis. Its compo
nents are the direction cosines betWeen the sensitive axes of

3) ‘x’ is the cross product operator de?ned such that if a=ax

40

i+ayi+azk and b=bx_i+byj+bZl_<, Where i, j, and k are unit

module A and the coordinate axes of the anatomical refer
ence-frame. If the modules are fastened ?rmly on the pelvis,

vectors oriented parallel to the X, y, and Z axes respectively,

the components of SA (unlike those of T) remain constant in

then:

time.

Combining Eqs. 2 and 3 yields the set of equations:
45

Because of the foregoing assumption that the body
segment (pelvis) represents a rigid body, there exists a
Well-de?ned angular velocity vector, m, that characteriZes
the instantaneous rotational motion of the pelvis. The abso
lute velocity (relative to the earth) of any point on the pelvis
can therefore be separated into translational and rotational

Which can be Written in a more compact form as:

terms,

r"mm,=I-€’+Q’xi’

(1)

in Which R‘ is the translational velocity of the pelvis (more
precisely, the velocity of the geometrical center of the
accelerometer module triad comprising 206, 208, 210), and

(7)
55

IS

I"

r_‘ is the position vector of the point relative to the Geometri

cal center. (In particular,

H1, H2, and Q are constant matrices of siZe 6x3, 6x3, and

6x6, respectively. m2 denotes the 6x1 vector of quadratic

angular velocity products, viZ.,
(8)
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In Eq. 1, the primed notation indicates vectors Whose
components are relative to a ?xed, inertial reference-frame

The elements of H1 involve only the elements of SA, SB,

and SC and therefore depend only on the accelerometer
orientations. The elements of H2 are sensitive to the dis

US 6,997,882 B1
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tances between the accelerometer modules as Well as their

x-axis to produce another intermediate set of axes, and

angular orientations. The same is true of Q.

?nally rotating through an angle 4) about the y-axis of this
latter set of intermediate axes to yield the anatomical axes.

1. Reconstruction of Angular Motion
Eqs. 4—7 constitute a system of differential equations
involving both the translational and rotational accelerations.
It is possible to isolate the rotational motion, hoWever, by
left-multiplying both sides of Eq. 7 by a 3x6 matrix, denoted

The resulting transformation matrix, T, from the earth frame
to the anatomical frame is given by:

as N1, the roWs of Which comprise a basis for the left kernel

space of H1:

It then folloWs that

(Note that these ?nite rotations—unlike in?nitesimal
rotations—do not commute, Which means that the order of
15

Eq. 10 is a substantial simpli?cation from Eq. 7 in that the

translational accelerations and gravity dependence have
been completely excluded.
2. Reconstruction of Translational Motion

the rotations in Eq. 13 is important.) The parameteriZation of
this transformation by the Euler angles is useful for visual
iZation of the corresponding motion, but the Euler angles are
not as Well-suited for computations because the repeated
evaluation of trigonometric functions during numerical inte

gration is costly, and the parametriZation has singularities

The translational motion cannot be completely decoupled
from the rotational motion, but an equation analogous to Eq.

that must be avoided.
In order to avoid these problems We introduce the four
Euler parameters, Which yield a more ef?cient computa

10 can be derived for those cases in Which the accelerometer

modules are suitably arranged, as in FIG. 3. This is achieved

tional scheme, even though the number of variables is
increased by one:

by left-multiplying both sides of Eq. 7 by a 3x6 matrix,
denoted as N2, Whose roWs form bases for the kernel spaces

of H1 and Q:
20 : +cos£cos€cos2 + singsingsin2
2

Where N2H2=0 and N2Q=0. Then,
k+gT]-(,=(N2H1)+N2l

2

2

2

2

(14)

2

3O

el : +cos£cos€sinf — sinfsingcosf

(12)

in Which superscript ‘+’ denotes the (Moore-Penrose)
pseudo-inverse of a matrix described by Campbell S L.
Meyer C D Jr. Generalized Inverses of Linear Transforma
tions, 1979, (Pitman: London. UK) It is necessary, in gen

2

2

2

2

2

e2 : +cos£sin€cosf + sing cosgsinf
2
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eral, to use the pseudo-inverse because NZH1 may be sin

2

2

2

2

2

e3 : —cos£sin€sinf + sinfcosgcosf
2

2

2

2

2

2

The inverse transformation betWeen the tWo sets of vari

gular and thus not possess an inverse in the usual sense.

ables is given by:

The translational motion is not completely independent of
the rotational motion in that Eq. 12.’ yields not the pelvic
accelerations in the inertial frame, R‘, but the sum of the
acceleration of the pelvis With the gravity term, R+gT'l_<‘, in
terms of the anatomical coordinate system, Which is depen
dent on the angular position of the body by virtue of the
transformation matrix, T. In some cases, this dependence

2

45

may be ignored. For example, When the subject is Walking
upright, the anatomical Z-axis and the earth-?xed Z-axis

nearly coincide, i.e., T'k‘z(0 0 1)T=k at all times during this
motion, and so the vertical component of the pelvicnaccel

e_rations With respect to the inertial coordinate frame, R‘fT'1
R, may be approximated by the vertical component of R. In
general scenarios, hoWever, in Which the orientation of the
pelvis can be arbitrary, it is necessary to integrate Eqs. 10
and 11 together to obtain the angular positions, using the

The angular velocity components in the anatomical frame,
F, are related to the derivatives of the Euler parameters via

the equations:

techniques described in the next subsection.
3. Deriving Pelvic Movement Information from 6-DOF Data
It is Well-knoWn from classical mechanics that the orien
tation of coordinate axes af?xed to a rigid body With respect
a set of inertial coordinate axes (and thus the aforementioned

transformation matrix, T) can be characteriZed using three

Euler angles, 11) (yaW), 6 (pitch or inclination), and 4) (roll or
bank). If the so-called “xyZ convention” or “321 conven
tion” is folloWed, the anatomical axes may be obtained from

the inertial axes by ?rst rotating through an angle 11) about
the inertial Z-axis to produce an intermediate set of axes,

then rotating through an angle 6 about the intermediary
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