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ABSTRACT

A svstem for automatic accumulation and reduction of
three-dimensional, human kinematic data has been designed
and implemented which avoids the questionable and
non-physiologic gait kinematics and forces often produced by
contemporary techniques. The new system introduces
three-dimensional, linkage analysis methods to describe
completely the kinematics and estimate total moments and net
forces between links, including a momentary axis-of-rotation
solution approach to eliminate subjective location of "joint
centers." Kinematic data acquisition is accomplished by an
infra-red, opto-electronic device with thirty LED markers
sampled by two cameras. A calibration scheme produces
10-bit accuracy. The three-dimensional point reconstruction
is accomplished photogrammetrically. Sets of markers are
grouped in segment-oriented, rigid arrays each with an
imbedded body coordinate system (3CS). A least-squares,
best fit is used to resolve the rotation matrix for each
8CS. A piezo-electric, multi-component force platform
synchronously acquires a force reference 1in the lower
extremity, multi-segmented, kinematic chain. Kinematic data
are significantly improved over conventional gait analysis
techniques by a 315-Hz sampling rate, 1-mm and
20-milliradian resolution and accuracy and an improved
marker-array mounting system employing stable anatomical
mounting locations. The system also operates in real-time
at 10C Hz. The frequency domain response of the overall
system, as well as several c¢lasses of human motion, is well
characterized, providing for intelligent selection of
low-pass filter cutoff frequencies for noise elimination.




The first amplitude peak of noise is at more than twice the
highest frequency contained in normal gait, and the residual
noise contributes an error of less than 5 percent to the
double differentiated kinematic data. The system represents
an improvement over other gait and mobility analysis
techniques in speed, accuracy, objectivity, and
automaticity; further its noise and error properties are
characterized and insure substantial improvement 1in the
confidence of dynamic estimates.

Several studies of measured motion and estimated forces
have been undertaken, both for machines (as demonstrations
of accuracy) and humans. Total moments and net loads across
the hip, knee, and ankle joints are presented for normal
human gait.
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CHAPTER 1

INTRODUCTION







Walking (or more generally mobility) is a process most
of us perform with 1ittle conscious effort, but this ease
obscures the underlying complexity of normal motions. Gait
alone involves the recruitment and control of hundreds of
muscles in the torso and lower extremities to produce the
actions of the multi-segmented skeleton. Scientists have
been studying human motion for centuries, and a multitude of
disciplines have been involved: mechanics, kinematics,
dynamics, kinesiology, neurology, physiology, and anatomy.
1f muscle function is included, chemistry, cell biology, and
thermodynamics also come into play. Ethical restrictionrs on
use of humans as experimental subjects and deleterious
influence on natural motion both prohibit invasive motion or
force measurements, so an additional level of complexity is
introduced. Virtually all mobility analysis techniques only
measure external kinematics, foot-floor force interaction,
and collect myo-electric signals (MES). Commercially
available forceplatforms simplify the foot-floor interaction
measurements, and MES, from skin-mounted electrodes, is only
available from the superficial muscles to verify the

temporal aspects of estimated muscle activity. For the
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study reported here the most critical measurement problem is
that of determining the kinematics of motion.
"Formally, kinematics is that branch of mechanics
which treats the phenomenon of motion without
regard to the cause of the motion. In kinematics
there is no reference to mass or force; the
concern is only with relative positions and their

changes."
Bottema and Roth 1979 [15] page vii

Since motion analysis mandates the invoivement of a
wide range of disciplines, not surprisingly many individuals
have investigated nhuman motion: Aristotle, Leonardo
DaVinci, E. and W. Weber (1836), M. G. Carlet (1872),
Eadweard Muybridge (1877), Jules Etienne Marey (1887;,
Braune and Fischer (1889) [16], Schwartz and Heath (1932),
Herbert El1ftmann (1938) [56], Bresler and Ffrankel (1950)
(17] 1limiting for now the list to the pioneers. One might
assume that the years since the initial quantitative studies
of the Weber brothers in 1836 would have produced
substantial insight into human motion and the principles of
its production. Certainly there has been no paucity of
interest or publication. Only recently, however, has
sufficiently sophisticated technology been applied, with the
consequences that most of the earlier studies were either
qualitative, or purely planar (and not spatial), or a
thorough understanding of the measurement technique and its
limitations were not appreciated. The continuing (and

heated) debate amongst prominent human mobility researchers
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concerning the frequency content of gait (possibly the most
fundamental aspect of the phenomena from a measurement
standpoint) stands as testimony to the limited knowledge,

confusion, and formative state of the field.

Given knowledge of the inertial properties of the body
segments of interest, three dimensional dynamic equations
can be solved, starting with the input kinematics, and
producing the net force and moment vectors that must have
existed as a function of time to produce the observed
motion. These forces and moments include no information
concerning the joint motion actuators: The individual
muscle action, tendons and ligaments, joint capsules, and
tissue restraints are wholly aggregated into the moment
vectors, which appear as hypothetical, pure moment
generators about the joints. These dynamic results can bDe
input, however, to the determination of principles of
selection of muscle activation in order to wultimately
estimate the total joint forces due to inertial and muscular
effects. (Hardt [66,67,68], Patriarco [122], Crowninshield
(37,38,39,40,411)
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“"To assess the total force acting through the head
of the femur at any time during the normal walking
cycle it is necessary to determine the tension
developed in the individual muscles which act on
the hip-joint. No technique for the direct
measurement of individual muscle tension is at
present available. A quasi quantitative
assessment <could be arrived at indirectly through
the simultaneous <correlation of torque at the
hip-joint and the electrical activity of the
muscles involved."

Sorbie and Zalter, in Kennedi, ed. ([146] page 359

Several techniques have evolved to acquire and reduce
motion data; reduction of these data to the most
fundamental form produces estimates of aggregate muscle
force activity. These are of <central interest to
understanding neurological control, muscle function, joint
mechanics, pathologies, and mobility rehabilitation. Al1
extant techniques have limitations, and these to-date have
precluded accurate estimates of joint Tloads and muscle
forces. In the 1978 publication of R. D. Crowninshield, et
al., [39], for example, the hip joint contact force vector
has a significant component directed laterally out of the
hip joiant during some of the gait cycle. The lateral edge
of the acetabular socket only extends & to 10 degrees beyond
the vertical, a load vector close to the edge will place a
very small rim of cartilage under large loads, and a vector
directed beyond the edge will disarticulate the joint.
Experiments conducted in the Laboratory for Biomechanics and
Human Rehabilitation at M.I.T. have shown that the load can

be directed at most 5 degrees laterally in the majority of
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normal Jjoints. The medial-lateral component of hip joint
contact force is critical to the contact pressure
distribution, as demonstrated by the differences shown in
pressure distribuy on from a cadaverous hip subjected to 10
degree medial increments in load, Figure 1. Such
comparisons underscore the necessity of producing estimates
of joint load vector with a confidence bound smaller than 5

degrees.
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As another illustration, Kettelkamp (1970 page 779
[87]), 1in an analysis of the complicated trajectory of the
instant center of rotation of the human knee as the
articulation undergoes rotation and sliding on complex
cartilagenous surfaces notes that: "... the instant centers
of knee motion ... were within a circle of 12.7 millimeter

radius." Thus to track motions of the knee joint axes, the
resolution of the kinematic acquisition and analysis system

must be substantially smaller than a centimeter.

To underscore the need for full three-dimensional
analysis, Eberhart, et al., (1968 page 460 [53]) notes that
"The average (axial) rotation of the pelvis s 5 degrees,
and the tibia and femur 9 degrees." "It is seen, then, that
locomotion is a complex process involving displacement of
the parts of the body in three directions and with 3 degrees
of rotational freedom. Any discussion of locomotion
involving less than these 6 degrees of freedom would of
necessity be incomplete." (page 470) Despite this
conjecture and probably because of all the spatial motions,

axial rotations of segments are the nardest to measure and

rotations about the long axes of segments are often ignored.

Any critique of the joint force westimation process
egasily identifies a multitude of areas of possible
introduction of errors. A natural division of the whole

process separates the kinematic acquisition and net motion




producing force and moment estimation from the redundant
muscle optimization solution which is necessary to transform
the torques estimated in the first estimation segment into
muscle forces (including agonist-antagonist coactivation)
and total joint loads. This thesis is <concerned with the
first part of the overall process; however, other
investigators (Patriarco, et al., 1981 [122])  have
determined that the influence of errors generated by input
kinematics outweigh the influence of <choice of muscle
optimization scheme and have suggested that Dbetter
kinematics and net load estimates will improve the capacity

to identify individual force-time activation information.

In addition to a force plate, Crowninshield wuses a
photographic technique similar to Jules Etienne Marey's 1873
invention of "chrono-photography." A rotating disk with
noles interrupts 1light projected onto a single frame of
film, producing multiple images separated in time. The
majority of contemporary mobility and gait analysis data
transduction techniques are similar to this early effort and
rely on systems that have benefitted very little from the
technological advances of the last century. In fairness,
Crowninshield's data are the final result of kinematic
acquisition, net load estimation, and muscle force
optimization; however, my conversations with him iead me to
suspect that errcrs in kinematics are strongly influencing

-

his final results. For instance, he ¢glaims a positionail
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resolution of 2.5 to 5.0 mm, usipg a
Only 1 mm of noise at 15 Hz (the hi
possibly be reconstructed with 30 Hz
accelerations of almost | gravit)
smoothing to ameliorate this effect;
apply a smoothing filter, both the f
phenomgna, as well as the noise,
Crowninshield dées not know the nois
measurement system.* That system us
hold three visible 1ight LEDs each,
Circuitry and a 9 volt “transistor
battery alone weighs 0.45 Newtons

motion of the LEDs with respect to the

The objective of my work is to de
must be measured and how well th
provide more physiologically valid
loading; to design and build a
objective, instant turn-around syste
estimates; and to evaluate quantit

confidence on the results.

* Persona) communication October 28,
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NON-INVASIVE SPATIAL POSITION MEASI

Pt whom i, ¥ 200 Sogushuioes

pASTHI NS .
T
.
o

To estimate the net joint loads (a forc

moment vector) during human motion as a

iy -&-——-»—-,4..__1;,

good kinematic data are required. The
implies:
1) Full three-dimensional segment
orientation measurement.
"... there are only a few joints in thy
that could be classified as striq
joints. When disease is involved,
planar joints will experience three
deformity which requires a truly spati
accurately define the morphologi

involved."
Chao [36] page 386

2) High enough kinematic accuracy a
resolution to influence the estimates
criterion, say 5 percent.

3) Frequency of position sampling (for
system) above twice the highest ¢

phenomena of interest, as well as more

highest frequency of the significant mea

If each 1imb segment were a rigid iink,
problems would end here; however, the
Each segment 1is comprised of muscle, 1
cartilage, bone, and fluid. Producing tor

rasuits in changes of the <center of mas
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respect to the skeleton, changes in the inertia tensor for
ti¢ segment, and changes in the shape of the surface of the
segment., Changes in the 1imb position and orientation with
respect to another 1limb wusually vresult in a different
location and direction of the axis of rotation between them.
Lastly, since the measurement subject is a living organism,
special efforts must be taken to minimize the influence of

the experiment on the subject's motion.

REVIEW OF CURRENT MOBILITY ANALYSIS TECHNIQUES

To put this thesis in perspective, a review of the
measurement oroblem and the major techniques for
accumulating and processing human motion data will be
presented, along with the advantages and limitations of
each, as well as an explanation of the design criteria for
our system. For a more detailed description of each
technique see:

Chao, £. Y.,"Experimental Mathods for

Biomechanical Measurements of Joint Kinematics,"

in: B. N. Feinbery, and D. G. Flemming, eds., CRC

Handbook of Engineering in Medicine and Biology,

Section B: Instruments and Measurements, Volume [,
Florida; CRC Press, pages 335-411. [36]
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Four major techniques are used for the accumulation of
human motion kinematic data:
1. Electromechanical linkages (electro-goniometers)
2. Accelerometry
3. Roentgenography

4, Stereometry

ELECTRO-GONIQOMETERS consist of an articulated
exoskeleton with angular (and occasionally translational)
transducers (usually potentiometers) at the joints. The
exoskeletal linkage 1is attached to the skin of a subject,
and the physiological joint angles are inferred from the
measured angles of  the goniometer. Goniometery is
advantageous in that the instrumentation system is
relatively easy to use, providing direct measurement of
joint angle (often the object of motion measurement), and
the mechanism 1is not subject to obscuration as are optical
tachniques. Difficulties arise with normal and pathological
joints, which include translational as well as rotational
components of motion, and with mis-alignment of the
exoskeletal joint axes with the physiological axes. Motion
of the soft tissue, to which the goniometer 1is attached,
with respect to the skeleton introduces error. In general,
goniometers are massive compared to optical targets or
sources and the dynamics of the linkage become important.

The mass and friction associated with an axoskealetal
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structure can affect normal motion significantly. Lastly
the goniometer only measures relative intersegmental 1imb
motion, and an external inertial reference is needed *o

produce absolute motion data and joint force estimates.

ACCELEROMETRY involves the measurement of a set of at
least six accelerations of a segment of interest, and it has
been suggested by Padgaonkar (1975) [119] that nine are
necessary for stability. A variety of accelerometer types
has been used, including strain-gauge and piezo-electric.
Double integration of accelerations yields position
histories to within two integration constants, avoiding the
noise amplification suffered with differentiation. I[f the
initial position and velocity are known, the solution can be
specified. Ascertaining the initial positions is a
relatively easy task; hcwever, there is a more insidious
problem associated with the integration. Local segment
accelerations, not the influence of gravity, are required to
produce correct kinematics; however, the orientation of the
segment is required to remove the gravity vector, but the
orientation 1is the desired result. Stated simply: The

answer is required in order to calculate the answer.

ROENTGENOGRAPHY exposes subjects to X-Ray radiation,
and, particularly in <cinetographic applications, tnis
exposure is excessive and wunacceptable. The method does

have advantages, however, in that the internal skeletal
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kinematics can be measured directly instead of inferred from
the outside motions. Beyond this roentgenography s
substantially the same as visible 1light cine-techniques

discussed under Stereometry.

STEREOMETRY is a common photogrammetric technique
employing two cameras. Each <camera collects azimuth and
elevation data on several points. With knowledge of the
camera locations and orientations, the azimuth and elevation
data can be used to reconstruct analytically the vector from
each lens front nodal point to the points of interest in the
field of view. A simple trigonometric technique will yield
the three-dimensional location of each point of interest
with respect to the cameras. If a minimum of three points
is in a previously specified rigid array, the position and
orientation of a body-coordinate system fixed relative to
the rigid point array can be found. Thus stereometry can
provide full six-degree-of-freedom kinematic information on
several bodies. If the camera data are collected
continuousiy, or if they are sampled at a high enough rate,

motion data can be measured.

The moving points of interest can either be reflectors
or emitters, depending oh the measuring hardware. Ffor
high-speed, motion-picture-film cameras, the points can be
smat! light bulbs, light-emitting dicdes (LEDs) or

refiactors placed on ths subject's skin. Film is exposed as
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a subject walks through the viewing volume common to the
several cameras and is subsequently developed. Then manual
digitization proceeds frame-by-frame. For still cameras, a
subject wears flashing lights or LEDs, and each flash is
recorded during a single, long time-exposure and later
developed and digitized. The major disadvantage of both
systems 1is the manual digitization of film plane-position
data. Beyond the time involved (in film processing, and
digitization) the objectivity and reproducibility of the
data so transduced are seriously called into question due to
the manual human intervention. Since double differentiation
of these data are required for any dynamic analysis of the
kinematics, the frequency domain characteristics of the

noise and data uncertainties are of paramount importance.

Television s an optical technique that has Deen
partially automatized. Pattern recognition techniques must
be used in conjunction with a scan of the entire frame of
data to locate each target, because the target's image will
appear in more than one pixel. A1l the image pixels must be
used to locate the center of the target in the image plane;
therefore, the volume of raw data produced 1is very large.
Additionally, the targets used must be very large. Figure 2
from Winter (1974) [169] page 480 illustrates these

problems.
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These facts, in conjunction with the use of commercial video
systems limited to 50-Hz frame rate and 525 lines by 416
pixels per 1line, result in relatively poor sampling
frequency and positional resclution. Very bright lights are
needed to produce enough contrast for the targets to be
automatically discerned, although a method of using
infra-red 1light has been introduced and should help
alleviate the problems of <contrast. Since the identical
reflectors carry no unique identification, manual
intervention to identify the trajectories of interwoven

reflector paths is necessary.

Techniques using sound instead of 1ight are also in
use, but the measurement volume is quite small (0.7 meter
cube), and acoustic reverberations and dispersions

complicate the measurement process.

The final stereometric technique discussed is the one
used 1in this investigation. It is an opto-electronic
technique intrinsically oriented toward automatic data
acquisition. The detection device is a lateral-photo-effect
diode, a monolithic large linear-area device that produces
differential currents at the diode edges proportional to the
16éation of a light spot on the surface. The detector was
developed in 1957 by Professor T. Wallmark at Chaimers
University, Goteborg, Sweden. (Wallmark, 1957 ([163], and
Lindholm, 1974 [96])




- 40 -

X
-TR(1-) y
o | £+ R

y g
£+ 1 R(-])

Figure 3. Lateral-photo-effect diode from Woltring and
Marsolais (1980) [178] page 47
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In the device we used (a Selspot I manufactured by Selcom
A8, Sweden) wup to thirty light emitters are time-division
multiplexed such that only one is on at a time, and valid
data 1in two <camera image planes can be collected while a
single emitter is on. The emitters are 940 nm infra-red,
light-emitting diodes (LEDs), and the lateral-photo-effect
diode receivers have an optical filter to band pass 1ight
with a <center wavelength of 940 nm. This provides a wide
margin of background 1light interference rejection. An
Analog-to-Digital (A-to-D) converter is synchronized to the
multiplexing of the LEDs, and the digital data for the image
plane location of each LED are produced. The frame rate,
where one frame is a sweep through all thirty LEDs, 1{is 315
Hz. The A-to-D converter resolves to 10 bits (1024). As
received from the manufacturer, the system has two cameras
each with an overall accuracy of about 1 percent. The
accuracy is ten times worse than the resolution because of
nonlinearities 1in the optics, and local variations in the

detector diode.
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Selspot represents a tremendous potential for
high-speed, fully automatic, high-resolution (and with
suitatble calibration high-accuracy), spatial kinematic data
on thirty points. Normal room illumination can be used in
the measurement volume: The infra-red filters in the
cameras, along with background rejection circuitry,
eliminate the effects of ambient light. A range of emitters
(LEDs) is available with the smallest and lightest useful
for gait experiments, having a mass of only 200 milligrams.
The system as delivered from the manufacturer is limited in
the need for full-field calibration for each camera and the
substantial development effort to design and fabricate a
computer interface and write -extensive data acquisition,

reduction and management software.




Automaticity and instant or real-time data accumulaticn
Absolute frame-of-reference

3-D translation measurement capability

3-D rotation measurement capability
Reproducibility

Large (greater than 1 stride) viewing voiume
Sampling speed

Number of targets

Resolution

10 Un-Calibrated Accuracy

11 Potential Calibrated Accuracy

12 Subject influence

13 Subject hazard

14 Soft tissue motion problems

[S T I N I ) S T i

O w ~N O

1234567 38 9 10 11 12 i3

Goniometers YNYY Y Y >k ? .03% 1% Large Mass
Large Drag

Still Film NYYYYY30 ? .03%*? Flashing 1ights
Dark Room

H.S. Film NYYYYY250 7 .03%* ? Minimal

T.V. NYYYYYS®RO ? 1% 2 Large targets
3right lights

Sonic YYYNYN? 2?2 ? ? ?

(/w very few emitters)

X-Rays NYYYYN? 2?2 7 ? Radiation

Accelerometers Y N Y Y Y Y >lk ? ? ? Small mass

Selspot YY Y Y YY315 30 .1% 1% .1% Normal room light

Small mass

? denotes an unknown value
* indicates an approximate value for comparison

t

able 1 Summary of mobility kinematic measurement techninques
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Automaticity, high speed (real time), objectivity, and
result data in an absolute frame of reference were all
highly ranked design requirements considered during the
selection of the measurement system. It was felt that
satisfaction of those requirements would produce a facility
capable of substantially surpassing those employing current
techniques and would result in data capable of shedding new
light on human mobility.

"In view of the system requirements of the

Mobility Laboratory's (now the Eric P. and Evelyn

E. MNewman Laboratory for Biomechanics and Human

Rehabilitation [LBHR]) projects, it was felt that

the Selspot System held the greatest potential for

meeting them in the shortest time and at the

lowest total cost. As a result, the Selspot

System was acquired as the fundamental

data-acquisition system."
Conati (1977) [34] page 24

Analysis techniques producing estimates of force and
moment vectors require a force reference at one point along
the segment linkage chain. Virtually all investigators use
a multi-component force-plate capable of measuring the
complete force and moment vectors between the foot and the
floor. This investigation 1is no exception, although in
early applications of the system (Hardt 1978 [66,67,68])
before the forceplate was acquired, force analyses were
performed based on the assumption of linear weight transfer

from one foot to the other during double-leg stance.
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The next chapter will describe the details of the
measurement problem and those aspects of it that the

“modern"” techniques have not solved. The measurement

solution implemented here is divided into three broad areas,
each to be discussed separately: foot-floor,
force-interaction measurement (first, because it s the
simplest), position history measurement of kinematic
markers, and position history measurement of skeletal links.
Subsequently, the analysis (kinematic and dynamic) will be

discussed.
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CHAPTER 2

GAIT ANALYSIS TECHMIQUES LIMITATIONS







As discussed in the last chapter, accumulating data on
the position histories of the 1imb segments of a moving
human is a difficult and subtle process. If the human s
overly constrained by the instrumentation, his gait is
affected. Similarly, distractions such as noises or
flashing lights will also affect the results. Since ethical
clinical guidelines in this country do not allow the use of
bone pins, a non-invasive technique is required. Bone pins
also influence the subject's gait due to restriction of scft
tissue motion. Non-invasive measurement requires that
histories of motion of the skin surface be acquired and used
to infer the motion of the underlying skeleton and center of
mass. Since the muscle masses move relative to the bone
during motion, the center of mass for a given segment will

move with respect to the skeleton. None of the joints in

the body are planar pin joints, necessitating full
three-dimensional kinematic data to completely describe the
motion. The precise inertial properties of each segment are
difficult to determine and depend on segment position,
muscle activity, and the geometric definition of the ends of
each segment. Sampling noise accompanying the signal will

be greatly accentuated once double differentiation has taken
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place, necessitating filtering based on knowledge of signal-

and noise-amplitude spectra.

This <chapter will discuss how these and other
limitaticns affect the results produced by a gait analysis

system using an opto-electronic, sterometric technique.

FREQUENCY CCNTEMT OF GAIT

Only a very few extant publications attempt to quantify
the frequency content of gait, and one only need attend any
conference on biomechanics to hear the current controversy
over valid cut-off frequencies to use with low-pass filters
applied to noisy gait data. A. Cappozzo (1975) [22]  uses
the first five terms of a Fourier series to describe the
frequency content of gait. D. Winter (1974) [169] and
(1979) (166] applies a ©5- or 6-Hz, 1low-pass filter.
K. Soudan (1979) [147] uses spline functions, and
R. Alexander (1980) [4] uses five terms of a Fourier series.
None of these investigators provide a thorough
substantiation for the selection of their noise rejection
technique.

“"The actual value of the sampling rate to be

chosen is worthy of a separate discussion. It is,

in fact, possible to find a value of it which s

optimal from a practical noint of view. This will

be done when a deeper knowledge on the

characteristics of the displacement functions and

their measures, is available."
Cappozzo, et al., (1975) [22] page 309
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“... the problem of choicing (sic) the more
convenient number of data points can be faced.
Broadly speaking, this choice is the end result of
a compromise between accuracy of fit and cost of
data acquisition in terms of man/time necessary
for the reading of the film."

... experience ... in some typical locomotor
patterns shows the more convenient number m equal
to 5 (or slightly more than 5) times n, in close
accordance with the more common proposal of the
applied measurement theory. In level walking at
normal speed, for instance, the highest value
found for n, among all the functions d(t), is 5 or
6; m must then be between 25-25 on a double step
period. Hence a 20-30 f.p.s film s generally
sufficient."

Cappozzo, et al., (1975) [22] page 312

Cappozzo's d(t) is a function containing the first five
Fourier series terms, and his Jjustification for a low
sampiing frequency is based on how well the data can be fit
with a series, not how closely the data match the real
motion, and on limiting the amount of time necessary to

manually reduce the film data.

The only literature citation that addresses measuring
the actual frequency content of gait that I could locate was
S. Simon, et ai., (1982) "Peak Dynamic Force in Human Gait"
[143]. The frequency signatures reported by Simon could
only be reproduced by highly abnormal gait with sharp
posterior “"kicks" at heel strike. The method of forceplate
data accumulation and reduction used here will be discussed
later; however, the following figures are included as a

comparison. Figure 5 is a typical record of vertical force
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at the forceplate as a function of time for normal gait.
Figure € is an expanded region at heel strike, and Figure 7
shows amplitude as & function of frequency for the same
force record. The frequency domain response was obtained
through the wuse of a digital Fast Fourier Transform (FFT)
routine. A1l walking measured 1in this investigation was

barefoot, no shoes were used. Figure & shows Simon, et al

*

published data.
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To reproduce the large amplitude spike at heel strike,
several attempts at walking with a sharp posterior kick were
recorded. Figure 9 shows the measured response from one of
those trials. Again, all gait is un-shod. Figure 10 shows
an expanded region around heel contact. Just as in Figure
6, it can be seen that there are many data points across the

first peak in the data owing to the 2-kHz sampling rate.
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Note that even with a reproduction of Simon's input
vertical force data, the relatively 1large amplitudes at

frequencies above 20 Hz were not reproduced.

FREQUENCY RESPONSE OF MOTION MEASUREMENT SYSTEMS

The first and most fundamental unknown relating to gait
is the frequency content of the underlying phenomena, and
knowledge of this content is vital to understanding any of
the problems enumerated above. For instance when position
measurement systems are used which include inherent sampling
noise (particularly 1if a dynamic analysis is planned where
the kinematic data require double differentiation), the
noise and the underlying phenomena (the signal) must be
thoroughly described in the frequency domain in order to
separate the noise from the signal. The double
differentiation of the position histories, necessary for
dynamics, amplifies the noise by the square of its frequency
and lends added importance to separation of signal and
noise. For a discussion of the differentiation technique
used in this investigation, see Antonsson (1976) [(7] and

also Chapter 3 of this thesis. [If noise characterized by:

An*Sin(Wn)t

(where: An is an amplitude, and Wn is a frequency, and t is

time) is added to a signal, after double differentiation the




noise becomes:
An*(Wn**2)*Sin(Wn)t

So eliminating frequencies higher than Wn or attenuatino An

becomes vital.

As a graphical illustration of the influence of noise,
the following "iso-noise amplitude" plot is presented. The
plot answers tne following question: If a sinusoidal signal
with an amplitude of 100 units had superimposed noise at
different frequencies, what amplitudes of noise (as a
function of frequency) would produce equal noise and signal
amplitudes (signal to noise ratio of 1) subsequent tc double
differentiation? A few points along the <curve are
interesting. A noise amplitude of only 10 percent of the
signal at 3 Hz will procduce a noise amplitude equal to the
signal once double differentiated; only 1 percent is needed
at 10 Hz; and 0.1 percent at 32 Hz. Obviously the function

used to produce this curve is simply:
An=100/(Fn)"
from
100(2™ =An({Fn2m’

The only purpose in opresenting it is to wunderscore the
importance of understanding not only the frequency content

of gait, but also the noise content of the measured signal.
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To produce useful results, the additive noise in the signal

must have amplitudes well below this curve.
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A final restriction for the frequency domain
characteristics of a kinematic measurement system for gait
is that the noise inherent in the sampling be above the
frequency of the signal. It is of no use to be able to
reject all noise between 15 and 150 Hz if the noise has
significant  components below 15 Hz, and since all
measurement systems produce some noise in addition to the
signal, the above aspects of the measurement system must be

considered to produce kinematics and dynamic estimates with

known accuracy.

STATIC AND DYNAMIC POSITIONAL ACCURACY AND RESOLUTION

If normal human walking were a quasi-static, gravity
dominated activity, 1in the absence of measurement noise, a
fairly coarse kinematic resolution and accuracy would
produce quite accurate force estimates. .For instance, a
resolution of 5 mm spatially will yield 1imb orientations
within +/-2 degrees for a 40 cm long segment measured with
markers at the end points. For the quasi-static case, this
magnitude of error will yield joint loads within 10 percent;
however, should dynamics be present at all, the influence of
noise and its amplitude and frequency becomes more important
than static resolution. Gait contains dynamics, and though
the static resolution is important, as shown above, the

sampled noise content can outweigh the static forces in the
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dynamic estimates. Rotational accuracy involves the same
considerations. Fortunately photogrametrists have devoted
much effort to the study of calibration of optical devices
for three dimensional position measurement, and many of the
same techniques can be applied to produce an optical system
with an accuracy of 1 mm for a point within a viewing volume

containing one stride.

SOFT TISSUE MOTION WITH RESPECT TO THE SKELETON
AND DETERMINATION OF JOINT AXES

Since all of the kinematics, upon which the dynamic
estimates will be based, must bDe measured on the surface of
the skin, the motion of the soft tissue with respect to the
skeleton must be considered and measured. All markers
mounted on the skin will wexhibit some motion, and every
effort to miminize it must be taken. This relative motion
can be viewed as noise superimposed upon the motion of the
skeleton, and the same techniques to reject noise as
discussed above apply: Make the amplitude as small as
possible in the frequency range of significant signal, and
eliminate the higher frequency noise through filtering. The
amplitudes <can be made small by use of low mass markers
closely coupled to prominent bony protuberances, such as the
medial border of the tibia and the femoral epicondyles to
provide the maximum skeletal trajectory fidelity. The

skeletal elements are located with respect to the markers by
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means of vectors to the segment endpoints determined by a
kinematic examination of the data. This will be discussed

fully in Chapter 4.

Further, since the markers will move with respect to
the skeletal links and joints, markers placed on the skin at
an assumed joint center or axis location will produce
erroneous results. Fortunately, except for the frequencies
of soft tissue motion in the range of gait phenomenon, these
errors fall under the aegis of quasi-static force estimate
errors (a positional error in the axis of rotation of a
joint will only influence the static, gravity dominated
joint forces and moments as shown above). The common method
of placing a marker at a joint center, however, yields no
information at all about the magnitude and frequency of soft

tissue motion.
! segment lengths are measured directly on the

subject as distances between the markers

approximating the position of the articular

centres "

Cappozzo, et al., (1975) [22] page 313

" the markers borne by the subject indicate

only approximately the position of the rotation

axes of the joints and wundergo displacements of

the skin in relation to the bones during

motion !

Cappozzo, et al., (1975) [22] page 309
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“Particular attention must be paid to the
inaccuracy of the segment lengths."

"The actual distance between the projections on
the sagittal plane of two joint rotation centres
varies during motion for the following reasons:

(a) the leg movement is not planar

(b) the joint rotation centres move with respect
to the bones."

Cappozzo, et al., (1975) [22] page 313

In contrast, a method based on measuring complete 1link
kinematics wusing imbedded body-coordinate systems, to be
described later, produces enough information to locate the
joint axes. This reduces a possible source of error and can

be used to evaluate soft tissue motion.

RESULTING UNCERTAINTY IN KINEMATIC AND THUS DYNAMIC GAIT DATA

The sources of error enumerated so far for a kinematic
measurement system for human motion to be used for dynamic
estimates are:

1. Sampling noise in the kinematics

2. Inadequate frequency bandwidth of the sampling system to
capture signal and reject noise

3. Limited positional measurement accuracy and resolution

4, Inability to measure all three translations and
rotations of each body segment.

5. Motion of measurement markers mounted on soft tissue,
with respect to the skeletal links.

(o4}

Inability to resolve joint axes correctly
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A1l of these contribute to errors in the dynamic estimates,

and some, like measurement noise, are magnified greatly in

the calculaticn process.
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CHAPTER 3

MEASUREMENT APPROACH







The measurement of the foot-floor interaction forces
will be discussed first. Transduction is carried out by a
Kistler 9281A, muliti-component forceplatform (Kistler
Instrumente AG, Winterthur, Switzerland). See Appendix A
for specifications. This device 1is capable of measuring
forces in three orthogonal directions; the position of the
net center of force on the surface of the plate; and the
net moment about an axis perpendicular to the surface.
According to Kistler the fundamental natural frequency of
the platform is above 1.0 kHz. This is achieved by the use
of very stiff (1.5 Newtons/nano-meter (6.6 tons/micro-inch])
quartz crystal piezo-electric force transducers. Each
corner of tne plate s supported by a set of three
toroidally shaped crystals stacked on top of each other, one
for forces normal to the plate, and two for orthogonal
shears. There are a total of twelve transducers in the
platform assembly. Each stack of three rings s under a
factory-adjusted pre-load to allow the platform to measure
tensile as well as compressive loads, and to bDe able to
maintain accuracy when the net center of force is outside

the rectangle bounded by the transducer stacks.
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The platform was mounted in the floor of the Mobility
Facility in room 3-147 at M.I.T. with its upper surface
flush with the surface of the surrounding floor. Figure 15
is a schematic of the mounting. Several vertical columns
were installed between the bottom of the mounting beams 1in
the Facility floor and the basement floor below to stiffen
the platform's support. This was necessary to minimize the
bending that the forceplate foundation suffered when the
floor surrounding the platform was loaded. This problem was
particularly cute for this force-measuring device because

of the very high stiffness of the transduction elements.
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To measure the charges produced by the piezo-electric
crystals, Kistler oprovides eight charge amplifiers. There
are only eight because some of the charge signals are
connected together at the inputs to the amplifiers. This
reduces the total number of amplifiers necessary, but not
the information available. Each charge amplifier produces
voltages proportional to the 1load on its <corresponding
transducer. The possible output voltage range is +/-10.0
volts, and the input force range is selectable over a wide
range (+/-1 Newton/volt to +/-5000 Newtons/volt) to allow
different sensitivies. Appendix A includes the Kistler
nomenclature and algorithms for determining the resultant
forces acting on the plate from the eight analog voltages

present at the charge amplifiers.

Since the entire motion measurement system is
discrete-time-sampled, it was decided to convert the eight
analog voltages to digital signals at the forceplate
charge-amplifier box for several reasons. Most importantly
analog signals are sensitive to electromagnetic noise,
particularly when the signals must be transmitted over long
distances. Using analog lines from the charge amplifiers to
analog-to-digital (A/D) <converters in the computer 50 feet
away resulted in a signal-to-noise ratio of about 1G. High
fidelity is much more easily accomplished in a digital

signal transmitted over that length.
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To implement this A-to-D conrversion at a remote (from
the host data processor) location required the use of an
Analog Devices (Norwood, Massachusetts) DAS 1128
Analog-to-Digital Converter Sub-system. See Appendix B for
the manufacturer's specifications. The essential aspects of
this device are that it can be configured to have eight
double-ended (differential) input signals and produce 12-bit
digital results compatable with Transistor - Transistor
Logic (TTL) wused throughout digital computers. The
conversion rate can be adjusted, and for this application it
was set to its slowest available value to obtain the maximum
possible accuracy. This meant that a sweep through all
eight channels converting each one to 12 bits (1 part in
4096) takes 0.32 milli-seconds. When computer intervention
time is allowed between sweeps (frames), the maximum
sampling rate available is 2.5 kHz. This could be increased
by reducing the conversion time in the sub-system but at the
expense of some accuracy and stability. Since the most
often used mode for the forceplatform sampling system is 1in
synchrony with the kinematic acquisition system (which runs
at a maximum rate of 315 frames per second), and the
fundamental natural frequency of the plate is about 1.0 kHz,

a higher sweep rate was felt to be unnecessary.
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The rate of sampling of the analog signals is
determined by an external input to the A/D conversion
sub-system. This framing and synchrony circuitry is
external to the DAS 1128 and makes the A/D converter sweep
through all eight channels (always starting with channel 0),
once per pulse on the external frame start line. There are
several external frame start lines available. 0One is wired
to a user-controlled line, one is from a programmable clock,
and one is from a signal denoting a frame of Selspot data.
in summary, the analog-to-digital <conversion system used
with the forceplatform has three digital and eight analog
input lines and seventeen digital output lines. Each strobe
(pulse) on one of the input digital frame start lines
produces a train of eight sequential 12-bit digital signals
(and four more strapped to the most significant bit)
demarked (in time) by a control 1line signalling the
existence of each valid word of data on the digital lines.
Since the conversion of this data occurs much faster than
other associated sampling, a handshake has been also
implemented to require the DAS 1128 to hold its digital data
until the receiving computer is free to accept it. A
"nandshake" is simply a two-way communication where a device
places a signal on a line indicating it has data available,
and then waits until the computer responds with a signal

indicating it has accepted the data and is ready for more.
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Appendix B contains a more detailed description of the

conversion system.

The forceplate data are accumulated by the host
computer by a Direct-Memory-Access (DMA) interface. This
device allows high-speed (approximately 100,000
words/second) acauisition of l6-bit digital signals directly
into the host computer's main memory without the
intervention of the processor for the transfer. The DMA

used is an MDB (Orange, California) DR11-B.

Synchrony with the Selspot kinematic acquisition system
was achieved by connecting one of the forceplate conversion
frame start lines to a signal denoting the middle of a frame
of Selspot data to be accumulated. The middle of a frame
was chosen to avoid timing conflicts in the central
processor. Occasionally the Selspot requires processor
intervention (to swap buffers to be filled), and that always
occurs at the beginning of a frame of Selspot data.
Similarly, the forceplate occasionally requires a change of
buffers, and that occcurs at the beginning of a frame of
forceplate data. Selecting the center of the Selspot frame
avoids requiring the processor to deal with both swaps Gf
buffers at the same time. The process and necessity of

swapping buffers will be discussed ltater.
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OPTO-ELECTRONIC POSITION MEASUREMENT SYSTEM

A Selspot ! (Selcom AB, Goteborg, Sweden) was used to
acquire kinematic data. It consists of a pair of cameras,
each comprised of a Canon (Lake Success, NY) f 0.95 mm
Television 1lens, a 40-mm-square lateral-photo-effect diode
with its surface in the focal plane of the lens and a pair
of amplifiers to convert the differential currents present
at the edges of the diode plates to voltages. These
voltages characterize the 1location of the centroid of a
light spot on the surface of the detector plate
(lateral-photo-effect diocde). The detectors have optical
filters placed over them to eliminate the influence of
visible light, and retain sensitivity to infra-red, centered
at 940 nanometers. For more information on
lateral-photo-effect diodes, see Wallmark (1957) [163],
Lucovsky (1960) ([98], Broerman (1968) [18], Groden and
Richards (1969) [64], Woltring (1974) [174], Woltring (1975)
[176], Fieret, ot al., (1977) (58], and Woltring, and
Marsolais (1980) [178].
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Figure 16. DJrawing of a lateral-photo-effect diode from
Woltring and Marsolais (1980) [178] page 47
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Particularly note the spectral sensitivity of the human
eye (the dashed curve labeled "EYE" in Figure 18). It
becomes insensitive at about 750 nano-meters, well below the

940 nm light used by the Selspot.

The Selspot system also includes an LED Control Unit
- (LCU, see Figure 19) which multiplexes current (2 Amperes)
sequentially to each of thirty Infra-red Light Emitting
Diodes (LED). Normally the 2 amperes are supplied through
an umbilical by a transformer and rectifier operating from
line voltage; however, a rechargable battery can be used to
eliminate the trailing wires from the subject. The
umbilical also carries synchrony information from the master
multiplexer clock in the LCU back to the Main Unit. Aith
the battery in use, synchronization is provided optically by
a 55-micro-second light pulse from LED number 1, instead of
the wusual 50. The LEDs used produce light with a spectrum
centered at 940 nanometers.
"The influences of background 1light and diode
leakage current are eliminated by measuring the
change in output signals when an LED is turned on;
thus, steady background illumination will not

affect measurement precision.”
Woltring (1980C) [178] page 47.

Sach LED is allotted 100 microseconds, and the system
sroduces a blank pulse of 200 microseconds every frame
{where a frame is defined as one sweep through all thirty

£ZD channels). This {is a frequency of 312 frames per
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second. The actual device runs a little bit faster: at 315
Hz. See Appendix c for a timing diagram. The
200-micro-second blank pulse provides synchrony between the
master multiplexing clock in the LCU and the slave clock in
the main unit where the conversion of voltages arriving from
the cameras to digital words takes place. The multiplexed
A/D converter in the Selspot main wunit discretizes to 10
bits of resolution (1 part in 1024). The specifications can
be found in Appendix C. The main unit produces 4 - 10-bit
words each time an LED is turned on -- X and Y image plane
location of that LED. With complete knowledge of the camera
locations and orientations, three-dimensional reconstruction
can be performed to determine the location of the LED. The
method used is widely used in photogrammetry and produces
highly accurate three-dimensional coordinates with a small

ammount of calculation and management. A good reference on

photogrammetry is the Manual of Photogrammetry (1980) [144].
Since the ~cameras produce image plane coordinates in real
time, the digital signals converted by the main unit can be
acquired by a computer and processed to yield 3-D
coordinates in real time. This provides a unique capability
to measure and analyze human motion. Further advantages of
the Selspot transduction system are that the room can be
illuminated normally. Since the markers produce infra-red
light out of the visible range, there are no flashing lights

to distract the subject. Each LED has a mass of 200
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milligrams, and a typical plexiglas array with seven LEDs is
35 grams; thus the subject can very lightly encumbered.
The LEDs used throughout this investigation were
AEG-Telefunken (Somverville, New Jersey) number: V194P,

See Appendix G for the manufacturer's specifications.
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Photograph 2. An instrumented ballerina, Patricia Miller
with James Canfield, both members of the Joffrey Ballet.
April 5, 1982
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In order to realize the full potential of the Selspot
position transduction system, a computer must acquire and
process the data. The speed, large number of tracking
targets, and high resolution all result in a large volume of
data production: 37,500 16-bit words/second. An electronic
digital computer with a high-speed, 16-bit parallel
interface is the only way to acquire and manage all of these
data and produce wuseful three-dimensional results. The
computer used in this application is a Digital Equipment
Corporation (DEC) (Maynard, MA) Programmed Data Processor,
(PDP) 11/60, with 256 k bytes of dynamic random access
memory (RAM), a combination of disk drives with a total
storage capacity of 217 mega-bytes. The interface 1is a
Direct-Memory-Access (DMA) device very similar to the one
used for the forceplate. In this case it s a MDBll-8B,
which is more primitive than the DR11-B, but includes some
area on the board for user-installed circuitry. Some
applications of the system do not always use all thirty
LEDs, nor need acquire data at the full 315 Hz. Since there
is no option in the Selspot I to change the frame frequency
or the number of LED channels, this discrimination must bDe
performed by the computer.* Originally this task was handled
by software, but now the user circuit space on the DMA card
is used to gate the data-available flag to allow only the
frames and channels desired by the user into the ccmputer's

memory . The transfer of function from software to hardware




enables the simultaneous acquisition of other data
(forceplate) because the central processs~ remains idle for
the majority of time the Selspot data are being acquired.
The specifications for the Selspot interface can be found in
Appendix D. This interface provides the capability to place
the digital words of Selspot data for the frames and LED
channels desired into the memory of a host <computer. The
DMA nature of the interface insures that the data are
accumulated at least as fast at the Selspot produces it.
Since the processor 1is not burdened with the task of
managing the accumulation of the data itself, the

arrangement is ideally suited to real-time data reduction.

* Selective Electronics announced the Selspot II in July,
1981, however none are available as of this writing.
This new device has 12 bits (4095 discrete levels} of
resolution, improved infra-red compensated optics for
increased accuracy, and programmaple frequency, ~number
of LEDs, and LED sequence, 1in addition to allowing
multiple cameras, and up to 128 LEDs.
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CALIBRATION

Selcom AB claims that the Selspot I has an accuracy of
1 percent when delivered. The resolution of the system is
10 bits (1 part in 1024), or 0.1 percent. An effort was
made to calibrate the positional accuracy of the system to
match its resolution -- in other words, to obtain Q.1
percent positional accuracy over the entire field of view of
each camera, indicating that a 1light ray from an LED,
reconstructed from the image plane data and corrected by the
results of the calibration, would pass within 1 mm of the
real LED position at a range where the field of view is 1
meter across. The essential aspects of the calibration
involved moving an LED to 12,000 different locations in the
field of view of one camera in a plane parallel to the image
plane, and determining the corrections necessary to apply to
the camera image-plane-coordinate data to move the
reconstructed ray to intersect the LED object plane at the
LED position. These 12,000 pairs of correction coordinates
were fit with a high-order surface function to reduce and
smooth slightly the data. The corrections were made
computationally efficient by a further reduction to a
"look-up table" to drastically simplify (and speed wup) the
calculations necessary during a correction. The entire

calibration process was repeated for both cameras.
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Several aspects of the Selspot are important to note:
The calibration 1is sensitive to both focus and lens
aperature. Since there is no option to adjust the intensity
of each LED, it was decided to perform a full-field-of-view
calibration with the LEDs at the distance from the cameras
most often encountered in experimental situations -- in this
case 3 meters. In crder to cover the whole field of each
camera, an apparatus had to be constructed that would move
an LED (or LEDs) over a square about 1.5 meters on a side.
To achieve the 0.1 percent accuracy desired, the calibration
must result in a correction that will produce measured LED
positions within 1.5 mm of the <correct 1location, for a
camera 3 meters away. This requires that the physical LED
positioning apparatus have a higher accuracy of LED
location: at least 1l mm. The ability to measure LEDs to
within 1 mm of their correct position at 3 meters range was
a design goal applied throughout this investigation. A
computer-controlled stepping motor driving a precision
rotary table with a 2-meter bar mounted on it was used. All
thirty LEDs were arrayed along the length of the bar at the

following radii from the center.
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Radius Radial Increment LED number Position on side
[inches] [inches] of beam at start
0.0 29 Top
1.0 1.0 28 Bottom
2.5 1.5 27 Top
4.0 1.5 26 Bottom
5.5 1.5 25 Top
7.0 1.5 24 Bottom
8.5 1.5 23 Top
10.0 1.3 22 Bottom
11.5 1.5 21 Top
13.0 1.5 20 Bottom
14.5 1.5 19 Top
16.0 1.5 18 Bottom
17.5 1.5 17 Top
19.0 1.5 16 Bottom
20.5 1.5 15 Top
22.0 1.5 14 Bottom
23.0 1.0 13 Top
24.0 1.0 12 3ottom
25.0 1.0 11 Top
26.0 1.0 10 3ottom
27.0 1.0 9 Top
28.0 1.0 8 3ottom
29.0 1.0 7 Top
30.0 1.0 o) Bottom
31.0 1.0 5 Top
32.0 1.0 4 3ottom
33.0 1.0 3 Top
34.9 1.0 2 20ttom
35.0 1.0 1 Top
35.0 0.0 30 3o0ttom

Table 2 LED radii used for Selspot camara calibration
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\ j?

Photograph 5. The calibration apparatus

/!







Note that half the LEDs were on one side of the bar,
and the other half on the other side. This was done to
balance the bar to avoid the influence of gravity on the
results. The LEDs are also more closely spaced at large
radii than at small. This was done to provide a more
uniform distribution of measured points over the field of
view since a given angular increment will ©produce more
circumferential motion at large radii. The bar rotated
about its mid-point and was always the diameter of a 2-meter

circle.
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The stepper motor required 80 steps to index the rotary
table by 0.9 degrees. The radial runout and rotational
accuracy of the table were found (by direct measurement) to
be nprecise enough to be able to locate the endpoint of the
bar to well within +/- 0.5 mm.* The backlash in the gearing
was removed with a string wrapped around the outer
circumference of the table with a weight hanging from the
free end. This applied a constant torque due to gravity on
the table in the direction opposite to rotation. Since thne
bar and table were balanced, the anti-backlash torque was
constant for all angles. Additionally the 2 meter aluminum,
right-angle, cross-section bar used was found to deflect by
less than 0.2 mm at the extremes under its own weight plus

the weight of the LEDs.

To calibrate each camera, a mapping between the ‘“real
space," in the plane of rotation of the bar with the LEDs,
and the "detector plate space," in the <camera image-plane
coordinates produced by the diodes and converters, was
necessary. This mapping was produced by indexing the
stepper table and bar through 400 - 0.9 degree steps (to
complete a full circle) and storing the Selspot-measured
location of each LED at each step. The camera's optical

axis was aligned with the rotational axis of the rotary

* The stepper driven rotary table was found to have a
total indicator runout of 0.006 inches, and an angular
accuracy of better than 0.7 milli-radians.
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table. At each step the bar was allowed 3 seconds to
settle, to completely eliminate any dynamic effects; then
100 samples of each LED were taken for the camera being
calibrated. The average of the 100 samples for each LED was
stored in a data file, along with the standard deviation and
the maximum error. Thus a matrix of detector plate
coordinates for 12,000 points (30 LEDs times 400 steps) was
produced. Because of the accuracy of the LED positioning
apparatus, the actual position of each LED at each angular

bar position was known.

Despite the intrinsically cartesian nature of the data
produced by the detector plate, all of the calibration
calculations were performed in the polar <coordinate system
of the rotary table. Two functions were fit to the location
of each LED. The first characterized the deviations of the
measured location radially from a circle, the second
characterized the circumferential deviations. Each function
consisted of fourteen terms including a constant, a linear
term, and twelve terms of a Fourier series. The goal, once
again, of the calibration was to obtain an accuracy of 0.l
percent, or stated another way, to produce corrected camera,
focal-plane, detector-plate data accurate to l unit out of
1024. The application of these correction functions always
brought each measured trajectory to within the l-unit
tolerance. 3ecause 60 functions -- one radial and one

circumferential for each LED -- each with fourteen terms for
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each camera, represented an intractable amount of
calculation, 2 new representation was desired. In fact,
since one of the goals throughout has been high-speed data
analysis, a "look-up table" was developed to allow the
implementation of the calibration corrections in real time.
With an unlimited amount of computer memory, the ideal t:ble
would contain a correction value to be applied for each of
the 1024 x 1024 discretized points on the detector plate.
Unfortunately, the computer installation available contained
a small fraction of the 1 megabyte a look-up table of this
size would require; further, four such tables would Dbe
required to perform both orthogonal corrections for both
cameras. Instead, tables 51 5y 51 were used to conform to
the 64-k-byte restriction imposed by the 18-bit address-bus
architecture of the PDP 11/60. To create these 51 x 51
lookup tables a single function was desired to fit all
thirty of the 14th order functions describing one polar
correction for one camera. Tenth-order spherical harmonics
were chosen. These functions were able to fit the data with
high fidelity: AMS errors of less than 0.9 units, and
maximum errors of 3.0 units. This function allowed a
relatively simple discretization into cartesian lookup
tables. Figures 20 to 23 are contour plots of equal
correction magnitude for radial and circumferential (polar)
errors for bcoth cameras. These “surfaces” ware generated by

determining (for instance} the radial error at zach noint on
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the detector plate, and plotting that quantity as if it were

a height above or below the detector plate plane. If the
transduction system had been found to need no correction,
there would be no contours at all; the ‘"“surface"
representing the value of the correction at each point would
be flat with a height of zero. Note that the manufacturer's
claim of 1 percent un-calibrated accuracy is supported Dy
"ni1ls" and “valleys" of maximum height 10 units (out of
1024). The sign convention for positive radial error is
out; positive circumferential error is clockwise. The
"“nathological" nature of the corrections is due to a
summation of errors from the cartesian detector plate and
the polar lens and is caused by manufacturing defects in

both.
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Figure 21. Plot of equal circumferential correction for
camera 1 calibration [Selspot iUnits]
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Plot of equal circumferential correction for

23.

rigure

Camera 2 calibration {Selspot Units]



The 51 x 51 look-up tables were further justified,
considering the goal of one part in 1024 accuracy; by no
two adjacent table entries differing by more than 1 unit.
Since data points to be calibrated that fall between entries
in the table are linearly interpolated, this entire

calibration scheme easily attained 0.1 percent accuracy.

A final <correlation completed the calibration. As
described thus far the look-up tables will make circles in
real space appear as circles in detector plate space, Dut
there is a scaling between the radius of the real circle in
physical units and the radius of the detected circle in
Selspot discretized units. The number relating these two is
the focal distance of the lens. [In order to determine the
focal distance (the distance from the back nodal point of
the lens to the focal plane), however, the location of the
front nodal point must be known, so that the corresponding
distance between the front nodal point and the plane of the
LEDs can be found. An optical bench with a nodal slide is
required to measure the node positions of a lens. This
measurement would have been made even more difficult because
the light wused for detection is not visiple (%40 nm
infra-red). Fortunately, Canon USA courteously gsrovided the
nocal locations of the f 0.95 50 mm T.V. lens used with tne
Selspot for 940 nm infra-red 1light. This last data
sermitted the calculation of the focal distance which

completed the calibration f{in this <case it was found in
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Selspot units for speed of <calculation when wusing the

correction tables).
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Caron TV-16 SB mm f B8.95 Lens
G,
Image Plane
| (focal plare)
Front of W\
the Lens |
N Ny \i _
' _/l |
z | i
.
—~— § —>

-Q—Ok——h‘ rb =
~— T -
S587.56 nm* 3840.0 nmt
Focal Length (0 +f,) 52. 40 52.67 [mm]
T [Thickness] 55. 84 55. 84
f, (Back Focal Distancel 28. 37 20.74
04 41. 25 48.77
Ok 32. 03 31.93
S [Separation] 18. 24 17. 66

Ny [(Front Nodal Point]
N5 [Back Nodal Pointl

Figure 25. Selspot lens optical dimensions

* Sodium "d-line"
t Infra-red

N.B. This is a "Crossed-Node" Lens, Ny 1s behind N,
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!
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L3 = 40. 77
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Figure 26.

Rotation Stage

(mm]

L A -

Or1ginal Selspot
Camera Mount
Axis

Camera 2 [mm]
88. 36
72. 30
4@. 77

45, 55

Selspot camera dimensions
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CAMERA MOUNTING

As will be seen in the next section, 1in order to
reconstruct photogrammetrically the three-dimensional
position of a marker in the field of view of two cameras,
the positions and orientations of both cameras must be
known. To produce l-mm accuracy at 3-meters range, the
cameras must be positioned within 1 mm of the desired
location and must be angularly positioned within 1.1 minutes
of arc. To realize these stringent tolerances the cameras
are mounted on an aluminum optical bench (Klinger Scientific
Corp., Lake Success, New York). £Each camera is mounted on a
carriage that holds a micrometer adjustable translation
stage and a fine screw adjustment rotation stage on top of
that. A1l positions of the camera are referenced to the
lens front node point. A mounting plate was fabricated to
locate that node directly over the vertical rotational axis
of the rotary stage. Photograph 6 is an overall view of the
optical bench, and Photograph 7 is a closzup of one camera

with its carriage, translation, and rotary stages.
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The translational resolution of each stage is 0.001 mm, and
the angular resolution is 1.0 minutes of arc. The aluminum
beam comprising the central element of the optical bench was
found to deflect 1less than 1 mm in the center under the
combined load of two <cameras and 1its own weight. The
specifications for the bench and associated hardware can be

found in Appendix E.

KINEMATIC PROCESSING TECHNIQUE

To fully wutilize the kinematic potential of 1l-mm
precision and accuracy, and 315-Hz sampling rate on thirty
markers, a method of trigonometric reconstruction of the
three-dimensional location of each LED at each sample and of
grouping sets of three or more LEDs into rigid arrays,
(including defining an imbedded body-coordinate system with
respect to that array) was developed (Conati (1977) [34]).
This technique has been presented previously, and only a

brief review will be included here.

Given the locations and orientations of two cameras
(optics and detector plate) and knowledge of the optics (as
described in the calibration section), a simple
trigonometric reconstruction of the light ray to each camera
from an LED in the common field of view can be performed.

This involves using the detector plate image-location
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coordinates, and the lens node point locations to determine

the direction of the two rays (one into each camera).

The global coordinate system wused throughout this
investigation 1is depicted 1in Figure 28. The origin is at
the front nodal point of the lens of camera number 1, and
the positive X direction proceeds through the front nodal
point of the lens of camera number 2. The positive global Y
axis points vertically straight up, and Z is therefore
straight out into the experimental space. The -experimenter
is provided with the option of translating this global
coordinate system (GCS) to other locations during an
experiment; however, the orientation of the GCS always

remains parallel to the one just described.
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In the best of experimental circumstances, these
reconstructed rays will intersect at the LED location.
Unfortunately, due to small remaining uncalibrated error,
noise, and infra-red light refiection, they frequently miss.
The most common cause of skew reconstructed rays is
reflection from the floor. Floor reflections cause problems
because lateral-photo-effect diodes produce currents at
their edges proportional to the location of the centroid of
an image, and the reflected image will not, in general, be
coincident with the major image. Data in these cases will
be erroneous. Two different techniques are used to
ameliorate the influence of reflections. The first deals
with the reflections directly. To make a surface
non-reflective to infra-red requires either a special
coating (the right "color" to absorb the IR) or a surface
with an average roughness height slightly less than the
wave]ength'of 1ight being wused. Unfortunately, both of
these are surfaces far too delicate to wuse as a floor
covering for gait. A third possibility is to disperse the
unwanted light. Photographs 8 and 9 are still photographs
taken with a 35-mm single-lens-reflex camera wusing special
high-speed, infra-red sensitive, black and white film (Kodak
2481 HIE135). Both were taken at night, with no visible
light; only a set of LEDs in a closely spaced, rigid array
was in the field of view. The still film camera was located

near Selspot <camera number 1. Photograph 8 was taken
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without any floor covering, Photograph 9 was taken with a
3-mm thick, green, “indoor-outdoor" <carpet covering the
floor. In addition to the floor covering, an attempt was
made to <cover everything in the field of view during an
experiment (including the subject) with a flat (non-glossy)

fabric, or paint.
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The second method of dealing with the remaining
reflections is to examine the reconstructed light rays to
determine the shortest distance between them. Because the
direction of the reconstructed ray can be found for each
camera individually, each ray can be analytically
reconstructed. Figures 30 and 31 show a simplified
technique for determining the three-dimensional position of
an LED based on the average of the global Y coordinate to
resolve the ray skewness. An elimination can be performed
when the perpendicular distance between the skew rays is
larger than a user selectable value. Dan Ottenheimer (1982)
[118a] implemented such a technique which is used in the
TRACK processing. It is slightly different from the
procedure shown in Figure 31. Applying this routine will
eliminate LEDs whose rays are "too skew" from the subsequent

calculations.

A scaled parameter to be used as an upper 1limit on
"skewness" was desired that would be independent of the
distance an LED is from the cameras and independent of the
camera positions and angles. To enable this the skewness is
represented in Selspot discretization units by determining
how far the measured light image would have to move on the
detector plate to eliminate the skew error altogether. If
the number of units 1is greater than the upper limit
parameter selected by the -experimenter, the data are

eliminated.
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As mentioned above, the LEZDs are grouped in rigid
arrays. This is done to <calculate the position and
orientation of an imbedded body-coordinate system fixed with
respect to the LED array. The technique used involves a
least squares, best fit of orientation based on the
locations of three or more known points on a rigid body.
The data produced are: the vector from the origin of the
Global <Coordinate System (GCS) to the origin of the BCS at
this time step and the nine element, three by three rotation
matrix representing the <change 1in orientation from an
initial reference. See Conati (1977) [34] for a detailed
explanation of the Schut algorithm that performs this
calculation. In addition to providing the benefit of full
kinematic discription for each segment, the BCS technique
enables a change of reference frame from the inertial-global
frame to one of the body-coordinate systems. Thus relative
kinematic data are available by simple matrix transpositions
and multiplications. A great deal of the data presentsd
later in this thesis is motion of one segment relative to

another and is produced using these operations.

As a final test on the quality of the optical data, the
spatial integrity of each array of LEDs is examined every
frame. If the measured 1length between any two LEDs s
longer or shorter than that originaliy specified in the
vector definition o¢f the array, one of the LEDs is

aliminarad fram the calculations. The LED eliminated is the
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one with the most inter-LED length errors between itself and
every other LED 1in the segment. This continues until all
remaining data passes the inter-LED length test. If the
array integrity examination routine reduces a segment to
fewer than three LEDs in any frame, that frame of data for

that segment is not used in the subsequent calculations.

Derivatives of the kinematic data are calculated using
a five-point Lagrangian technique for -equally spaced
abscissas. A thorough discussion of this method can be

found in Antonsson (1976) [7].

The transduction and accumulation hardware with the
software package to perform data reduction and storage is
called TRACK, an acryonym for Telemetered Real-time
ACquisition of Kinematics. A major portion of the effort
associated with this thesis was devoted to designing and
implementing the TRACK hardware and software package. The
overall design goals of the system are listed in Table 3,
and Table 4 1is a flowchart of the acquisition and offline
processing, included to »provide a general overview of
TRACK's operation. The TRACK IIl software package s

discussed in some detail in Appendix H.




—
.

- 138 -

Complete automaticity

Full 3-0 positions and rotations of imbedded body
coordinate systems

l-mm resolution and accuracy in position and 1 degree
resolution and accuracy in rotations in a 1.5 meter cube

High sampling rate (315 Hz)

Large number of automatically monitored markers (30
LEDs, 10 body segments maximum, fewer with more than 3
LEDs per segment)

Synchronous forceplate data acquisition

High speed (real time) data reduction

Capable of expansion to a large viewing volume (moving
cameras)

Table 3 TRACK system design goals
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Adjust experimental parameters

Collect Selspot and Forceplate data
and write to disks in real time

Interrogate Selspot data for LEDs out
of view and translate to canonical form

Store RAW data under a user selectable file name
Correct Selspot data for camera nonlinearity errors
Low-pass filter the RAW data
Reduce Forceplate data to 3 Forces and 3 Moments
Low-pass filter the Forceplate data
Calculate the 3-D locations of LEDs
Low-pass filter the Selspot 3-D data -
Store the individual LED 3-0 data if desired

Eliminate Selspot bad data by
checking LED rigid array integrity

Calculate Body Coordinate system position and rotation

Calculate translational and rotational
velocities and accelerations

Low-pass filter the derivatives
Store the final result data if desired

Plot

Table 4 TRACK Version [II Cffline Flow Chart
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VERIFICATION OF THE CALIBRATION IN THREE DIMENSIONS

A pendulum was used in a set of experiments (to be
discussed later) having to do with locating axes of
rotation; however, some of the kinematic results are
presented here to demonstrate that the calibration described

above met the l-mm accuracy design goal.

The tests involved a 0.5-meter-long, 1
degree-of-freedom pendulum instrumented with six LEDs,
hanging in the viewing volume of both Selspot cameras. The
pendulum was offset from its equilibrium, allowed to
oscillate, and its kinematics were accumulated by TRACK.
The body-coordinate system associated with the LEDs was
located 340 mm from the axis of rotation of the pendulum,
measured independently. If the calibration achieved its
goal, the TRACK measured path of the origin of the
coordinate system mounted on the pendulum would not deviate
from a circle of radius 340, by more than 1 mm. The
following figures show data from the vpendulum in three
different locations in the viewing volume, and with axes of
rotation in different directions. Ffigure 31a shows the same
pendulum with 2 degrees of freedom. The rotation axis
parallel to the body coordinate system X axis was held fixed

for the experiments reported here.



Figure 3la. The Pendulum
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The dot-dashed lines are best fit circle with vradius
(1abeled "R= ") shown in each plot. The TRACK measured data
points are the dots. The second short <circular arc
displaced from the one through the data has a 10-mm shorter
radius, to provide some scale to the plots. In the view
along the best fit plane (not normal to 1it), the
double-dashed line represents an axis passing through the
best fit circle, perpendicular to the best fit plane, and
the solid line represents the best fit plane. The first
trio of numbers in the legend are the global X, Y, Z of the
center of the circle, R is the radius, and UVR stands for
Unit Rotation Vector. This 1is a vector in the GCS
perpendicular to the best fit plane of motion. Each of the
three experiments depicted in Figures 32 through 37 has a
different orientation, hence a different Unit Rotation
Yector. Segment Number 1 is the pendulum BCS, and Segment
Mumber O is ground. Note that the measured points do not
deviate from circles by more than 1 mm and that the radii
are also correct to within 1 mm. The second and third pair
of plots show the pendulum swinging in a plane not close to
parallel to one of the global coordinate axes, to
demonstrate the applicability of the calibration to truely

three-dimensional motion.
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COORDINATION OF THE SELSPOT AND FORCEPLATE DATA

To enable the use of the forceplate data in conjunction
with the kinematic data provided by TRACK, an alignment of
the Selspot (SS) and forceplate (FP) global <coordinate
systems, as well as establishing timing synchrony, was
necessary. The latter has been verified by determining the
computer sampling timing with a high-speed storage
oscilloscope. The former required a more cumbersome

procedure.

The forceplate produces six pieces of information:
three orthogonal forces, a moment about a vertical axis, and
the two coordinates on the surface of the plate of the net
center of applied force. It was these last two that were
used to align the SS and FP GCSs. tssentially, a
TRACK-instrumented weight was placed on the FP. The BCS of
the LED array was coincident with the center of mass of the
weight. The measured vector from the origin of the SS GCS
to the BCS origin on the weight minus the FP center of force
coordinates was used to locate the origin of the FP GCS with
respect to the SS GCS. Several positions of the weight were
used to verify the results and to determine that the global
coordinate systems were parallel. Once the vector from the
SS to the FP GCS was determined, it was used to translate
the TRACK global coordinate system to be coincident with the

forceplate global <coordinate system. This measurement is
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obviously critically related to the position of the cameras
on the optical bench wused for mounting as well as the
position of the bench itself. The global coordinate system
offset, as well as the <camera positions and angles used
throughout, is shown with the experimental parameters in
Chapter 4. Figure 28 depicts the undisplaced location of

the Selspot and forceplate global coordinate systems.

DYNAMIC RESPONSE: SIGNAL AND NOISE FRCQUENCY CONTENT

At this stage in the discusson both transduction
systems (forceplatform and Selspot) have been interfaced to
the computer, and an extensive calibration of the position
measurement system has been performed. The next
determination to be made is the frequency content of the
signals to be measured (position and force histories) and
the frequency signature of the noise. [ began with the
following assumption: the foot is the most distal of the
segments of interest (foot, shank, thigh, and pelvis), has
the lowest mass, and is subject to the highest accelerations
(neel strike during gait). Thus a signature of amplitude as
a function of frequency for the foot will be an upper bound

for the frequency content of gait as a whole.
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In order to determine this upper bound, data from an
instrument with a very large signal-to-noise ratio are
mandatory. The piezo-electric, multi-component
forceplatform system (FP) represented such a source. The
platform is capable of measuring the foot-floor interaction
forces with a resolution of one part in 4096 (12 bits), and
the noise amplitude is less than +/- 1 bit, yielding a
signal-to-noise ratio of over 2000. Note also that the
largest accelerations occur (hence the highest frequencies
of motion) at heel strike, a phenomena capturable by the FP,
another reason for using the forceplate signature. Figure

38 is a typical vertical force nistory.
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The vertical force was chosen as indicative of the frequency
envelope because it has a larger sigrai to noise ratio than

the other two orthogonal forces.

The following is the frequency content of that signal,
produced by a digital Fast Fourier Transform (FFT) routine.
The plotted results are amplitude as a function of
frequency. The data were sampled at 2.0 kHz. The FFT
produces amplitude as a function of frequency from 0.0 Hz to
1.0 kHz. Only the lowest 100 Hz are plotted here because
everything above that is essentially zero. The functicn s

monotonically decreasing from 100 to 1000 Hz.
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The forces during stance were measured for thirty trials of
twelve subjects (two different steps were measured for most
subjects; a few had three measured), and the upper envelope
is presented here plotted 1in percent. Once again, the
forceplate was sampled at 2.00 kHz throughout these
experiments. Each individual force record was normalized to
the maximum force during that step before the FFT was taken
and aggregated after Figure 41 shcws the integral of power
in the composite vertical force envelope plotted in percent.
Ninety-eight percent of the power is contained below 10 Hz,

and 99 percent below 15 Hz.
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To be sure that these frequency domain signatures were
not corrupted by resonances, the impulse response of the FP
was measured. A 30-mm diameter, stainless steel ball was
dropped 200 mm vertically onto the <center of the
forceplatform's surface. The analog output from the
transducers was digitally sampled at 2.5 kHz. The
manufacturer of the FP claims that the fundamental frequency
of resonance for the plate is above 1.0 kHz; however, these
plots suggest that 700 Hz is a closer estimate for our

installation.
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To be sure that the signals were sampled and analyzed
correctly, a 30-Hz sine-wave from an analog voltage
signal-generator was applied to the inputs of the analog to
digital converter sub-system, instead of the forceplate
charge amplifier output voltages. Data were acquired at 2.0
kHz. Figures 45 and 46 are plots of the data as
accumulated. Then an FFT was applied to the 30-Hz sine-wave
data set. Figures 47 and 48 show the frequency domain
results. This simply verifies that a signal applied to the
A-to-D converter is sampled correctly and that the FFT

routine is producing correct results.
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The FP produces force measures lower than 100 Hz with a
signal-to-noise ratio of greater tnan 2000, thus producing
an upper bound frequency envelope for foot-floor interaction
forces that 1is accurate. The question remains, however,
what is the highest significant frequency component of
normal gait? Significant is the key word, and the
accumulation of the above data permits wus to find a
quantitatively based answer. A relationship (contained in
the "tail" of the composite forceplate frequency bound) now
exists between the highest frequency included 1in the
analysis and the required accuracy of the end result dynamic

estimates.
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If 5 percent accuracy is desired, at least everything below
10 Hz must be included; 1if 2 percent accuracy is desired,
20 Hz is needed. If forces accurate to 1 percent are
needed, nothing below 50 Hz can be left out. This study
includes all frequency components of gait up to 15 Hz in an
effort to estimate net forces and moments at joints to

within 5 percent.

To make these estimates, the kinematic measurement
system used must be able to produce accurate measures up to
the desired fregquency. In this <case positional fidelity
must be opreserved up to 15 Hz, which for a sampled system
requires a minimum of 30 Hz sampling rate. At 30 Hz,
however, the 15-Hz component would only have two data points
per cycle and would be & crude estimate. To properly
eliminate the effects of noise without "folding" in the
frequency domain, the sampling rate must be above twice the
highest significant noise frequency. A 300-Hz sampling rate
will allow twenty points per cycle of the highest frequency
component of the signal to be measured and allow proper
noise rejection up to 150 Hz.

"To be able to describe (a function) f(t) exactly,

it is necessary to sample f(t) at a rate greater

than twice its highest frequency."
Stearns (1975) [150] page 37

An excellent treatment of discrete time sampled systems can

be found in:
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Stearns, S. D., Digital Signal Analysis.
Rochelle Park, New Jersey: Hayden Book Company,
Inc., 1975. [150]

Pages 37 through 43 particularly cover “folding" in the
frequency domain caused by sampling a signal! below twice its

highest frequency.

To warrant confidence that the filtering selected above
is producing the desired results, a measure of the noise
content in the signal is as important as the signal
measurement. In this case, the most significant noise in
the displacement trajectories is sampling noise generated by
the Selspot. To quantitatively determine the frequency
domain characteristics of this noise, the following test was
performed. A set of LEDs, similar to the sets associated
with an imbedded body-coordinate system (BCS) of a single
link during gait, was held stationary in the field of view
of the cameras. The BCS approach is wused throughout this
thesis as the method of acquiring and describing the
complete 6-degree-of-freedom kinematics of each body segment
of interest. As mentioned in Chapter 2, this provides a
unique capability of not only <concisely and completely
describing the kinematics of motion, but also of aliowing
subsequent analysis to locate joint axes and determine the

magnitude of soft tissue motion.
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To compare these frequency domain results with actual
experimentally generated motion data, an array of six LEDs
was used here. The stationary "position trajectory" of this
segment was recorded. Figure 50 is the measured vertical,
unfiltered displacement of the segment as a function of

time.
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It is easily seen that sampling noise contaminates the
position history with a range of frequencies and with
maximum amplitudes of 3 mm. Since the segment was
physically held stationary, all of the non-stationary
components of this record are due to noise. The frequency

domain signature shown in Figure 51 is that noise.




174

0B

Juomwade {dsip |PI13ADA PAUIILLIUN BY) 3O |44 - 1G dunbL4

‘BS1

01

[